
 

  



 

  



 

 

 

 

INVESTIGATION OF TRITERPENIC ACIDS IN 

ROSACEAE FRUITS 

 

 

 

 

Dissertation 

to obtain the academic degree 

Doctor rerum naturalium 

(Dr. rer. nat.) 

 

School of Mathematics and Natural Sciences 

of the 

Bergische Universität Wuppertal 

 

by 

Michelle Christine Wiebel 

 

- Wuppertal 2025 -



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

First reviewer:  ........................................................ Prof. Dr. Nils Helge Schebb 

Second reviewer:  ........................................................ Prof. Dr. Julia Bornhorst 

Day of the oral examination:  .......................................................... 16. 12. 2025 

Promotion Day:  .............................................................................. 16. 12. 2025



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Rose Family 

The rose is a rose 

And was always a rose; 

But the theory now goes 

That the apple’s a rose, 

And the pear is, and so’s 

The plum, I suppose. 

The dear only knows 

What will next prove a rose. 

You, of course, are a rose, 

But were always a rose. 

 

Robert Frost 
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1 CHAPTER 1 
 

1.1 INTRODUCTION AND SCOPE 

 

Terpenes are a large and diverse class of secondary plant metabolites, 

comprising approximately 30,000 known compounds and occurring 

predominantly in plants but also in animals and fungi [1-3]. The biosynthesis of 

these hydrocarbon molecules follows the mevalonate pathway and is based on 

condensation reactions of isoprene units (Fig. 1) [1, 4]: Here, the carbon 

backbone of terpenes, in accordance with the so-called isoprene rule [5], is 

composed of a defined number of linked isoprene units ((C5H8)n, n = number of 

units). Following this rule, terpenes are typically classified in hemiterpenes (n=1), 

monoterpenes (n=2), sesquiterpenes (n=3), diterpenes (n=4), and triterpenes 

(n=6) [6]. Biochemical modifications of terpenes, such as oxidation reactions and 

rearrangements of the carbon backbone, result in the formation of terpenoids, 

which are categorized in the same manner [1]. Triterpenoids (n=6) are 

biosynthetically derived from squalene, an acyclic C30 hydrocarbon [6], which is 

enzymatically converted by squalene epoxidase into 2,3-oxidosqualene [7] 

(Fig. 1).  

Further enzymatic cyclization by (multifunctional) oxidosqualene cyclases 

(OSCs) and other enzymes, generates more than 100 triterpene scaffolds [4, 7-

9], including the intermediate dammarenyl cation, which can be converted into 

the pentacyclic triterpenic acid (TA) precursors α-amyrin (AM), β-amyrin (BA), 

and lupeol (Fig. 1) [10]. The common structural skeletons of the ursane, 

oleanane, and lupane types derived from these precursors are, along with others, 

typically used to classify triterpenoids [11-12].
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Cytochrome P450 and transferase-mediated modifications of TA precursors, 

such as the addition of hydroxy groups and oxidation of primary alcohols to 

carboxylic acids, result in the great structural diversity of TA [7, 9, 12]: More than 

50 different P450 enzymes are known to be involved in the biosynthesis of 

pentacyclic triterpenoids in plants, particularly members of the CYP716, CYP51, 

CYP71, CYP72, CYP87, CYP88, and CYP93 families [12]. CYP716s catalyze a 

three-step oxidation, involving the consecutive formation of hydroxy groups, 

aldehydes, and carboxy groups on the amyrin or lupeol scaffolds at position C28, 

leading to the most prominent TA ursolic acid (ursane type), oleanolic acid 

(oleanane type) and betulinic acid (lupane type) (Fig. 1) [12-13]. The 

dihydroxylated TA derivatives corosolic acid and maslinic acid are derived from 

the respective monohydroxylated TA (Fig. 1). For some TA, such as pomolic acid, 

the CYP families involved in their biosynthesis remain to be identified. 

TA are widely distributed in plants and occur as free acids or conjugates such as 

acylates or glycosides [2, 7, 12]. Although their biological roles remain poorly 

understood, they are discussed to contribute to plant physiology, e.g. by 

protecting against dehydration of fruits and herbivores [7, 12]. A comprehensive 

analysis of TA throughout plant species is still lacking; however, individual studies 

indicate a high TA content in plants of the Rosaceae family (order Rosales): 

Ursolic acid concentrations of up to 2 g/100 g dry weight have been described in 

apple peel (Malus domestica Borkh.) [14-15].  

The Rosaceae family can be divided into three subfamilies: Rosoideae, 

Amygdaloideae, and Dryadoideae [16-17], which are in turn classified into more 

than 90 genera and over 4,000 species, based on fruit morphologies and/or 

nuclear phylogeny [16-19]. Numerous Rosaceae species are cultivated 

worldwide, and their fruits are an important edible food, particularly of the species 

from the genera Malus, Prunus, Pyrus, Fragaria, Rubus, and Cydonia [16, 20]. In 

Europe, production volumes in 2023 were remarkably high for apples (Malus, 17 

million metric tons), followed by plums and sloes (Prunus, 2.7 million metric tons), 

pears (Pyrus, 2.2 million metric tons), strawberries (Fragaria, 1.7 million metric 

tons), cherries (Prunus, 760000 metric tons), raspberries (Rubus, 590000 metric 
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tons), and quinces (Cydonia, 37000 metric tons) [21]. In Germany, apples were 

the most widely consumed fruit in 2023/2024, with a per capita intake of 20.1 kg 

[22].  

Around three-quarters of the fruits are consumed fresh, while the remaining 

portion is processed, for example into juices or jams [23-24]. In particular, during 

(apple) juice production, up to 30% of the fresh fruit weight, including peel and 

seeds, remain as by-product, known as pomace [25]. In Germany, up to 250,000 

tons of wet apple pomace are produced each year, representing a potentially 

important natural source of TA [26-27].  

To date, TA extraction from plant material mainly relied on organic solvents, such 

as ethanol, methanol, and ethyl acetate [28]. Both, simple solid-liquid extraction 

methods [29-30] and more equipment-intensive approaches, such as hot solvent 

extraction using a Soxhlet apparatus [31], or ultrasonic-assisted extraction, have 

been described so far [15, 32-33]. The protocols consist of multiple preparation 

and purification steps and hazardous chemicals, such as petroleum ether [15], to 

obtain highly pure TA extracts. The use of greener technologies, such as the 

supercritical fluid extraction, is less common [34-35]. These strategies are time-

consuming or technically demanding and therefore mostly confined to well-

equipped research laboratories. 

Despite the reported high abundance of TA in plants, their occurrence has not 

yet been comprehensively investigated. Most published analytical methods 

focused on the determination of individual and selected TA, such as ursolic acid 

or oleanolic acid [28-29, 36-38]. Here, qualitative and quantitative analyses have 

been performed using thin-layer chromatography (TLC) [38-39], gas 

chromatography (GC) [29, 40], or liquid chromatography (LC) [41-42]. As the 

number of identified triterpenoids in plants increased in recent years [43], 

research interest has shifted toward more comprehensive analytical procedures, 

such as the coupling with mass spectrometry (GC-MS, LC-MS), enabling the 

detection of a broader range of TA derivatives [44-47]. However, only few 

methods have been described allowing the quantification of both major (e.g. 
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ursolic acid) as well as minor TA derivatives, including TA precursors [40, 46, 48-

50]. 

Plant-derived TA serve as sustainable raw materials for various applications, 

including bioderived polymer chemistry [51]. Additionally, TA have a long history 

of use in traditional herbal medicine, being attributed with hepatoprotective, 

antifungal, and anti-inflammatory properties [52]. In recent years, growing 

attention has been directed toward their potential pharmacological applications: 

Approximately 25% of all medicines worldwide originate from plants [53], 

representing a sustainable and efficient alternative to the total synthesis of target 

compounds [1]. Free TA exhibit good solubility in organic solvents [54], but poor 

solubility in water [55], thereby limiting their bioavailability [56]. The bioavailability 

of naturally occurring TA derivatives can be enhanced primarily by chemical 

modifications and complexation [55, 57]: These include, for example, the 

synthesis of TA esters [58-59] and acylated oximes [60], which have been 

investigated for their biological activities, including antibacterial [58], antidiabetic 

[59] and anti-inflammatory [61] properties enabling the investigation of structure–

activity relationships [62]. Naturally derived TA therefore represent a significant 

potential for resource-efficient chemical and pharmacological applications.  

To learn more about the occurrence of TA in plants, the development of efficient 

extraction strategies and comprehensive analytical methods for the 

characterization of Rosaceae fruits is primordial. Chapter 2 presents the 

development of a simple and efficient ethyl acetate-based solid-liquid extraction 

strategy for TA derivatives from plant material, providing a less hazardous 

approach for their isolation, purification, and concentration according to their 

chemical properties. The protocol was optimized for implementation in minimally 

equipped laboratories, including school and educational laboratories. The 

multistep preparation of the fruits, including boiling in water, enabled the 

separation of TA from carbohydrates, which represent one of the major 

components of fruits. Furthermore, cyclohexane was used to remove non-polar 

matrix compounds. This protocol enabled both high extraction yields and purity, 

achieving up to 70 g TA/100 g extract. In addition, it highlights the potential for 
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the sustainable utilization of food (by-products), as substantial quantities of TA 

can be isolated for subsequent use in synthetic applications and related 

processes. In Chapter 3, a sensitive and comprehensive GC-MS method was 

developed for the characterization and quantitative analysis of TA in plants. GC-

MS analysis enabled the differentiation and quantification of a wide range of both, 

naturally occurring and modified TA derivatives, based on retention time and 

specific fragment ions in MS detection. The method was applied on apple peels 

(Malus) of different varieties and validated regarding sensitivity, accuracy and 

precision. The data revealed apples to be a rich source of TA, with contents 

exceeding 3.5 g/100 g dry weight. Based on these findings and developed 

strategies, the occurrence of TA in 17 different genera and 29 species of 

Rosaceae was investigated in detail in Chapter 4. The sensitive detection 

enabled the accurate quantification of a comprehensive set of TA in food-relevant 

species, with the highest TA levels found in edible fruits of Amygdaloideae. 

Additionally, TA compositions were compared for their specificity towards 

different genera, species, and cultivars.  

Overall, this thesis describes detailed strategies for the extraction and 

comprehensive analysis of TA from Rosaceae fruits, which are a relevant source 

of TA. This enhances the understanding of TA diversity in plants and provides a 

basis for their future application in resource-efficient chemical applications and 

chemotaxonomic studies.  
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2 CHAPTER 2 
 

Efficient and Simple Extraction Protocol for 

Triterpenic Acids from Apples * 

Triterpenic acids (TA), a class of triterpenoids, are widely distributed as 

secondary metabolites in plants. They have a pentacyclic structure and show high 

structural diversity. In this work, a simple but efficient method for the extraction 

and detection of TA derivatives from apple peels is described. The method is 

technically straightforward and robust and can be implemented in both 

undergraduate laboratories and science classes or projects in school: Apple 

peels are (i) extracted with ethyl acetate, (ii) degreased with cyclohexane, and 

(iii) reconstituted in ethanol. Yields of about 2.1 g of extract/100 g of dry weight 

apple peel were obtained, which consisted of >70% TA (56% ursolic acid (S-UA), 

10% oleanolic acid (OA)). The TA pattern can be evaluated by thin layer 

chromatography (TLC) using simple detection with a KMnO4 solution. The 

separation of the different TA derivatives on normal phase TLC plates enables 

learning how the chemical structure affects the chromatographic separation. The 

whole procedure requires 3−4 h without the drying steps. The TA extraction 

represents suitable content for student education since they learn and discuss 

natural products and secondary plant metabolites. The performance of an 

extraction, purification of natural products, and observation of chromatographic 

separation and detection are also learned in this method. Using this simple 

procedure, up to 1 g/100 g of dry weight S-UA can be generated from apple peels. 

While only apple peel is used for the experiment, the rest of the apple fruit was 

eaten by the students. Thus, the experiment itself is a demonstration of how side 

streams of food production can be used as a source for chemical compounds. 

* modified from M. Wiebel, K. Bensberg, L. Wende, R. Grandrath, K. Plitzko, C. Bohrmann-Linde, 
S.F. Kirsch and N. H. Schebb. "Efficient and Simple Extraction Protocol for Triterpenic Acids from 
Apples". In: Journal of Chemical Education, 2024 101 (1), 2087-2093. DOI: 
10.1021/acs.jchemed.3c01328. 
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2.1 INTRODUCTION 

Triterpenic acids (TA) belong to the group of triterpenoids. Triterpenoids are one 

of the major classes of natural products comprising of a large number of 

secondary metabolites in plants. The triterpenoid biosynthesis begins with C5 

isoprene units formed in the mevalonat pathway. Squalene, a C30 triterpene, is 

synthesized from six of these repeating C5 units. For the synthesis of TA - and 

many other cyclic terpenes, such as cholesterol - squalene is initially epoxidized 

to 2,3-oxidosqualene (Fig. 2.1) [1]. 

 

Fig. 2.1: Simplified biosynthetic pathways of triterpenic acids in plants [1-2]. The 
enzymes OSC (oxidosqualene cyclases) catalyze the conversion of the dammaryl cation 
to amyrin and lupeol. Further oxidation catalyzed by cytochrome P450 monooxygenases 
leads to the formation of the triterpenic acids S-UA (ursolic acid), CA (corosolic acid), PA 
(pomolic acid), OA (oleanolic acid), MA (maslinic acid) and BA (betulinic acid).
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This is then cyclized to the dammarenyl cation by oxidosqualene cyclases from 

where either amyrin or lupeol are formed. Oxygenation by CYP450 

monooxygenases leads to the formation of a large variety of TA. In this pathway 

ursolic acid (S-UA), corosolic acid (CA) and pomolic acid (PA) are derived from 

α-amyrin, oleanolic acid (OA) and maslinic acid (MA) from β-amyrin and betulinic 

acid (BA) from lupeol [2-3]. TA are widely distributed in plants. They possess 

physiological roles in plants due to their ability to protect against dehydration of 

fruits and against herbivores [4]. 

Both the monohydroxy TA S-UA, OA and BA and the dihydroxy TA MA, CA and 

PA are found in apples (Malus domestica, Rosaceae). High amounts of S-UA in 

apple peels with up to 2 g/100 g dry weight (DW) have been reported [5]. The 

content of individual TA in other fruits and plant classes was described in several 

studies, for example in pears (Pyrus, Rosaceae), persimmons (Diospyros kaki, 

Ebenaceae) and grapes (Vitis vinifera, Vitaceae) [6]. However, the amount of TA 

varies between fruits. The experiment described in this paper aims to educate 

students about secondary plant metabolites as important ingredients of fruits 

while simultaneously executing a chromatographic separation in the lab using 

structure-property relationships.  As apple peels are often not eaten and typically 

disposed of (e.g. as component of apple pomace), it is worth pursuing methods 

of extracting chemically interesting compounds from this food waste. 

Several extraction methods for TA from plant material are described. The most 

commonly used extraction methods are based on hot solvents, Soxhlet 

extraction, and microwave assisted or ultrasound assisted extraction using 

sophisticated instrumentation [7-11]. Our goal was to develop an efficient and 

simple extraction protocol of TA from fresh apple material that can be carried out 

by students while also achieving high extraction yields and purity. The strategy 

described is useful for the investigation of this important class of compounds that 

exist in high amounts of food material but also fosters education about the 

occurrence and importance of secondary plant metabolites. Additionally, this lab 

activity could also be linked to addressing education for sustainable development 
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(ESD) and topics such as food waste or food loss since an apple peel is the 

largest component of apple pomace, which is a byproduct generated from the 

industrial extraction of apple juice [12]. 

2.2 PEDAGOGIC LEARNING GOALS 

Via this activity, the students can learn and discuss about natural products and 

secondary plant metabolites. With regard to the experimental design, the 

following goals can be set: First, introduce the students to the class of secondary 

metabolites in plants as interesting compounds for further syntheses, second, 

strengthen the students‘ laboratory skills in extraction and isolation of natural 

products and third, learn about structural characterization and identification of 

compounds by means of chromatography using thin layer chromatography (TLC). 

If possible, gas chromatography coupled with flame ionization detection (GC-FID) 

is also studied. The students used structure-property relationships to understand 

the different steps in the extraction and purification process. 

A possible extension of the lab activity could be a link to the framework of ESD 

or Green Chemistry. With the focus on ESD, it is possible to introduce different 

perspectives on apples as everyday food, the proper storage of apples, and food 

waste or new materials from foodwaste in general can be discussed, e.g. apple 

leather as vegan alternative for traditional leather. Concerning the 12 Principles 

of Green Chemistry one can refer to selected principles such as «5. Safer 

Solvents and Auxiliaries» and «7. Use of renewable feedstocks» [13]. 

2.3 EXPERIMENTAL OVERVIEW 

The laboratory experiment comprises the extraction of TA from fresh apple peels, 

followed by TLC analysis and, if not available, with theory of GC-FID. The material 

and methods, as well as material which can be used for both demonstration and 

as a student’s handout in school lessons can be found in the Appendix (Appendix 

A1-A5, Fig. A1, A2). Different apple varieties, provided by the teacher or brought 

from home by the students, can be used to compare their TA content and pattern. 

The efficient and simple extraction strategy allows the students to learn and 

understand the principles of isolation and enrichment of natural products based 
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on polarity from natural mixtures (Fig. 2.2). The extraction of different groups of 

secondary plant metabolites in educational context is already described in several 

publications, which can be recommended for additional introduction to extraction 

methods as well as the large group of natural substances present in plants [14-

18].   

Following the described procedure, the students obtain a white powder consisting 

of up to ˃70% of TA. The extraction protocol and the TLC analysis can be 

performed by students in school or undergraduate classes in higher education. 

GC-FID analysis can be theoretically demonstrated based on the provided 

material. If GC analysis can be carried out, only one step - the derivatization 

procedure - needs to be carried out by the teachers due to safety reasons (s. the 

Hazards section). 

 

Fig. 2.2: Scheme of the extraction and purification of triterpenic acids from apples. Apple 
fruits were peeled, dried and extracted with water. The resulting material was extracted 
with ethyl acetate. For purification, the dried residue was degreased using cyclohexane 
and reconstituted in ethanol. A more detailed scheme can be found in the SI. 

2.3.1 TA EXTRACTION 

The detailed protocol for TA extraction as well as an interactive student’s handout 

with detailed information about the experiment is provided in the Appendix A1-

A6.  

The protocol for TA extraction from the apple peel is carried out in three steps 

(Fig. 2.2). The apple is first peeled and the dry weight of the peel is determined 
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(Step 1a). The TA is then extracted: First, the polar peel components are removed 

by boiling the plant material in hot water for 10 minutes (Step 1b). The dried peels 

are extracted with ethyl acetate for 30 min (Step 2). Extraction with the medium-

polar solvent ethyl acetate efficiently extracts TA from the dried apple peels. The 

remaining more polar compounds are removed by liquid-liquid extraction with 

water. In order to learn and train the liquid-liquid procedure, we recommend the 

school experiment published by McKnelly et al. or Dobberpuhl et al. [19-20]. After 

evaporation of the organic phase, the dried extract is boiled for 10 min in 

cyclohexane to remove non-polar compounds (Step 3). In this degreasing step, 

lipids are removed. The dried residue is dissolved in ethanol and can directly be 

used for TLC and GC-FID analysis. 

Due to the drying steps, the protocol can involve long waiting times. Therefore, a 

short protocol without drying steps is also provided. This alternative protocol 

allows the experiment to be completed within 3-4 h, with only slightly lower 

extraction yields. 

2.3.2 CHROMATOGRAPHIC CHARACTERIZATION 

The detailed protocol for the chromatographic analyses of TA extracts by TLC 

and by GC-FID can be found in the Appendix A1-A2 (Fig. 2.4). In this method, 

TLC analysis is utilized as a rapid method to separate and detect mono- and 

dihydroxy-TA derivatives. Application, development and detection of TLC plates 

demonstrate for the students the basic principles of chromatographic separation. 

Chromatography is performed on normal phase aluminum sheets where the 

extract and standard solutions are applied directly onto the TLC plate. The 

eluents consist of a mixture of ethyl acetate, ethanol, and cyclohexane and the 

separation is completed in 5-10 minutes. After drying, the plate is dipped in the 

detection reagent containing an alkaline KMnO4 solution (0.05 M) and 

compounds are detected as light brown spots on a purple background. 

The preparation of the samples and analysis by GC-FID is carried out according 

to the detailed protocol in the Appendix A.3-A.5. The obtained/provided GC 

chromatograms show the quantitative TA pattern in the apple peel. (Fig. 2.3). 
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2.4 HAZARDS 

Students should wear safety goggles and lab coats throughout the experiments. 

Ethyl acetate (H225, H319, H336) is volatile, can irritate the eyes and is 

flammable. Cyclohexane (H225, H304, H315, H336) is flammable, an irritant, 

anesthetizing and hazardous to water. Ethanol (H225, H319) is flammable and 

an irritant. Contact with the skin should be avoided, e.g. by wearing protective 

gloves. For fire prevention, no sources of ignition should be present and the 

solvents should be stored and disposed in the appropriate solvent containers. 

2.5 STUDENT’S OUTCOMES 

The experiment described was developed and applied at an educational 

institution by a group of three undergraduate students. Based on the results and 

their feedback to the protocol, the description was optimized, e.g. by including the 

interactive student handout (Appendix A.6). The yield of extract and TLC analysis 

from the students were consistent with results described in here. 

2.6 RESULTS AND DISCUSSION 

2.6.1 PROCEDURE FOR TA EXTRACTION 

TA are abundant secondary plant metabolites present in apple peels. However, 

compared to carbohydrates, minerals and fibers, they are quantitatively minor 

compounds in plants. Therefore, a TA extraction procedure that isolates and 

concentrates them based on their chemical properties and removes other major 

compounds, such as carbohydrates, triacylglycerides and wax in the peel, is 

essential. 

For this purpose, organic solvents of different polarity were used to separate the 

compounds based on their solubility. TA are medium non-polar compounds. 

Compounds of low polarity show no solubility in water. In contrast, carbohydrates 

such as sucrose and several minerals (salts) e.g. potassium choride, are well 

soluble in water. Extracting the apple material directly with water removes the 

more polar compounds. This strategy is helpful because medium-polar 
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compounds would otherwise be coextracted in the future steps. A similar strategy 

has been used for TA in the past by Fan et al. who treated dried apple pomace 

with hot water before TA extraction [11].  

Ethyl acetate, a medium polar solvent, is used to efficiently extract TA from the 

dried apple peels. Using liquid-liquid extraction with water, the more polar 

compounds are transferred to the aqueous phase and then removed. 

Aside from the TA, non-polar compounds such as waxes and triglycerides are 

coextracted with ethyl acetate. These non-polar compounds are well soluble in a 

non-polar solvent such as cyclohexane, while TA are not. Thus the ethylacetate 

phase is evaporated to dryness and extracted with cyclohexane to remove 

nonpolar compounds and to purify the TA (Fig. 2.3). A similar defatting step was 

described by Geana et al. for the extraction of S-UA and OA using petroleum 

ether before extraction in hot chloroform [21]. A less hazardous solvent was used, 

according to principle no.5 of the 12 Principles of Green Chemistry. 

In the last step TA are reconstituted in the medium-polar solvent ethanol. Here 

the TA dissolve very well (experimental solubility of S-UA in EtOH >10 mM; 

5 mg/mL). Since the TA are slightly more polar than ethyl acetate, this also leads 

to a further purification. Ethanol is a solvent frequently used for TA extraction in 

other protocols [22].  

Performing these steps helps the students to understand about the properties of 

different solvents, their polarity, and their miscibility and their uses for extraction 

and purification. The use of different solubilities of extracted compounds has 

already been described in a number of experiments suitable for students and 

represents an important key learning objective for extraction processes [20, 23-

24]. 
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Fig. 2.3: GC-FID analysis of apple extracts. GC-FID chromatograms of the analysis of 
the raw ethyl acetate extract (top) and degreased extract (3 mg extract/mL) (bottom) of 
Delbarestivale apple peel. Separation was carried out on a non-polar (DB-5; 30 m, 0.25 
mm ID, 0.25 µm film) column separating TA based on their boiling points. OA: Oleanolic 
acid, S-UA: Ursolic acid, BA: Betulinic acid, MA: Maslinic acid, CA: Corosolic acid, PA: 
Pomolic acid. 

2.6.2 TLC ANALYSIS OF APPLE EXTRACTS 

For the TA analysis, GC-FID is the analytical method of choice. It is sensitive and 

selective using inexpensive and robust instrumentation. However, there is a 

limited access to these instruments in schools. Therefore, a simple TLC protocol 

is described here, which is non hazardous and applicable for students (Fig. 2.4). 

By using this protocol, the mono- and dihydroxy-TA derivatives can quickly be 

separated and detected (Fig. 2.4). The alkaline KMnO4 solution oxidizes the TA 

forming light brown MnO2 making the TA visible as bright spots on a violet 

(KMnO4) background. The intensity of the light brown spots in the TLC analysis 

using silica plates (normal phase chromatography) directly demonstrates the 

difference between peel and pulp samples (Fig. 2.4). No spot is visible when only 

the solvent is applied (spot 1). When applying the dihydroxy TA derivatives 

corosolic acid (spot 4) and maslinic acid (spot 5) and the monohydroxy 
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derivatives ursolic acid (spot 6) and oleanolic acid (spot 7), bright spots are 

detected. Here, the multiple hydroxylated derivatives show shorter Rf values 

because of a stronger retention on the normal phase. When applying the apple 

pulp samples extract (spot 2), no spot is visible. In apple peel extracts (spot 3), 

spots of high intensity are found for the monohydroxy derivatives while for the 

dihydroxy derivatives, the intensity is lower indicating a high concentration of 

monohydroxy-TA and low concentration of dihydroxy-TA in the sample.   

 

Fig. 2.4: Thin layer chromatography of TA extract. Extracts (3 mg/mL in EA) were 
separated on a silica gel (normal phase chromatography) TLC plate using 
cyclohexane/ethanol/ethyl acetate (50/25/25) (v/v/v) as the mobile phase. Extract (A) 
and TA standard solutions were applied on a TLC plate, followed by placement of the 
TLC into a TLC chamber (B). After drying using a hairdryer the TLC plate was dipped 
into KMnO4 solution (0.05 M) for detection (C). A result is shown in D: 1: solvent blank, 
2: apple pulp extract (3 mg extract/mL EA), 3: apple peel extract (3 mg extract/mL EA, 
retention factor (Rf) values: 0.70, 0.77), 4: Corosolic acid (0.5 mg/mL, Rf =0.71 ± 0.03, 
n=3), 5: Maslinic acid (0.5 mg/mL, Rf =0.70 ± 0.03, n=3), 6: Ursolic acid (0.5 mg/mL, Rf 
=0.77 ± 0.02, n=3), 7: Oleanolic acid (0.5 mg/mL, Rf =0.76 ± 0.02, n=3). 

Determining the retardation factors (Rf) values (Fig. 2.4) enables the students to 

characterize the compounds based on their chromatographic properties. The 

correlation between the different retention behaviors of TA derivatives depending 

on the structural properties is another important learning point of the experiment.   
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2.6.3 GC ANALYSIS OF APPLE EXTRACTS 

The results from GC-FID-analysis (including chromatograms for demonstation) 

demonstrate the efficiency of the extraction strategy (Fig. 2.3). GC is a key 

analytical technique used to analyze - i.e. separate and detect - compounds in 

complex mixtures such as food, medical or environmental samples. The 

compounds are separated based on the distribution between a gas as the mobile 

phase and a liquid as the stationary phase in a capillary column. The inert gas 

transports the analytes along a stationary phase and the compounds are mainly 

separated based on their boiling point/vapor pressure: The flame ionization 

detector is a robust detector, which can be used for the detection of all organic 

compounds. The signal area directly depends on the amount of carbon in a peak 

(mass dependent detector) and it has high linearity [25]. Therefore, peak areas 

in chromatograms can directly be used to calculate the concentration when 

calibrating with a similar compound.   

By analyzing the extracts by GC-FID or evaluating the provided chromatograms 

(Fig. 2.3, Appendix A5, Fig. A1) students can directly see the effectiveness of the 

purification. Samples without prior extraction with water show high abundant 

signals of polar compounds (Appendix A5 Fig. A1, retention time: 5-15 min) and 

the degreasing step removes compounds with a low boiling point (Fig. 2.3, 

Appendix A5 Fig. A2, retention time: 1-15 min). 

2.6.4 DETERMINED TA CONCENTRATION IN APPLE PEELS OF DIFFERENT 

VARIETIES 

When using the extraction protocol, the TA content in the apples peel can be 

calculated with regard to the dry weight determined in step 1a. An interesting 

application is to compare the apple peel and pulp of different apple varieties. For 

the Golden Delicious, Boskoop and Delbarestivale apple varieties, significantly 

higher amounts of TA are found in the peels than in the pulp (Tab. 2.1). Extraction 

yields of up to 2.1 g/100 g DW were found in the Golden Delicious peel (Tab. 

2.1).  
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The extract consists mainly of TA with up to 50 g/100 g UA and 10 g/100 g OA in 

Golden Delicious peel samples (Tab. 2.1). This corresponds to a concentration 

of 1.1 g UA/100 g dry weight resp. 0.2 g OA/100 g dry weight in the Golden 

Delicious apple peel (Tab. 2.1). These results are consistent with earlier 

reports.[11] Here, Fan et al. obtained an extraction yield of about 1.3% with a 

purity of 97% in Fuji apples while using a more complex instrumentation. 

Overall the data demonstrates that TA are relevant ingredients and major 

secondary plant metabolites in apple peel. The analytical strategy outlined here 

provides a simple and efficient possibility for TA extraction from food by-products. 

2.7 KEY LEARNINGS 

By using the developed extraction strategy, students experiment with and attain 

knowledge about an important class of secondary metabolites in plants. They 

learn how compounds can be extracted and purified based on their polarity using 

different solvents.  

The students acquire skills comprising of the handling of solvents and the 

gravimetric and chromatographic monitoring of analytical workflows. By analyzing 

different apple varieties and using the simple extraction protocol, students learn 

about natural variablities in the composition of food. This is demonstrated based 

on the TA pattern analyses by GC-FID and TLC. Here, the evaluation of 

retardation factor values and the different retention help to understand how the 

chemical structure effects the chromatographic behaviors. 
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Tab. 2.1: Extraction efficacy and concentration of the main TA in selected apple varieties. 
Peels and pulp were extracted using the developed protocol and the main TA were 
quantified by GC-FID by external calibration. OA: Oleanolic acid, S-UA: Ursolic acid, DW: 
dry weight, LLOQ: 2 µM 
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2.8 CONCLUSION 

Herein, an efficient and simple extraction protocol for TA derivatives in apple 

samples was developed. The protocol can easily be used in student’s classes 

within a 5-session lab activity or even shorter in 3-4 hours if the drying steps are 

omitted. Monitoring the TA content in all steps demonstrates the efficiency of the 

extraction strategy. The contents and purities increased from step to step up to a 

total of 70 g TA/100 g of extract. Overall, the important student’s learning subjects 

are secondary metabolites in food, the extraction and purification of natural 

products as well as the basics of chromatography. For future demonstrations, the 

time in between drying periods could be used to focus on the principles of Green 

Chemistry or on activities to promote education for Sustainable Development. 
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3 CHAPTER 3 

Development of a gas chromatography-mass 

spectrometry (GC-MS) method for the 

characterization and quantification of triterpenic 

acids * 

Triterpenic acids (TA) are widely distributed secondary metabolites/specialized 

metabolites in plants. Here a sensitive and comprehensive method for the 

characterization and quantitative analysis of 20 TA derivatives by means of GC-

MS has been developed. The TA were efficiently derivatized using TMSCHN2 

and BSTFA before analysis. Chromatographic separation using a DB-5 column 

(40 m, 0.18 mm ID, 0.25 µm film) enabled the selective detection of naturally 

occurring and modified TA derivatives. Sample preparation involved the removal 

of water-soluble matrix compounds and the extraction with ethyl acetate. The 

electron ionization (EI) led to distinct fragments allowing a structural 

characterization and specific detection. The method was applied on the analysis 

of apple peels of different varieties. TA concentrations of up to 3.5 g/100 g dry 

weight (DW) were found. Ursolic acid (up to 2.9 g/100 g DW) was the main TA, 

followed by oleanolic acid (up to 500 mg/100 g DW) and pomolic acid (up to 130 

mg/100 g DW). Recovery of added TA was good (70-140%) and determined 

concentrations of naturally occurring TA were in high agreement (75-125%) with 

those obtained by GC-FID analysis, demonstrating the accuracy of the developed 

method. The method showed high precision with low intra-day and inter-day 

variability (≤ 22%). The described method allows for the first time the qualitative 

and quantitative analysis of a wide range of TA derivatives. This will help to gain 

more insights into the occurrence of abundant triterpenic acids such as ursolic 

acid but also low concentrated derivatives such as pomolic acid in plants.  

* modified from M. Wiebel, L. Wende, K. Bensberg, T. Zschau, S.F. Kirsch and N. H. Schebb. 
"Development of a gas chromatography-mass spectrometry (GC-MS) method for the 
characterization and quantification of triterpenic acids". In: Food Chemistry, 2025 146012. DOI: 

10.1016/j.foodchem.2025.146012. 

Author contributions: MW: Writing – review & editing, Writing – original draft, Visualization, 
Methodology, Investigation, Formal analysis, Data curation and Conceptualization. LW: Writing – 
review & editing, Investigation, Formal analysis. KB: Writing – review & editing, Methodology, 
Investigation. TZ:  Writing – review & editing, Methodology, Investigation. SFK: Writing – review & 
editing. NHS: Writing – review & editing, Writing – original draft, Supervision, Project administration, 
Investigation, Funding acquisition, Conceptualization.
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3.1 INTRODUCTION 

Triterpenic acids (TA) are triterpenoids belonging to the large group of 

secondary/specialized plant metabolites. They are synthesized in plants following 

the mevalonate pathway. Six C5 isoprene units combine to form a squalene (C30) 

molecule (Fig. 3.1). Further epoxidation via the squalene epoxidase leads to the 

formation of 2,3-oxidosqualene, which is folded into a chair-chair conformation 

and afterwards cyclized. The enzymatically catalyzed cyclization results in a large 

number of skeletal types (more than 100 triterpene scaffolds are known [1]) as 

the dammarenyl cation, from which TA derivatives such as α-amyrin (AM) can be 

formed (Fig. 3.1, 3.2). Further enzymatically catalyzed modifications (via 

cytochrome P450 monooxygenases and transferases) lead to a great structural 

diversity such as addition of hydroxyl groups and oxidation of primary alcohols to 

carboxylic acids, catalyzed by CYP51, CYP71, CYP72, CYP85, CYP87, CYP88 

and CYP93 [1-2]. In this pathway, ursolic acid (S-UA), corosolic acid (R-2-OH-

UA), and pomolic acid (S-19-OH-UA) are derived from AM, oleanolic acid (OA) 

and maslinic acid (R-2-OH-OA) from β-amyrin and betulinic acid (BA) from lupeol 

(Fig. 3.1, 3.2). Triterpenoids are widely distributed in plants and can occur in 

unmodified forms and as conjugates such as glycosides. In the plant they play 

physiological roles e.g. protecting against dehydration of fruits and herbivores [1-

2]. 

The TA derivatives S-UA and OA are best described and found in high 

concentrations in plants of the Rosaceae family - most prominently in apples. 

Here, levels up to 2 g S-UA/100 g DW are found in apple peel [3]. Several 

extraction protocols have been developed, e.g. for apple (pomace) demonstrating 

high extraction yields and purity [4-5]. 

Most studies describing the quantification of TA in plants only focus on S-UA and 

OA in plants [6-8]. However, the number of characterized triterpenoids increased 

in recent years [9]. Consequently, comprehensive analytical procedures such as 

liquid chromatography-mass spectrometry (LC-MS) and gas chromatography-

mass spectrometry (GC-MS) are used covering a large number of TA derivatives 

[10-12]. However, only few methods have been described including more than 6 
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TA [13-16]: Here, the major TA (e.g. S-UA, OA, dihydroxylated TA) occurring in 

plants from the Oleaceae family (olive (oil), Olea europaea [12]) and from the 

Rosaceae family (apple, Malus domestica) were investigated but minor TA 

derivatives (e.g. S-19-OH-UA, AM) were rarely analyzed [13-16]. 

The aim of this study was to develop a GC-MS method that enables the 

quantification of a comprehensive number of TA. For that 20 TA derivatives with 

varying patterns of functional groups (e.g. hydroxyl groups, ester groups, 

aldehyde groups) were included (Fig. 3.2, B1). The method was used for the 

characterization of the TA pattern in different apple varieties. 

 

Fig. 3.1: Simplified scheme of biosynthesis of triterpenic acids. Six isoprene units 
form squalene. From there, the squalene epoxidase catalyzes the formation of 2,3-
oxidosqualene. By cyclization via oxidosqualene cyclases, the dammarenyl cation is 
formed. Further cyclization leads to the formation of α-, β-amyrin, and lupeol. CYP P450 
monooxygenases (e.g. CYP716) catalyze further modifications, including the addition of 
hydroxyl groups or formation of carboxylic acid [17, 27]. 
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3.2 MATERIAL AND METHODS 

3.2.1 CHEMICALS AND MATERIALS 

The TA standards ursolic acid (S-UA) (purity 95%) and oleanolic acid (OA) (purity 

95%) were purchased from abcr GmbH (Karlsruhe, Germany), corosolic acid (R-

2-OH-UA) (purity ≥98%) and maslinic acid (R-2-OH-OA) (purity ≥98%)  from 

Cayman Chemical (local distributor Biomol, Hamburg Germany), betulinic acid 

(BA) (purity ≥97%) from TCI Deutschland GmbH (Eschborn, Germany) and 

pomolic acid (S-19-OH-UA) (purity ≥90%) from Merck (Darmstadt, Germany). All 

other TA standards were synthesized in house (purity ≥90%, analyzed by NMR). 

Ethyl acetate (EA), ethanol (EtOH), methanol (MeOH), n-hexane (n-hex), toluene 

and pyridine were obtained from Fisher Scientific (Schwerte, Germany), 

(trimethylsilyl)diazomethane (TMSCHN2, 2 M in n-hex) from TCI Deutschland 

GmbH (Eschborn, Germany) and N,O-bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) + 1% trimethylchlorosilane (TMCS) from Carl Roth GmbH (Karlsruhe, 

Germany). Ripe fruits of Golden Delicious (Malus domestica Borkh. cv. Golden 

Delicious, harvest 2023), Fuji (Malus domestica Borkh. cv. Fuji, harvest 2024) 

and Wellant (Malus domestica Borkh. cv. Wellant, harvest 2023) were bought 

from a regional fruit farm in Leichlingen, Germany (51° 5′ 55.7004″ N, 7° 3′ 

16.7789″ E) as well as Discovery (Malus domestica Borkh. cv. Discovery, harvest 

2023) from a regional fruit farm in Wermelskirchen, Germany (51° 6′ 37.6109″ N, 

7° 10′ 28.663″ E). 

3.2.2 SAMPLE PREPARATION 

Fresh apples were peeled and the peels were boiled in water for 10 min in an 

Erlenmeyer flask. The samples were filtered using standard coffee filters 

(9×15 cm) and a glass funnel (diameter 10 cm) and the aqueous phase 

discarded. The residue was dried at 80 °C. The dried peel was ground in a mill 

(IKA A10, IKA-Werke, Staufen, Germany). In a reaction tube, 2-3 mg of grinded 

residue was mixed with 1 mL EA following the addition of internal standards (IS) 

(R)-ursolic acid methyl ester (R-UA) and ursenic acid (URA) (2.5 nmol) (Fig. 3.2). 

Samples were extracted using a thermo shaker (800 rpm, 25 °C, Biometra TSC 
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Thermoshaker, Analytik Jena, Jena, Germany) for 30 minutes. After mixing with 

300 µL of H2O and centrifuging (2 min, 5000 g), the upper EA phase was 

collected and the aqueous phase again extracted with 500 µL EA. The dried 

residue was redissolved in 500 µL EtOH, vortexed (Vortex Vortex-Genie 2 

G560E, NY, USA) and centrifuged. The EtOH phase was evaporated (Rotary 

vacuum-concentrator RVC 2-25 CDPlus, Christ, Germany) and the residue 

dissolved in 200 µL MeOH. For spiking experiments, 2.5 nmol of ursene (UR), 

rearranged ursolic acid (ar UA), (R,S)-corosolic acid methyl ester (R,S-2,3-OH-

UA), ursonic acid (3-oxo-UA), (S,R)-corosolic acid methyl ester (S,R-2,3-OH-UA), 

ursolic acid acetate (UA ac), asiatic acid methyl ester (R-2,23-OH-UA) and 11-

oxo- ursolic acid acetate (11-oxo-UA ac) were added to the samples prior 

extraction (Fig. S1). 

For method validation, 8 µL of this solution was used for GC-MS analysis (160 µL 

for GC-FID analysis). For the analysis of different apple varieties, 8 µL of the 

solution for high abundant TA (g/100 g DW content) and 50 µL for low abundant 

TA (mg/100 g DW content) were used. The samples were mixed with 25 µL 

toluene and 25 µL TMSCHN2 (0.4 M in n-hex) and derivatized for 10 minutes at 

room temperature, evaporated and reconstituted in 25 µL of pyridine and 25 µL 

BSTFA + 1% TMCS (derivatized S-UA in Fig. 3.3). After derivatization for 30 min 

at room temperature and evaporation, the residue was dissolved in 40-200 µL    

n-hex for GC analysis. 

3.2.3 GC-MS ANALYSIS 

GC-MS analysis was carried out using a 5977C GC/MSD (single quadrupole) 

system (Agilent Technologies, Waldbronn, Germany) operating in electron 

ionization (70 eV) mode. For chromatographic separation, a DB-5 column (5%-

diphenyl/95%-dimethyl polysiloxane), with the dimension of 40 m length, 0.18 mm 

inner diameter and 0.25 µm film (Agilent Technologies, Waldbronn, Germany) at 

a flow rate of 1.2 mL/min helium was used. The temperature settings were set to 

250 °C (injector), 330 °C (transfer line) and 250 °C (ion source). The separation 
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was carried out using a linear temperature gradient starting from 200 °C with 

10 °C/min to 310 °C and an isothermal step from 11-40 min at 310 °C.  

The analyses were carried out in full-scan mode (m/z 50-900) as well as in 

selected ion monitoring (SIM) with a dwell time of 40 ms for quantification. For 

each TA, one quantifier and two qualifiers were selected (Tab. 3.1, B2). 

3.2.4 CALIBRATION AND QUANTIFICATION 

The stock solution containing all 20 TA derivatives (1 mM in MeOH) was 

sequentially diluted in MeOH (4 nM-100 µM for GC-MS and 2-500 µM for GC-

FID). The IS concentration was set to 1 μM (GC-MS) and 50 µM (GC-FID).  

Quantification was carried out by external calibration using IS: The peak area 

ratios (analyte/IS) were plotted against the concentration. Calibration functions 

were calculated by linear regression (weighting: 1/x2, Tab. 3.1, B2). The limit of 

detection (LOD) was determined as concentration with a signal-to-noise ratio of 

≥ 3 and the lower limit of quantification (LLOQ) with a signal-to-noise ratio of ≥ 5 

and an accuracy of 100 ± 20%. 
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3.3 RESULTS AND DISCUSSION 

A sensitive and selective quantification method for TA analysis using GC-MS was 

developed. The dwell time was optimized for mass spectrometric detection (Fig. 

B2). The method was characterized by determining precision and accuracy, and 

the results were compared with those obtained using GC-FID. Finally, the method 

was applied to the analysis of TA in peel of different apple varieties. 

3.3.1 CHROMATOGRAPHIC SEPARATION 

Triterpenic acids are specialized plant metabolites, with a large number of 

isomers [1, 17]. For their selective analysis an effective chromatographic 

separation is required.  

The chromatographic separation of TA derivatives was performed by an 

isothermal separation step at 310 °C on a DB-5 column (40 m, 0.18 mm ID, 0.25 

µm film) following derivatization to the methyl ester and trimethylsilyl ether (Fig. 

3.2, B1). The chromatographic separation showed sufficient resolution (R > 1.5) 

for all TA, which have been described in Rosaceae fruits so far. This comprises 

ursolic acid (S-UA), oleanolic acid (OA), betulinic acid (BA), corosolic acid (R-2-

OH-UA), maslinic acid (R-2-OH-OA), pomolic acid (S-19-OH-UA), alpha-amyrine 

(AM), uvaol (UV) and ursonic acid (3-oxo-UA) (Fig. 3.2, B1) [18-19]. The dwell 

time was set to 40 ms, allowing to measure 23 data points per peak when 

monitoring 12 SIM transitions in parallel (Fig. B2). The elution window of the TA 

in the GC-MS method using the isothermal step was as long as 40 min, enabling 

the separation and detection of further TA derivatives. This was demonstrated 

analyzing 12 synthetic derivatives with different functional groups (Fig. 3.2, B2) 

reflecting the diversity of TA described in literature. Owing that performance, this 

is the most comprehensive quantitative analysis method for TA described so far, 

covering more than 20 TA derivatives:  

Earlier GC studies, only analyzed few TA such as OA, S-UA and BA and the 

derivatives AM and UV [13-16]. Zhan et al. were able to separate S-UA and OA 

in 15 min [20]. Gu et al. showed baseline separation for S-UA, OA, and BA in a 

total run time of 40 min [14]. Caligiani et al. additionally included the 
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dihydroxylated TA maslinic acid (R-2-OH-OA) and corosolic acid (R-2-OH-UA) 

[10]. Dashbaldan et al. developed a method that covers 19 TA derivatives in a 

total run time of 75 min but were unable to achieve baseline separation for OA 

and BA [18]. Guo et al. analyzed 11 TA, within a total run time of more than 45 

min [21]. A recently published LC-MS method comprised 14 TA derivatives in a 

total run time of 60 min [22]. 

Of note the separation of the TA derivatives by GC is better than by LC: Reversed 

phase (RP)-liquid chromatography using standard RP18 phases does not allow 

the baseline separation of the isobaric compounds BA, S-UA, and OA [20, 23] 

(Fig. B3, B4). 

The method described here efficiently separates a wide range of TA in a total run 

time of 40 min, including 20 TA and achieving baseline separation for BA and OA. 

Chromatographic separation is crucial for the quantification of TA because most 

derivatives have a similar fragmentation behavior as described in the following 

section. 

3.3.2 MASS SPECTROMETRIC DETECTION 

Mass spectrometric detection following EI (70 eV) enables the structural 

characterization and sensitive quantification of TA derivatives. Using the large 

number of covered TA derivatives, we could deduce a specific fragmentation 

behavior of the TA leading to prominent fragment ions. The EI-MS spectra 

showed no [M]+ ion, except for ar UA and UV (Tab. 1, Tab. S2), while several 

fragments were detected in the scan spectra between 50-400 Da (Fig. 3, Fig. B6).  

By comparing the spectra of the TA standards, structural suggestions for the 

fragments could be made (Fig. 3.3, B5, B6, Tab. B1). The fragments were 

numbered according to the suggested structures (CDE1-CDE4). Applying the 

fragmentation pathway on the 20 TA, all the expected fragments were found (Fig. 

B5, Tab. B1). As shown exemplary for S-UA, fragments showing the C-D-E ring 

were formed by a retro-Diels-Alder reaction (Fig. 3.3). The fragment at m/z 262 

(CDE1) includes the methyl ester of the carboxylic acid of the TA and could only 

be detected when using TMSCHN2 for the derivatization.  
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Fig. 3.2: Chromatographic separation of triterpenic acid (TA) derivatives. Left: 
Separation of a TA mixture of 10 TA (20-100 µM) on a 5%-phenyl/95%-dimethyl 
polysiloxane column (40 m, 0.18 mm ID, 0.25 µm film). Shown is the sum of SIM (TOP) 
and the individual SIM traces used for quantification (BOTTOM). Right: Structures of the 
TA derivatives. 

This supports the conversion of the carboxylic acid to its corresponding methyl 

ester. Consistently, BA, OA, S-UA, R-2-OH-UA, and R-2-OH-OA show this 

fragment, while AM and UR do not (Figure B5). Instead, the fragment at m/z 218 

(CDE1) was detected for AM and UR, because these molecules do not possess 

a carboxy group in ring E but a methyl group at the same position (Fig. B5). When 

BSTFA was used as derivatization agent alone, an ion at m/z 320 was detected 

for OA, S-UA, BA, R-2-OH-UA, R-2-OH-OA, 3-oxo-UA, URA and UA ac, 
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indicating the conversion of the carboxylic ester to the trimethylsilyl ether 

derivative (Fig. 3.3; B6). 
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A further loss of the carboxylic ester group leads to a fragment with m/z 203 

(CDE2) detected following derivatization with BSTFA as well as TMSCHN2. The 

fragment at m/z 189 (CDE3) is suggested to be formed by an opening of the D-E 

ring and m/z 133 (CDE4) and m/z 119 by loss of the E ring.  

Retro-Diels-Alder fragmentation is well established for TA. Razborsek et al. also 

described the fragmentation following retro-Diels-Alder of trimethylsilylated TA              

S-UA, OA and BA suggesting the same structures of the ions at m/z 320, m/z 203 

(CDE2), m/z 189 (CDE3) and m/z 133 (CDE4) [24]. Other studies found the same 

ions at m/z 262 (CDE1) for methylesters [14] or ions at m/z 320 and m/z 203 

(CDE2) for the TA trimethylsilylesters [10, 25], but did not use them to deduce the 

structure of the molecules. 

Due to the common fragmentation routes, most TA derivatives give rise to the 

same ions, thus the m/z of ions is not specific. Therefore, non-specific fragments 

with sufficient intensity were selected for the qualifiers and quantifiers (Tab. 3.1, 

B2). 

3.3.3 SENSITIVITY 

The sensitivity was determined based on the signal-to-noise (S/N) ratio of the 

individual peaks, S/N ≥ 3 for the LOD and S/N ≥ 5 for the LLOQ (accuracy of the 

calibration 100 ± 20%) were chosen (Fig. 3.4). The concentrations of all TA 

standards were checked using GC-FID. 

The sensitivity for the detection of the TA seems to depend on the used quantifier 

ions (Tab. 3.1, B2): High sensitivities could be observed for the TA derivates 

ursenic acid (URA), (R)-ursolic acid methyl ester (R-UA) as well as S-UA and OA, 

using the ion at m/z 262. LLOQs of 24 nM (11 pg on column) could be found for 

these TA. A similar sensitivity was found for the dihydroxylated TA R-2-OH-UA 

and R-2-OH-OA (32 nM, 15 pg on column). When comparing the performance 

for S-UA, the LLOQ is better compared to earlier published GC methods with an 

LLOQ of 550 nM (250 pg on column) [11] and 650 nM (300 pg on column) [25] 

and in the same range as LC-MS methods with an LLOQ of 43 nM (200 pg on 

column) [7] to 6 nM (15 pg on column) [22].  
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Similarly, an LLOQ of 6 nM (15 pg on column) was reported for OA [22]. The 

published LLOQ of 6 nM (15 pg on column) for 2-R-OH-OA and 2-R-OH-UA [22] 

were comparable to our method.  

 

 

 

 

 

 

 

 

 

Fig. 3.4: Sensitivity of the developed method: 
Shown is the SIM signal at m/z 262 (dwell time 
40 ms) used for the quantification of URA, R-UA 
and OA at the limit of detection (LOD, S/N ≥ 3) 
and at the lower limit of quantification (LLOQ, S/N 
≥ 5). 

Use of the quantifier ion at m/z 218 for AM and UR leads to the same sensitivity 

with LLOQs of 24 nM (10 pg on column). For UV, a higher LLOQ of 80 nM (35 pg 

on column) results using the quantifier ion at m/z 216. Yabukawa et al. also 

observed a slightly higher LLOQ for UV of 110 nM (244 pg on column) compared 

to S-UA and OA at 6 nM (15 pg on column) [22].  

Interestingly, a tenfold lower sensitivity was found for BA using the quantifier ion 

at m/z 189 (240 nM, 110 pg on column). The fragment ion at m/z 189 (CDE 3) 

was selected due to its high relative abundance (100% rel. intensity, Tab. 3.1) 

and the better signal-to-noise ratio of the peaks compared to m/z 262 and 

m/z 129. Moreover, m/z 189 allows to quantify BA in the presence of high 

concentrations of OA (quantifier at m/z 262) as they occur in Rosaceae [3, 18]. 
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m/z 179 (Tab. 3.1). Again, alternative ions at m/z 133, 147 or 189 did not lead to 

a better sensitivity. This may be explained by the different substitution patterns in 

the E ring leading to a reduced formation of ions used for quantification. 

The effect of the quantifier ion on the sensitivity was also observed for synthetic 

derivatives of TA (Tab. B1): The LLOQ for the quantifier at m/z 262 was 80 nM 

for 3-oxo-UA (36 pg on column) and UA ac (40 pg on column) and comparable 

to natural TA derivatives. Compared to 3-oxo-UA, the exchange of the carboxyl 

group with an aldehyde group in ring E resulting in 3-oxo ursolic acid aldehyde 

(3-oxo-UA al) (fragment ion at m/z 133) led to a tenfold higher LLOQ (900 nM, 

390 pg on column). Again, the substituents at the ring E could cause a reduced 

formation of abundant ions.  

Interestingly, the synthetic compound R,S-2,3-OH-UA showed a lower sensitivity 

with an LLOQ of 500 nM (243 pg on column) using the quantifier ion at m/z 262. 

Compared to R-2-OH-UA, which is detected more sensitively, (R,S)-corosolic 

acid methyl ester (R,S-2,3-OH-UA) only differs in configuration of the hydroxyl 

group in the A ring. For the trihydroxylated TA asiatic acid methyl etser (R-2,23-

OH-UA) an LLOQ of 600 nM (301 pg on column) was observed. This suggests 

that configuration as well as the number of hydroxyl groups in ring A influences 

the formation of the CDE ring fragments.  

Overall, our GC MS method was more sensitive than previous GC-MS 

approaches, covering more TA [11, 25]. The enhanced sensitivity may be 

explained in addition to the good GC separation leading to narrow peaks (s. 

above) by the two-step derivatization strategy using TMSCHN2 and BSTFA. As 

shown for the TA OA, S-19-OH-UA, BA, R-UA, and R-2-OH-UA the peak height 

increased dramatically compared to a derivatization with TMSCHN2 or BSTFA 

alone (Fig. B6) as used in previous GC-MS methods [10-11]. 

3.3.4 ACCURACY AND PRECISION 

Accuracy of the method was analyzed in Wellant apple peel samples spiked with 

TA (1 nmol/1 mg sample) on three different days before extraction with ethyl 

acetate and subsequent GC-MS analysis (Tab. 3.2). The accuracy was 
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calculated as recovery, determined by means of GC-MS and was with 70-140% 

good (Tab. 3.2).   

In addition, the concentrations of the naturally occurring TA OA, S-UA, R-2-OH-

UA, R-2-OH-OA and S-19-OH-UA (50-900 mg/100 g DW) were determined and 

compared to those obtained with GC-FID (Tab. 3.2). The results using both 

detectors were consistent with the determined TA concentrations from 75-125% 

(comparison of mean and standard deviation). Of note, R-2-OH-UA could not be 

determined by GC-FID due to coelution with matrix compounds.  

The accuracy for measurements in biological matrix was validated by spiking 

(standard addition procedure) of S-UA and R-2-OH-UA to apple peel extracts 

prior to the derivatization procedure resulting in a recovery of 93-112% of the 

added amount. This indicates an appropriate extraction strategy and sufficient 

excess of derivatization reagents in the presence of matrix (Tab. B3). 

The intra-/interday precision was assessed by comparing the TA concentration in 

Wellant apple peel determined in triplicates on three days (n=3) by means of GC-

MS as well as GC-FID and by calculating the relative standard deviation (RSD) 

(Tab. 3.2). Both parameters were lower 22% demonstrating a good precision for 

GC-MS and GC-FID analysis. 
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3.3.5 DETERMINING THE TA CONCENTRATION IN APPLE PEELS 

TA concentrations were determined in peels of the apple varieties Fuji, Discovery 

and Golden Delicious using the described GC-MS method (Fig. 3.5). The TA 

derivatives S-UA, OA, UV, AM, R-2-OH-UA, R-2-OH-OA and S-19-OH-UA were 

found in apple peels (Fig. 3.5-A, -B). S UA was by far the most abundant TA, with 

concentrations between 1.2 ± 0.3 g/100 g DW in Discovery and 2.9 ± 0.5 g/100 g 

DW in Golden Delicious. OA was the second most concentrated TA in the peels, 

with 220 ± 50 mg to 550 ± 90 mg/100 g DW. The results for S-UA and OA were 

consistent with other studies [3] and our previous work on preparative TA 

extraction [5]. Jäger et al. also found S-UA occurring in highest concentration 

(0.2-2.1 g/100 g DW), followed by OA (average of 280 mg/100 g DW) in apple 

peels. The determined concentrations were strongly depending on the analyzed 

apple variety [3]. Yabukawa et al. found 1.1 g/100 g DW S-UA and 140-

190 mg/100 g DW OA in Fuji resp. Golden Delicious peels [22]. The same group 

found up to 140 mg S-19-OH-UA/100 g DW in Golden Delicious peels [22] which 

is comparable to our results (130 ± 5 mg/100 g DW in Discovery and 

280 ± 20 mg/100 g DW in Golden Delicious). In our study, the dihydroxylated TA 

R-2-OH-UA/-OA were found in concentrations ranging from 50-150 mg/100 g 

DW. Additionally, small amounts of UV (10-70 mg/100 g DW) and AM (3-5 

mg/100 g DW) were determined in the apple peels. Again, these results are in 

good agreement with Yabukawa et al. who found 30-80 mg R-2-OH-UA and             

-OA/100 g DW resp. 20 mg UV/100 g DW in Fuji and Golden Delicious peels [22]. 

Hence, the TA pattern in the peels is characterized by large concentration 

differences between the derivatives, and the absolute concentrations vary 

depending on the apple variety (Fig. 3.5-B). However, when calculating the 

relative concentration ratio between the different TA to S-UA, the ratios are 

comparable across the analyzed varieties (Fig. 3.5-C). Only the ratio for UV to S-

UA is about 3 times lower in Discovery apples (0.8) compared to the Fuji and 

Golden Delicious varieties (2.5) (Fig. 3.5-C). It could be assumed that there are 

characteristic concentration ratios of TA valid for all varieties of the genus Malus 
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domestica. Analyses of further genera of the Rosaceae family would be 

necessary to support this hypothesis. 

To summarize, TA were found in high concentrations in apple peels (up to 

3.5 g/100 g DW). Due to the high sensitivity of the GC-MS method, even low-

concentration derivatives such as AM could be detected, which was often not 

detected or quantified, even though it is one of the biosynthetic precursors of the 

main TA S-UA (Fig. 3.1). Interestingly, many studies discuss the plants of the 

Oleaceae family to be a rich source for TA and focus on the quantitative TA 

analysis in herbs and olives [12, 15]. However, our results show that at least                 

S-UA occurs in similarly high concentrations in Rosaceae fruits and could be of 

interest for extraction from food side streams such as apple pomace, which is 

produced in thousands of tons every year esp. during apple juice production [26]. 

3.4 CONCLUSION 

A comprehensive and sensitive GC-MS method for the quantification of triterpenic 

acids (TA) has been developed. TA were methylated and silylated by a two-step 

derivatization procedure. 20 TA derivatives, including well-known TA derivatives 

as ursolic acid and oleanolic acid and less concentrated derivatives as pomolic 

acid and alpha-amyrine were efficiently separated in a total run time of 40 

minutes. The method demonstrated good accuracy and precision. The 

application on the investigation of TA in apple peels in different varieties revealed 

differences in TA concentration, with ursolic acid being the most abundant 

compound in all apples, with concentrations between 1.2 ± 0.3 g/100 g DW in 

Discovery and 2.9 ± 0.5 g/100 g DW in Golden Delicious peel. Oleanolic acid was 

the second most abundant TA, with concentrations between 220-550 mg/100 g 

DW. Other detected TA included pomolic acid (up to 280 ± 20 mg/100 g DW), 

maslinic acid and corosolic acid (50–150 mg/100 g DW), uvaol (10–70 mg/100 g 

DW), and the low-abundance precursor alpha-amyrine (3–5 mg/100 g DW). The 

results suggest that characteristic TA concentration ratios may be consistent 

across Malus domestica varieties, which should be further investigated for other 

Rosaceae species. 
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4 CHAPTER 4 

Genera specific occurrence of triterpenic acids in 

edible fruits of the Rosaceae family* 

Triterpenic acids (TA) are triterpenoids belonging to the large group of secondary 

plant metabolites. However, only little information is available about the 

occurrence and concentration of TA in different fruits of the Rosaceae family. In 

this study, quantitative TA patterns in fruits of 29 species from 17 genera of the 

Rosaceae family were analyzed. TA were detected in all fruits. The 

concentrations were lower in genera of Rosoideae (<1-1200 mg TA/100 g DW) 

than in those of Amygdaloideae (100-7000 mg TA/100 g DW). TA patterns were 

dominated by mono- and dihydroxylated derivatives. In edible fruits, both the 

amount of detected TA derivatives and their concentrations were low in Rubus  

(< 10 mg TA/100 g DW), and highest in Malus, reaching >3 g TA/100 g DW. 

Rosaceae genera did not show genus-specific TA patterns, as the concentrations 

and ratios of individual TA to the dominating ursolic acid varied strongly between 

species. However, cultivar-specific TA patterns were found for Malus domestica, 

independent of harvest year or growing location. This study is the first report 

about a comprehensive set of more than 20 TA in food-relevant species. These 

data support future investigations on the nutritional relevance of TA and may 

improve the chemotaxonomic differentiation of Rosaceae cultivars. 

* modified from M. Wiebel, L.M. Wende, K. Bensberg, T. Zschau, S.F. Kirsch and N. H. Schebb. 
"Genera specific occurrence of triterpenic acids in edible fruits of the Rosaceae family". 
(Manuscript submitted for publication.) 

Author contributions: MW: Writing – review & editing, Writing – original draft, Visualization, 

Methodology, Investigation, Formal analysis, Data curation and Conceptualization. LMW: Writing – 

review & editing, Investigation, Formal analysis. KB: Writing – review & editing, Methodology, 

Investigation. TZ:  Writing – review & editing, Methodology, Investigation. SFK: Writing – review & 

editing. NHS: Writing – review & editing, Writing – original draft, Supervision, Project administration, 

Investigation, Funding acquisition, Conceptualization.
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4.1 INTRODUCTION 

Triterpenic acids (TA) are triterpenoids belonging to the large group of secondary 

plant metabolites. They are synthesized in plants in the mevalonate pathway (Fig. 

4.1):  Six C5 isoprene units combine to form a squalene (C30) molecule which is 

converted by squalene epoxidase into 2,3-oxidosqualene. Further enzymatic 

cyclization yields over 100 triterpene scaffolds, including intermediates such as 

the dammarenyl cation and precursors such as alpha-amyrin (AM) and beta-

amyrin. Cytochrome P450 and transferase-mediated modifications such as 

addition of hydroxy groups and oxidation of primary alcohols to carboxylic acids 

lead to a great structural diversity of TA [1-2]. TA are widely distributed in plants 

and can occur in unmodified forms and as conjugates such as glycosides. In 

plants they play physiological roles e.g. protecting against dehydration of fruits 

and herbivores [1-2].  

Rosaceae is a large plant family belonging to the order Rosales [3]. This plant 

family is distributed worldwide, with a primary occurrence in the temperate zone 

[4-5]. The family can be further divided into three subfamilies: Rosoideae, 

Amygdaloideae, and Dryadoideae [4, 6] (Fig. 4.2). The subfamilies are further 

classified into genera and species, based on fruit morphologies and/or nuclear 

phylogeny [4, 6]. In total, the Rosaceae family comprises more than 90 genera 

and over 4,000 species [3]. Fruits of the subfamilies Rosoideae and 

Amygdaloideae are an important edible food, particularly of the species from the 

genera Prunus, Rubus, Aronia, Cydonia, Malus, Pyrus, Mespilus and Fragaria [4-

5]. A total world production of edible fruits of Rosaceae of about 110 million metric 

tons was reported in 2005 [5]. These fruits are consumed both fresh and as 

processed products such as juices and jams [7]. Moreover, Rosaceae are widely 

cultivated as ornamental plants, including species from the genera Sorbus and 

Pyracantha [5]. Apple peels (genus Malus) are known for their high TA content 

[8-10]. During food processing (e.g. juice production), large portions of the edible 

fruits, including peels and seeds, remain as by-products which may represent a 

relevant source of TA [11]. However, TA concentrations in the Rosaceae family 

have been poorly investigated so far. 
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TA have a long history of use in traditional herbal medicine, being attributed with 

hepatoprotective, antifungal, and anti-inflammatory properties [12].  
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Although the low water solubility limits their bioavailability [13-14], TA are 

investigated in pharmacological research, aiming to enhance biological activity 

by chemical modifications of the structures [15]. This study aims to characterize, 

quantify and compare the TA pattern in edible fruits of Rosaceae. For that, 

regionally grown fruits of 29 different species from 17 Rosaceae genera were 

analyzed using a comprehensive GC-MS method covering 20 TA derivatives (Fig. 

4.2, C1, C2). 

4.2 MATERIAL AND METHOD 

4.2.1 CHEMICALS AND MATERIALS 

The TA standards ursolic acid (S-UA) and oleanolic acid (OA) were bought from 

abcr GmbH (Karlsruhe, Germany), corosolic acid (R-2-OH-UA) and maslinic acid 

(R-2-OH-OA) from Cayman Chemical (local distributor Biomol, Hamburg 

Germany), betulinic acid (BA) from TCI Deutschland GmbH (Eschborn, 

Germany) and pomolic acid (S-19-OH-UA) from Merck (Darmstadt, Germany). 

All other TA standards were synthesized in house, as described [8]. Methanol, n-

hexane, ethyl acetate, ethanol, toluene and pyridine were purchased from Fisher 

Scientific (Schwerte, Germany), N,O-bis(trimethylsilyl)trifluoroacetamide 

(BSTFA) + 1% trimethylchlorosilane (TMCS) from Carl Roth GmbH (Karlsruhe, 

Germany) and (trimethylsilyl)diazomethane (TMSCHN2, 2 M in n-hex) from TCI 

Deutschland GmbH (Eschborn, Germany). Rosaceae samples used in this study 

were either collected or purchased from regional fruit farms (App.C, Tab. C1 for 

sample details and locations). Identification of collected fruits was supported by 

the use of the Android application Flora Incognita (version 3.12.6, provider: TU 

Ilmenau, Germany, and: Max-Planck-Institut of Biogeochemistry, Jena, 

Germany). 

4.2.2 QUANTIFICATION OF TA (DERIVATIVES) IN ROSACEAE 

TA in Rosaceae samples were analyzed as previously described [8]. In brief, for 

extraction, 5-50 g of fresh material (peeled or whole fruits with diameters <1 cm, 

Tab. C1) were used. After aqueous extraction and drying, the residue was mixed 
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with ethyl acetate and internal standards (Fig. C1). Samples with dry 

infructescence were directly extracted with ethyl acetate. Liquid-liquid extraction 

with water was performed, followed by evaporation and dissolution in ethanol. 

After centrifugation, the organic phase was evaporated and the residue dissolved 

in 200 µL methanol. 50 µL of this solution was used for derivatization. After 

derivatization and evaporation, the residue was dissolved in exactly 20-100 µL  

n-hexane for GC-MS analysis. In each preparation batch, apple peel with a 

defined TA content was included as quality control (Tab. C4). GC-MS analysis 

was performed using a 5977C GC/MSD (single quadrupole) system (Agilent 

Technologies, Waldbronn, Germany) operating in electron ionization (70 eV) 

mode [8]. Quantification was carried out by external calibration with internal 

standards (Fig. C1). The method was validated and showed good accuracy and 

precision for the analysis of plant materials [8]. 

4.3 RESULTS AND DISCUSSION 

Triterpenic acids (TA) are secondary plant metabolites found in Rosaceae plants, 

occurring in particularly high concentrations in the peels of apple fruits (>3 g/100 

g dry weight (DW), Malus domestica Borkh.) [8-9]. Despite the nutritional 

importance of Rosaceae fruits, only limited information is available about the 

occurrence of TA in other genera and species in this plant family. Here, a 

comprehensive GC-MS method covering 20 different TA derivatives (Fig. 2, S1, 

S2) [8] was used to quantitatively analyze TA in 29 species from 17 Rosaceae 

genera, focusing on common fruits occurring in Northern Europe and evaluating 

the phylogenetic relationships and the impact of vegetation period and region. 

4.3.1 TA PATTERN IN DIFFERENT ROSACEAE GENERA 

The TA patterns of 17 genera from the subfamilies Rosoideae and 

Amygdaloideae were analyzed and compared: TA were detected in fruits of all 

analyzed Rosaceae samples (Tab. 4.1). However, the TA pattern and 

concentrations differed between genera and species (Tab. 4.1, Fig. 4.2). 

Representative chromatograms illustrating the TA pattern of selected species 
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from the fruits of the genera Rubus, Prunus, Cydonia, Mespilus, and Aronia are 

shown in Fig. 4.2.  

When comparing the TA pattern across Rosaceae genera, those belonging to the 

subfamily Rosoideae showed lower TA concentrations (<1 mg to >1 g/100 g DW) 

compared to the subfamily Amygdaloideae (100 mg to 7 g/100 g DW) (Tab. 4.1, 

Fig. 4.2):  

In detail, within the subfamily Rosoideae, TA concentrations of only <10 mg/100 

g DW were found in whole fruits of Rubus (Tab. 4.1). This is consistent with earlier 

reports, describing TA concentrations between 0.1 and 120 mg/100 g DW of 

betulinic acid (BA), corosolic acid (R-2-OH-UA), and ursolic acid (S-UA) in 37 

varieties of Rubus idaeus L. (raspberry) [16]. 

Notably even lower TA concentrations (<1 mg/100 g DW) were found in whole 

fruits of Fragaria (strawberry) (Tab. 4.1).  

Remarkably high TA levels exceeding 1 g/100 g DW were found in the genus 

Rosa, for example in the whole fruits of Rosa rugosa (rose hip) (Tab. 4.1). 

Dashbaldan et al. investigated the TA content in the cuticular waxes of Rosa 

rugosa and reported similarly high concentrations of up to 420 mg/100 g wax 

extract [17].  

In contrast, all analyzed genera of Amygdaloideae showed TA concentrations of 

more than 100 mg/100 g DW, with the highest levels observed in the genus Malus 

(apple) and concentrations of >3 g TA/100 g DW in fruit peel and 7 g TA/100 g 

DW in apple pomace with S-UA as main (monohydroxylated) TA (Tab. 4.1, Fig. 

4.2). Equally high levels have been reported in the literature: Wozniak et al. found 

a total TA content of up to 1 g/100 g in apple pomace, also identifying S-UA as 

main derivative [18]. Besides apple, S-UA was the main TA in the genera 

Crataegus (hawthorn), Cydonia (quince), Pyrus (pear), Cotoneaster and Aronia 

(chokeberries) (Tab. 4.1, Fig. 4.2). This dominating occurrence of S-UA is 

consistent with previous studies describing the TA content in genera of 

Amygdaloideae [9, 17, 19-24].  
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Interestingly, dihydroxylated TA were predominant in Mespilus (medlar) peel (370 

mg S-19-OH-UA/100 g DW) and in whole fruits of Pyracantha (firethorn) (up to 

260 mg R-2-OH-UA/100 g DW) belonging to the same subfamily (Tab. 1, S3).  

Ursolic acid acetate (UA ac) was exclusively found in Aronia, Rosa, Mespilus and 

Sorbus with high concentrations in Aronia (110 mg/100 g DW) and Rosa 

multiflora (140 mg/100 g DW) (Tab. 4.1). Here, the relative ratio of UA ac to            

S-UA was about 40%, consistent with reports about the cuticular wax in Aronia 

melanocarpa [17]. This relatively high content of UA ac seems to be characteristic 

for Aronia. Moreover, (R,S)-2,3-dihydroxy-UA (an isomer of R-2-OH-UA), was 

exclusively detected in Cydonia, Cotoneaster and Aronia (Tab. 4.1, Fig. 4.3), a 

TA derivative which has not yet been quantified in Rosaceae so far. 

The TA precursors alpha-amyrine (AM) and uvaol (UV) were found in all analyzed 

genera and species at lower concentrations compared to carboxylic acid-

containing derivatives (Tab. 4.1) which is consistent with reports about fruits of 

Rosa, Aronia and Malus [17].  

Based on the characteristic fragment ions (Tab. C3, Fig. C3), the vast majority of 

occurring TA are covered by the comprehensive GC–MS method used in this 

study covering 20 TA derivatives (Fig. 4.2, C1, C2) [8]. In addition to the analyzed 

TA, a few minor peaks were detected in the chromatograms, which are likely 

further TA derivatives based on the fragment ions (Fig. 4.3, C3).  

In summary, TA are present in all Rosaceae genera. In all genera investigated, 

the TA pattern was dominated by monohydroxylated or dihydroxylated TA. 

Notably high TA concentrations of more than 100 mg/100 g DW were observed 

in the subfamily Amygdaloideae, with the highest levels found in edible fruits (>3 

g TA/100 g DW in apple peel). Therefore, we focus in the following on Rosaceae 

fruits used as food. 
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4.3.2 TA CONCENTRATION IN EDIBLE FRUITS OF THE GENERA RUBUS, 

PRUNUS, PYRUS AND MALUS 

Fruits from species of Rubus, Prunus, Pyrus, and Malus such as apples, pears, 

cherries and raspberries are globally cultivated and consumed in the US and 

Europe [25-26]. To investigate a genus-specific pattern, different species of these 

food-related genera were analyzed (Fig. 4.4): The number of detected TA 

derivatives as well as their concentrations were lowest in Rubus, followed by 

Prunus and Pyrus. The highest content was found in Malus, reaching up to               

3 g/100 g DW. 

In detail, within Rubus, both the pattern and TA concentrations determined in the 

whole fruits varied considerably among species, with concentrations being 

approximately 1000-fold lower than in Malus peel (Tab. 4.1, Fig. 4.4). For 

example, in Rubus sect. Rubus L. (blackberries), both mono- and dihydroxylated 

TA were detected, whereas in Rubus phoenicolasius (Japanese wineberry), only 

AM and S-UA were found, with total TA concentrations below 10 mg/100 g DW. 

In a previous study, Wang et al. quantified TA in Rubus idaeus L. and found 

similar TA concentrations. Additionally, they were able to demonstrate a high TA 

content variation among different varieties of this species [16]. 

Up to 300 mg TA/100 g DW were determined in the peel of Prunus (Tab. 4.1, Fig. 

4.4). In individual species such as Prunus spinosa L. (blackthorn) and Prunus 

domestica subsp. syriaca (Borkh.) Janch. ex Mansf. (mirabelle), BA was found. 

Overall, Prunus showed highly diverse TA patterns, with the highest 

concentrations found in Prunus spinosa L. Berni et al. analyzed S-UA and OA in 

Prunus avium L. (sweet cherry), extracting both mesocarp and exocarp (whereas 

we analyzed only the exocarp, i.e. the peel), and found up to 10 mg S-UA/100 g 

fresh weight and 2.5 mg OA/100 g fresh weight [27]. 
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Interestingly, similar high TA concentrations were found in the peel of species of 

Pyrus (pear, up to 1.4 g TA/100 g DW) and Malus (apple) (Tab. 4.1, Fig. 4.4). 

However, the concentration of individual TA differed strongly between species 

within a genus (e.g., Pyrus pyraster L. (Du Roi) and Pyrus communis L.) and 

between the cultivars investigated (e.g. Pyrus communis L. cv. Köstliche von 

Charneux and Doyenné du Comice or Malus domestica Borkh. cv. Gala, 

Rubinette, Boskoop). These findings are consistent with previous studies: Andre 

et al. investigated 109 apple varieties and demonstrated a strong variation in TA 

levels [28]. Sun et al. showed that the absolute TA content in pear fruit and peel 

varied greatly across ten different pear varieties, with S-UA concentrations 

ranging from 2.5 to 7 mg/100 g fresh weight which is supporting our findings [21]. 

Previous studies suggest that differences in TA patterns and concentrations may 

be linked to the expression of key enzymes of TA biosynthesis, such as 

oxidosqualene cyclases (OSCs) and cytochrome P450 monooxygenases 

(CYP450s) [29-31]. In Malus domestica, OSC expression appeared to correlate 

positively with the concentration of S-UA and OA [31]. However, the abundance 

of these enzymes has only been investigated for few plants and the correlation 

of TA pattern with the expression of the enzymes of their synthesis needs to be 

evaluated in future studies. 

In conclusion, when comparing species within one genus, the TA pattern was 

species- and cultivar-/variety-dependent. In addition, the calculated relative ratios 

of individual TA to S-UA differed greatly among species, indicating that Rosaceae 

genera do not show genus-specific TA patterns (Tab. S2, Fig. 4). 

4.3.3 IMPACT OF HARVEST LOCATIONS AND YEARS ON THE TA 

CONCENTRATION IN CULTIVARS OF THE SAME SPECIES 

To investigate a cultivar-specific TA pattern, the TA content in cultivars of the 

same Malus species from different locations and harvest years was determined 

(Fig. 4.5). Malus domestica Borkh. cv. Elstar (Elstar apples) from three different 

farms showed comparable concentrations and relative ratios of individual TA to 

S-UA (Fig. 4.5-A,-D).  
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Fig. 4.4: TA concentrations in exemplary edible fruits of the genera Rubus, Prunus, 
Pyrus and Malus. 3-4 different varieties of the genera were analyzed and the amount of 
detected TA compared (mean ± SD, n=3). S-UA: ursolic acid, OA: oleanolic acid, BA: 
betulinic acid, UV: uvaol, AM: alpha-amyrin, R-2-OH-OA: maslinic acid, R-2-OH-UA: 
corosolic acid, S-19-OH-UA: pomolic acid. 
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Fig. 4.5: Top: TA concentrations (mean ± SD, n=3) in the peel of Malus domestica cv. 
Elstar from three different farms (A), in the peel of Malus domestica cv. Golden Delicious 
from two different harvest periods (B), in three different plants of Pyracantha (C). Bottom: 
The percentage of TA relative to S-UA content (mean ± SD) in Malus domestica (D).       
S-UA: ursolic acid, OA: oleanolic acid, BA: betulinic acid, UV: uvaol, AM: alpha-amyrin, 
R-2-OH-OA: maslinic acid, R-2-OH-UA: corosolic acid, S-19-OH-UA: pomolic acid. 
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Viškelis et al. also analyzed the effect of apple-tree location across different 

countries on the TA content and found that the cultivar Auksis showed a 

significant difference in TA content, whereas the cultivar Ligol did not [32]. 

However, this study compared samples from different countries, while the 

samples in our study originated from a single region. 

The analysis of cv. Golden Delicious apples from two harvest years (2022 and 

2023), originating from the same farm, also revealed comparable TA 

concentrations and consistent relative ratios (Fig. 4.5-B,-D). Similar TA 

concentrations and relative ratios were also found in the cultivars Gala 1-2. An 

earlier study reported variations in S-UA content between harvest years in the 

apple cultivars Discovery and Aroma, while it remained constant in Gloster [33].  

Interestingly, the fruits of Pyracantha (firethorn), which were collected at three 

locations and which is mainly cultivated as an ornamental plant, showed similar 

high TA concentrations (exceeding 400 mg/100 g DW) (Fig. 4.5-C). The 

dihydroxylated TA R-2-OH-UA was identified as the main TA (220–250 mg/100 

g DW), which was not described so far.  

For the same cultivars of Malus domestica and for Pyracantha the TA pattern, 

concentrations, and relative ratios were comparable and characteristic regardless 

of the harvest year or location (from one region). Unlike previous findings 

describing pronounced variability in TA concentrations [32-33], our study showed 

stable TA levels for the apple cultivars Elstar, Golden Delicious, and Gala. 

The high content and structural diversity of TA in Rosaceae fruits demonstrates 

that they are relevant food ingredients. Despite their low bioavailability [13-14], 

TA have been described to exhibit anti-inflammatory and antioxidant activities. In 

a mouse model it has been reported that TA protect against carbon tetrachloride–

induced liver injury [34] and reduce oxidative stress and inflammation by 

modulating MAPK signaling [35]. Regarding anti-inflammatory activities, S-UA 

has been shown to induce apoptosis by activating TNF-α-induced, caspase-3 

mediated pro-apoptotic pathways, while inhibiting NF-κB-induced anti-apoptotic 

pathways in the human B16F-10 melanoma cell line [36]. In addition, studies in 
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human T-cell leukemia cell lines have demonstrated that TA lead to an inhibition 

of NF-κB activation suppressing cyclooxygenase-2 expression, thereby 

modulating inflammatory signaling pathways [37]. Furthermore, S-UA was shown 

to reduce the expression of matrix metalloproteinase-9 in the rat C6 glioma cell 

line, inhibiting tumor cell migration and invasion [38].  

These biological activities highlight the importance of a comprehensive analysis 

of the TA content in food, as described for a large number of Rosaceae here. 
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4.4 CONCLUSION 

This is the first report providing comprehensive analyses and comparison of TA 

patterns of 17 different Rosaceae genera. High TA levels were found in edible 

fruits of the Amygdaloideae, underlining their relevance as important (dietary) 

sources of these compounds. The highest levels (>3 g/100 g DW) were found in 

apple peels (Malus domestica), while TA concentrations were low in Rubus (< 10 

mg TA/100 g DW). While TA patterns were dominated by mono- and 

dihydroxylated derivatives, no clear genus- or species-specific TA patterns were 

identified; however, TA composition appeared to be stable within individual 

cultivars or varieties. Overall, these findings expand the knowledge of TA diversity 

in Rosaceae and highlight the importance of further research, as the fruits are 

widely consumed and a relevant source of TA, while their TA patterns are of 

interest for chemotaxonomic investigations as well as for pharmacological 

applications. 
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5 CHAPTER 5 
 

5.1 CONCLUDING REMARKS AND FUTURE PERSPECTIVES 
 

TA are a highly diverse class of secondary plant metabolites that can occur as 

free acids or as conjugates, such as acylates and glycosides [1-3]. Although TA 

are primarily associated with protective properties against herbivors and 

dehydration in plants [2-3], they represent an important class of compounds in 

traditional herbal medicine and modern pharmacological research. Both TA and 

their modified derivatives have been reported to exhibit hepatoprotective [4], 

antibacterial [5], antidiabetic [6] and anti-inflammatory [7] properties. 

Consequently, there is a growing interest in developing efficient extraction 

strategies from natural sources, as well as in elucidating TA patterns and their 

distribution across the plant kingdom, which requires comprehensive analytical 

approaches and methodologies. 

Within this thesis, a comprehensive analytical strategy was established enabling 

the detailed analysis of TA in Rosaceae fruits. An extraction strategy was 

developed that enables the isolation of TA from plant material in high purity and 

yield. Furthermore, the protocol was adapted for the quantitative analysis of TA 

patterns in Rosaceae fruits, and its reliability and reproducibility were thoroughly 

assessed. A GC-MS method was developed for the simultaneous qualitative and 

quantitative analysis of a wide range of TA derivatives and allowed the 

characterization of TA patterns in plants. 

In summary, the developed strategy provides both qualitative and quantitative 

analytical access to plant-derived TA and enables their extraction in high yields 

and purities, highlighting plants as valuable natural sources of TA. 

Chapter 2 describes the extraction strategy developed for isolating TA from 

Rosaceae fruits. For the extraction of TA from Rosaceae fruits, the selection of 

suitable solvents was crucial. These secondary plant metabolites are present as 
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minor compounds within the plant matrix. The solvents were selected based on 

the solubility of TA, which is low in water [8] but high in organic solvents. They 

were selected to faciliate the removal of additional matrix components during 

extraction, thereby improving extract purity and minimizing natrix effects during 

instrumental analysis. The initial extraction step, involving the removal of water-

soluble matrix components, was essential to separate major compounds such as 

carbohydrates. While TA, particularly S-UA, exhibit high solubility in methanol and 

ethanol, and these solvents have been widely applied as extraction solvents [9-

10], their miscibility with water made them unsuitable for the developed protocol. 

Therefore, the medium-polar solvent ethyl acetate, which also provides good 

solubility for TA but is immiscible with water, was selected. It efficiently extracted 

TA, whereas more polar compounds were subsequently removed by liquid–liquid 

extraction with water. 

For obtaining extracts of high purity, a degreasing step using cyclohexane was 

required to remove lipids, which are primarily present in the wax layer. During the 

different extraction and purification steps, as well as through the use of solvents 

with varying polarity, a partial loss of TA could not be completely avoided. This 

was caused due to multiple transfer steps and the relatively high solubility of TA 

in organic solvents [11-12]. Nevertheless, each purification step increased extract 

purity and (up to 70 g TA/100 g extract) and yield (>2 g TA/100 g dry apple peel) 

within 3–4 hours, demonstrating the effectiveness of the strategy. In contrast, only 

trace amounts of TA were detected in the apple pulp. Simple detection strategies, 

including TLC and GC-FID, allowed for the rapid detection and monitoring of 

extraction efficiency through comparison with TA standards. Unlike many 

previously reported approaches, the described extraction strategy can be 

implemented in minimally equipped laboratories, as it is less time-consuming and 

technically demanding [9, 13-15]. The described protocol can also be used to 

isolate high quantities of TA from food by-products such as apple pomace. The 

extraction results highlight the potential of food (by-products), as significant 

amounts of TA can be isolated for subsequent use in chemical and 

pharmacological applications.  
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In Chapter 3, the extraction protocol was adapted and scaled down for analytical 

purposes to enable comprehensive qualitative and quantitative characterization 

of TA in Rosaceae fruits. The procedure was further optimized to minimize TA 

losses during analysis; accordingly, the cyclohexane purification step was 

omitted, simplifying the workflow and improving time efficiency. Suitable internal 

standards were added to determine the extraction efficiency. Of note, deuterated 

internal standards were not available; therefore, structurally similar compounds 

not being present in the fruit matrix were chosen. The addition of TA standards 

prior to extraction with ethyl acetate showed good recovery for both naturally 

occurring and modified TA derivatives. Intra- and interday precision were 

evaluated by comparing the TA concentrations of apple samples analyzed by GC-

MS and GC-FID, showing excellent agreement. Furthermore, the sufficient 

excess of derivatization agents during the derivatization of biological samples 

was confirmed. Previously developed instrumental-analytical methods for TA 

were limited to a few target compounds, such as S-UA and OA, or did not allow 

quantitative investigations in untargeted approaches [11, 16-19].  

Based on authentic TA standards, GC-FID and GC-MS methods were 

established in this thesis, enabling both the characterization of Rosaceae 

samples and the quantitative determination of more than 20 TA derivatives in 

plant extracts, many of which were isobaric compounds. Consequently, most TA 

derivatives exhibited similar fragmentation behavior in MS detection, so that a 

sufficient chromatographic separation was crucial. This observation is consistent 

with previously reported GC–MS and LC–MS methods [20-21]. 

Evaluation of the fragmentation behavior of TA and the selection of suitable 

fragments as quantifier and qualifier ions, in combination with the retention times, 

enabled a sensitive and robust analytical approach. Application of the developed 

method to apple samples allowed the determination of both low- and high-

abundant TA and revealed S-UA to be the most abundant TA in Malus. The 

dominance of S-UA in Malus is consistent with previous findings [9, 22]. However, 

the presence of TA precursors at detectable levels has rarely been addressed, 
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but has increasingly come into focus in recent years [20], highlighting the need 

for more comprehensive analytical studies such as the present work.  

This thesis aimed to characterize the TA pattern in a broad range of Rosaceae 

fruits (chapter 4). GC-MS analyses of quantitative TA patterns in fruits from 17 

different genera and 29 species of the Rosaceae family focused on common fruits 

occurring in Northern Europe, while also evaluating phylogenetic relationships 

and the influence of vegetation period and region. TA were detected in the fruits 

of all analyzed Rosaceae samples, with higher concentrations found in the 

subfamily Amygdaloideae compared to Rosoideae. To date, no comprehensive 

studies have compared TA patterns across different subfamilies and genera. 

Most studies have focused on single plant species or on comparisons of several 

species within a single genus.  

Of note, TA contents were determined in the peels of fruits with removable skins, 

whereas in small berries, the whole fruits were analyzed. TA patterns were 

dominated by mono- and dihydroxylated derivatives. A broad concentration range 

of TA was observed among the investigated fruits, with particularly low 

concentrations (<1 mg/100 g DW) in whole fruits of strawberries (Fragaria) and 

high concentrations in apple peels (Malus), reaching >3 g TA/100 g DW, where 

S-UA represented the main derivative. Differences in TA content have been 

reported between genera and species of the Rosaceae family [22-24], with Malus 

being described as a particularly TA-rich genus [25]. However, systematic 

investigations are still completely lacking, and some genera, such as Mespilus, 

have so far received little to no attention and were described for the first time 

within this thesis. TA precursors were found in all analyzed genera and species, 

but at lower concentrations compared to the corresponding carboxylic acid-

containing derivatives. Cultivar-specific TA patterns were found in Malus, 

independent of harvest year or growing location. However, Rosaceae genera did 

not exhibit genus-specific TA patterns, as the concentrations and ratios of 

individual TA to the dominating ursolic acid varied strongly between species. This 

work provides an overview of the TA patterns in the most food-relevant genera. 

The developed analysis could be extended in future studies to other genera and 
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growth conditions, potentially contributing to their chemotaxonomic differentiation 

or authenticity evaluation of food.  

In total, this thesis represents the first comprehensive report including more than 

20 derivatives for the TA analysis in food-relevant Rosaceae species and expand 

the current knowledge of TA diversity within this plant family. The development 

of a comprehensive analytical approach not only enabled the detailed 

characterization of TA in food-relevant Rosaceae species but also provided 

insights into their potential as rich natural sources of TA. However, systematic 

investigations of TA patterns across different genera are still lacking and would 

be valuable for advancing chemotaxonomic studies in the future. 

The developed extraction protocol could, be applied to the large-scale isolation, 

purification, and utilization of TA from Rosaceae fruits for chemical and 

pharmacological applications. Future studies could employ the developed 

analytical methods to extend the characterization to a broader range of plant 

families and food-relevant matrices. This would contribute to a deeper 

understanding of TA structural diversity and help to identify particularly TA-rich 

sources. In addition to the analyzed TA, a few minor peaks were detected in the 

chromatograms of species such as Prunus, Aronia, and Mespilus, which are likely 

further TA derivatives based on their fragment ions. These detected compounds 

could be further structurally elucidated using complementary analytical 

techniques, such as LC-MS/MS or NMR spectroscopy. 

All in all, this thesis expands the knowledge of the occurrence of TA in food-

relevant Rosaceae fruits. The combination of novel extraction strategies and a 

comprehensive GC-MS method enabled the characterization and quantification 

of a broad range of TA derivatives in plants. 

 

 

 

 

 



Chapter 5 

78 

5.2 REFERENCES 

[1] Xiao, S.; Tian, Z.; Wang, Y.; Si, L.; Zhang, L.; Zhou, D., Recent progress in the antiviral 
activity and mechanism study of pentacyclic triterpenoids and their derivatives. Medicinal 
research reviews 2018, 38 (3), 951-976. 
[2] Thimmappa, R.; Geisler, K.; Louveau, T.; O'Maille, P.; Osbourn, A., Triterpene 
Biosynthesis in Plants. Annual Review of Plant Biology 2014, 65 (1), 225-257. 
[3] Ghosh, S., Triterpene structural diversification by plant cytochrome P450 enzymes. 
Frontiers in plant science 2017, 8, 1886. 
[4] Liu, J., Pharmacology of oleanolic acid and ursolic acid. Journal of ethnopharmacology 
1995, 49 (2), 57-68. 
[5] Chouaïb, K.; Hichri, F.; Nguir, A.; Daami-Remadi, M.; Elie, N.; Touboul, D.; Jannet, H. B.; 
Hamza, M. h. A., Semi-synthesis of new antimicrobial esters from the natural oleanolic and 
maslinic acids. Food chemistry 2015, 183, 8-17. 
[6] Wu, P.-P.; Zhang, B.-J.; Cui, X.-P.; Yang, Y.; Jiang, Z.-Y.; Zhou, Z.-H.; Zhong, Y.-Y.; Mai, 
Y.-Y.; Ouyang, Z.; Chen, H.-S., Synthesis and biological evaluation of novel ursolic acid 
analogues as potential α-glucosidase inhibitors. Scientific Reports 2017, 7 (1), 45578. 
[7] Wei, Z.-Y.; Chi, K.-Q.; Wang, K.-S.; Wu, J.; Liu, L.-P.; Piao, H.-R., Design, synthesis, 
evaluation, and molecular docking of ursolic acid derivatives containing a nitrogen heterocycle as 
anti-inflammatory agents. Bioorganic & Medicinal Chemistry Letters 2018, 28 (10), 1797-1803. 
[8] Luchnikova, N. A.; Grishko, V. V.; Ivshina, I. B., Biotransformation of Oleanane and 
Ursane Triterpenic Acids. Molecules 2020, 25 (23), 5526. 
[9] Fan, J.-P.; Liao, D.-D.; Zhang, X.-H., Ultrasonic assisted extraction of ursolic acid from 
apple pomace: A novel and facile technique. Separation Science and Technology 2016, 51 (8), 
1344-1350. 
[10] Nile, S. H.; Nile, A.; Liu, J.; Kim, D. H.; Kai, G., Exploitation of apple pomace towards 
extraction of triterpenic acids, antioxidant potential, cytotoxic effects, and inhibition of clinically 
important enzymes. Food and Chemical Toxicology 2019, 131, 110563. 
[11] Janicsák, G.; Veres; Kállai; Máthé, Gas Chromatographic Method for Routine 
Determination of Oleanolic and Ursolic Acids in Medicinal Plants. Chromatographia 2003, 58 (5), 
295-299. 
[12] Schneider, P.; Hosseiny, S. S.; Szczotka, M.; Jordan, V.; Schlitter, K., Rapid solubility 
determination of the triterpenes oleanolic acid and ursolic acid by UV-spectroscopy in different 
solvents. Phytochemistry Letters 2009, 2 (2), 85-87. 
[13] Wang, R.; Wang, W.; Wang, L.; Liu, R.; Ding, Y.; Du, L., Constituents of the flowers of 
Punica granatum. Fitoterapia 2006, 77 (7-8), 534-537. 
[14] Xia, E.-Q.; Yu, Y.-Y.; Xu, X.-R.; Deng, G.-F.; Guo, Y.-J.; Li, H.-B., Ultrasound-assisted 
extraction of oleanolic acid and ursolic acid from Ligustrum lucidum Ait. Ultrasonics sonochemistry 
2012, 19 (4), 772-776. 
[15] Goulas, V.; Manganaris, G. A., Towards an efficient protocol for the determination of 
triterpenic acids in olive fruit: A comparative study of drying and extraction methods. 
Phytochemical Analysis 2012, 23 (5), 444-449. 
[16] Huang, L.; Chen, T.; Ye, Z.; Chen, G., Use of liquid chromatography–atmospheric 
pressure chemical ionization-ion trap mass spectrometry for identification of oleanolic acid and 
ursolic acid in Anoectochilus roxburghii (wall.) Lindl. Journal of Mass Spectrometry 2007, 42 (7), 
910-917. 
[17] Chen, Q.; Zhang, Y.; Zhang, W.; Chen, Z., Identification and quantification of oleanolic 
acid and ursolic acid in Chinese herbs by liquid chromatography–ion trap mass spectrometry. 
Biomedical Chromatography 2011, 25 (12), 1381-1388. 
[18] Wójciak-Kosior, M., Separation and determination of closely related triterpenic acids by 
high performance thin-layer chromatography after iodine derivatization. Journal of pharmaceutical 
and biomedical analysis 2007, 45 (2), 337-340. 
[19] Cargnin, S. T.; Gnoatto, S. B., Ursolic acid from apple pomace and traditional plants: A 
valuable triterpenoid with functional properties. Food Chemistry 2017, 220, 477-489. 



Concluding remarks and future perspectives 

79 

[20] Yabukawa, K.; Izuchi, R., Simultaneous quantitation of pentacyclic triterpenoids in fruit 
peels using liquid chromatography–single quadrupole mass spectrometry. Food Chemistry 2025, 
471, 142781. 
[21] Razboršek, M. I.; Vončina, D. B.; Doleček, V.; Vončina, E., Determination of Oleanolic, 
Betulinic and Ursolic Acid in Lamiaceae and Mass Spectral Fragmentation of Their 
Trimethylsilylated Derivatives. Chromatographia 2008, 67 (5), 433-440. 
[22] Jäger, S.; Trojan, H.; Kopp, T.; Laszczyk, M. N.; Scheffler, A., Pentacyclic Triterpene 
Distribution in Various Plants – Rich Sources for a New Group of Multi-Potent Plant Extracts. 
Molecules 2009, 14 (6), 2016-2031. 
[23] Wang, Y.; Suo, Y.; Sun, Y.; You, J., Determination of triterpene acids from 37 different 
varieties of raspberry using pre-column derivatization and HPLC fluorescence detection. 
Chromatographia 2016, 79 (21), 1515-1525. 
[24] Dashbaldan, S.; Pączkowski, C.; Szakiel, A., Variations in triterpenoid deposition in 
cuticular waxes during development and maturation of selected fruits of Rosaceae family. 
International journal of molecular sciences 2020, 21 (24), 9762. 
[25] Andre, C. M.; Greenwood, J. M.; Walker, E. G.; Rassam, M.; Sullivan, M.; Evers, D. l.; 
Perry, N. B.; Laing, W. A., Anti-inflammatory procyanidins and triterpenes in 109 apple varieties. 
Journal of Agricultural and Food Chemistry 2012, 60 (42), 10546-10554.



 

80 



 

81 

6 SUMMARY 
 

TA are a diverse class of triterpenoids found in plants. These secondary plant 

metabolites are discussed to contribute to plant physiology, for example by 

protecting fruits against dehydration and defending against herbivores. Their 

biological role, however, remains poorly understood, although (research) interest 

for plant-derived raw materials increased in recent years, as they can be used in 

fields such as polymer chemistry and pharmacology. TA are traditionally used in 

herbal medicine and are attributed with various biological activities, including 

antibacterial, antidiabetic, and anti-inflammatory properties. Consequently, 

research interest for the quantitative characterization, extraction, and usage of 

TA is increasing. Although individual plant species are known for their high and/or 

specific TA content, strategic and comprehensive investigations across plant 

families have not been performed so far. 

The aim in Chapter 2 was to develop a simple and efficient strategy for the 

isolation, purification, and concentration of TA from plant material (apples, 

Malus), enabling a rapid and low-hazardous extraction. The solvents for the 

solid–liquid extraction were carefully chosen to allow the removal of other matrix 

compounds, such as carbohydrates and lipids, and to permit the implementation 

in educational institutions. The described protocol first involved the removal of 

polar matrix compounds by boiling the plant material in hot water. Subsequent 

extraction with the medium-polar solvent ethyl acetate efficiently isolated the TA 

from the plant material. Co-extracted lipids were removed in a degreasing step 

by boiling in cyclohexane. The residue was dissolved in ethanol and then further 

analyzed by TLC or FID. For chromatographic characterization, a simple and 

rapid detection method (within 10 minutes) was developed using TLC, allowing 

the detection and differentiation of mono- and dihydroxylated TA. This method 

could be of particular advantage in educational contexts. To determine the 

quantitative TA pattern of plant extracts, a GC-FID method was developed, 
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including a derivatization step during sample preparation. Although more time-

consuming, this approach offers the advantage of determining both, 

concentration yields and purity, and can be used to monitor the extraction process 

by comparing the peak areas and heights of extracts from the individual protocol 

steps. 

Investigation of different apple cultivars and fruit parts showed that the majority 

of TA are located in the peels, with only trace amounts found in the pulp, and that 

TA yields depend on the cultivar analyzed. The strategy achieved high extraction 

yields of up to >2 g TA/100 g dry apple peel and high purities of up to 

70 g TA/100 g extract in a total extraction time of 3-4 hours. The developed 

method showed results comparable to extraction approaches using hot solvents, 

such as Soxhlet extraction. Consequently, the protocol represents an efficient 

strategy to isolate substantial amounts of TA from natural sources, including food 

by-products such as apple pomace which is generated during juice production 

and consists of pulp, peel, and seeds. 

In order to comprehensively investigate the TA patterns of Rosaceae fruits, a GC-

MS method was developed in Chapter 3 for the simultaneous characterization 

and quantification of TA derivatives occurring at low and high concentrations. 

Sample preparation was based on the extraction protocol developed in Chapter 

2, however, the degreasing step was excluded. For method optimization, 20 

different naturally occurring and modified TA derivatives were used to enable 

broad structural characterization of the plant extracts. 

Chromatographic separation using a DB-5 column (40 m, 0.18 mm ID, 0.25 µm 

film) within a total run time of 40 minutes allowed the selective detection of 

naturally occurring and modified TA derivatives. A sufficient chromatographic 

separation was crucial for the quantification of TA because most derivatives 

exhibited similar fragmentation behavior. Mass spectrometric detection following 

EI (70 eV) enabled structural characterization and sensitive quantification of the 

TA derivatives. Quantification was performed by external calibration using 

internal standards. Analysis of TA in apple peels of different varieties revealed 
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differences in TA concentrations among the cultivars Fuji, Discovery, and Golden 

Delicious, with levels of up to 3.5 g TA/100 g DW. Ursolic acid (up to 2.9 g/100 g 

DW) was the predominant TA, followed by oleanolic acid (up to 500 mg/100 g 

DW) and pomolic acid (up to 130 mg/100 g DW). The recovery of added TA was 

good (70–140%), and the measured concentrations of naturally occurring TA 

agreed well (75–125%) with those obtained by GC-FID analysis, demonstrating 

the accuracy of the developed method. The method also showed high precision, 

with low intra-day and inter-day variability (≤ 22%). 

The use of the developed analytical approach enabled, for the first time, the 

characterization of a large set of 17 Rosaceae genera and 29 species in Chapter 

4. TA were detected in all investigated genera, but patterns and concentrations 

varied depending on the species: The patterns were dominated by mono- or 

dihydroxylated derivatives. Notably high TA concentrations of more than 

100 mg/100 g DW were observed in edible fruits of the subfamily Amygdaloideae, 

with the highest levels found in apple peels (>3 g TA/100 g DW), whereas very 

low TA concentrations (<1 mg/100 g DW) were found in fruits of the subfamily 

Rosoideae, such as strawberries (Fragaria). In food-relevant species, the number 

of detected TA derivatives and their concentrations were lowest in Rubus, 

followed by Prunus and Pyrus. The highest content was found in Malus, reaching 

up to 3 g TA/100 g DW. No clear genus- or species-specific TA patterns were 

identified. For the same cultivars of Malus domestica, TA patterns and 

concentrations were comparable and characteristic, regardless of harvest year or 

location within a region. 

Overall, this thesis provides an efficient approach for the extraction, 

characterization, and quantification of TA in food-relevant Rosaceae species. The 

developed extraction protocol revealed Rosaceae fruits to be a relevant source 

of TA. The detailed analytical approach enhanced the understanding of TA 

diversity, patterns, and concentrations in several Rosaceae species, which 

highlights the potential for their future use in chemotaxonomic studies or 

resource-efficient chemical and pharmacological applications.
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7 APPENDIX 

8 A APPENDIX FOR CHAPTER 2 
Appendix A.1  

Detailed protocol of the TA extraction procedure – instructions for students 

The following detailed protocol should be used for TA extraction. An interactive 

student's handout is recommended to be used for a more illustrative presentation 

of TA extraction in the classroom. Important: The steps marked with an asterisk 

(*) can be skipped if only little time is available. The following timeline shows the 

time required for extraction. The shorter protocol allows the extraction to be 

performed in 3 hours, with slightly lower extraction yields.  

 

Fruit preparation and removal of polar compounds 

➢ Peel 2-3 fresh apple fruits. 

a.) (*) Determination of dry weight (DW). The dry weight is needed as a reference 

for information on TA content in [g/100g DW]: 

➢ Weigh out a dry glass dish. 

➢ Weigh exactly an amount of ~20 g (± 1 g) peel on a weighed glass dish and 

dry it in an oven at 80 °C (± 5 °C) over night (~12 hours or longer). 

➢ Weigh out the glass dish including the dried material and calculate the dry 

weight (formula 1): 

step 1a: drying

extractstep 1b: extraction in 

water

step 2: cold extraction in 

ethyl acetate

step 3: purification 

in cyclohexane and 

combination in ethanol

apples apple peels

Shorter protocol

5 min

12 h

30 min 12 h 1.5 h

drying drying drying

12 h 1 h 12 h

extractstep 1b: extraction in 

water
step 2: cold extraction in 

ethyl acetate

step 3: purification 

in cyclohexane and 

combination in ethanol

apples apple peels

5 min 30 min 1 h1.5 h
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𝐷𝑊 [
𝑔

100 𝑔
] =

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑑𝑖𝑠ℎ + 𝑑𝑟𝑖𝑒𝑑 𝑝𝑒𝑒𝑙𝑠)ሾ𝑔ሿ − 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑑𝑖𝑠ℎ)ሾ𝑔ሿ

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑓𝑟𝑒𝑠ℎ 𝑎𝑝𝑝𝑙𝑒 𝑝𝑒𝑒𝑙𝑠)ሾ𝑔ሿ
∗ 100 [

𝑔

100 𝑔
]    (1) 

b.) Preparation of plant material for extraction. With this step the water-soluble 

components are removed. 

This step is carried out simultaneously with 1a: 

➢ Weigh exactly an amount of 20 g peel (± 1 g) in a (Erlenmeyer) flask and add 

100 mL water. 

➢ Boil the solution for 10 min (± 2 min), using an electrical plate or gas burner. 

➢ Let the suspension cool down. 

➢ Place a coffee filter (e.g. boat shaped 9×15 cm corresponding to size 2 for 

European coffee machines, or a basket-typ filter of similar size) in a funnel 

(diameter about 10 cm) and filter the suspension. 

➢ Discard the aqueous solution. 

TA extraction 

In this step the components which are soluble in organic solvents are extracted 

from the peels from 1b.  

➢ (*) Place the peels from 1b on a glass dish and dry them in an oven at 80 °C 

(± 5 °C) over night (~12 hours or longer). 

➢ Transfer the peels into an (Erlenmeyer) flask.  

➢ Add 100 mL ethyl acetate and a magnetic stirrer. 

➢ Place the flask on a magnetic stir plate and let it stir for ~30 (±5) min. 

➢ Put a funnel (diameter about 10 cm) on top of a separation funnel (capacity 

volume 250 mL). 

➢ Place a small filter paper (e.g. diameter 18.5 cm) in the funnel and filter the 

organic liquid extract into the separation funnel. 

➢ Add 30 mL H2O. 

➢ Shake the two-phase mixture (1. liquid liquid extraction). 

➢ Leave the separation funnel until phase separation. 

➢ Discard the lower aqueous phase. 

➢ Add again 30 mL H2O (2. liquid liquid extraction) to the upper organic phase 

and shake. 
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➢ Leave the separation funnel until phase separation. 

➢ Discard the lower phase. 

➢ Weigh out a dry round bottom flask (capacity volume 250 mL). 

➢ Transfer the upper phase into the round bottom flask. 

➢ Use a rotary evaporator for the removal of organic solvent (evaporation under 

reduced pressure, 40 °C, 240 mbar), if not available: heat and evaporate it 

gently till almost no solvent remains. 

➢ (*) Dry the flask with the residue in an oven at 80 °C (±5 °C) over night (12 

hours or longer). 

➢ (*) Calculate the dried raw extract (formula 2). 

𝑦𝑖𝑒𝑙𝑑 [
𝑔 𝑟𝑎𝑤 𝑒𝑥𝑡𝑟𝑎𝑐𝑡

100 𝑔 𝑑𝑟𝑖𝑒𝑑 𝑝𝑒𝑒𝑙
] =

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑓𝑙𝑎𝑠𝑘 + 𝑟𝑎𝑤 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 )ሾ𝑔ሿ − 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑓𝑙𝑎𝑠𝑘)ሾ𝑔ሿ

𝑤𝑒𝑖𝑔ℎ𝑡 (𝑓𝑟𝑒𝑠ℎ 𝑎𝑝𝑝𝑙𝑒 𝑝𝑒𝑒𝑙𝑠)ሾ𝑔ሿ ∗ 𝐷𝑊 [
𝑔 𝑑𝑟𝑖𝑒𝑑 𝑝𝑒𝑒𝑙𝑠

100 𝑔 𝑓𝑟𝑒𝑠ℎ 𝑝𝑒𝑒𝑙𝑠]
∗ 100 [

𝑔

100 𝑔
]    (2) 

Purification of TA extract: Removal of non polar compounds 

In this step the TA extract is purified, using the non-polar solvent cyclohexane in 

order to remove non-polar components. The more polar TA remain as solids in 

the flask. Finally they are dissolved in the solvent ethanol and can be analyzed 

after the evaporation of the medium-polar solvent. 

➢ Add 30 mL cyclohexane and 2-3 boiling stones into the flask and boil the 

suspension for 10 min (± 2 min) under reflux, using an electrical plate. 

➢ Let the suspension cool down. 

➢ Place a small filter paper (e.g. diameter 18.5 cm) in the funnel and filter the 

organic liquid extract. Keep the flask with the remaining solid! 

➢ Discard the liquid phase. 

➢ (*) Dry the filter paper and flask in a dry oven at 80 °C (± 5 °C) over night (~12 

hours or longer). 

➢ Put the filter paper into the flask and add 30 mL ethanol. 

➢ Shake vigorously for 5 min (may use a ultrasonic bath if available). 

➢ Weigh out a dry round bottom flask (capacity volume 100 mL). 

➢ Place a new filter paper (e.g. diameter 18.5 cm) in a funnel and filter the 

organic phase in the 100 mL flask. 
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➢ Use a rotary evaporator for the removal of organic solvent (evaporation under 

reduced pressure, 40 °C, 180 mbar), if not available: heat and evaporate 

gently till almost no solvent remains. 

➢ (*) Place the flask in a dry oven at 105 °C (± 5 °C) over night (~12 hours or 

longer). 

➢ (*) Weigh out the dried material and calculate the yield of extract in analogy 

to step 2 (formula 2). 

 

Appendix A.2 

Detailed description of TLC analysis 

 

The following detailed protocol should be used for TLC analysis of the TA 

extracts: 

a) Preparation of extract and standard solutions: 

➢ Weigh exactly an amount of ~3 mg (± 1 mg) extract in a test tube. 

➢ Add 1 mL ethyl acetate and vortex (or shake well). 

➢ If TA standards are available (this step needs to be prepared by teachers): 

➢ Prepare a 1-2 mM solution of TA (~ 1 mg/mL). 

b) Preparation of detection reagent KMNO4 0.05 M 

➢ Weigh in 1.5 g KMnO4, 10 g K2CO3 and 0.125 g NaOH in a flask and dissolve 

the solids in 200 mL water. 

➢ Fill the detection reagent in a flat glass dish.  

 c) Preparation of eluents 

➢ Mix 5 mL cyclohexane, 2.5 mL EtOH and 2.5 mL EA in a 50 mL tube and 

vortex or shake. 

➢ Fill (10 mL) of the solvent mixture in a TLC chamber (20 × 20 cm) (Fig. 1.4B). 

 

a: preparation of extract 

and standard solutions

b: preparation of 

detection reagent
c: preparation of eluents d: TLC analysisTLC

10-20 min 15 min 10 min 30 min
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 d) TLC Analysis 

➢ Cut silica gel TLC plates into a piece of about 8 × 6 cm and use a pencil to 

mark a starting line at a distance of 10 mm from the bottom of the plate. 

➢ Apply the extract and standard solutions (1-2 µL) as small spots on the line 

using thin glass capillaries (example in Fig. 4). Keep a distance of ~5 mm 

between the spots and let the spots dry at room temperature. 

➢ Put the TLC plate in the chamber with eluents and observe the 

chromatography (Fig. 1.4B). 

➢ Take out the plate when the solvent front reaches a distance of ~1 cm from 

the top of the plate (5-10 min). Mark the line for the migration distance and let 

the plate dry at room temperature. 

➢ Dip the plate carefully into the detection reagent for a few seconds (Fig. 4C). 

➢ Let the plate dry using a hairdryer. Mark the spots using a pencil which appear 

as light spots on purple background within seconds. 

Appendix A.3 

Detailed description GC-FID analysis 

For the analysis, TA standards and extracts are dissolved and diluted in 

tetrahydrofuran. The TA are derivatized with trimethylsilyldiazomethane and 

N,O-Bis(trimethylsilyl)-trifluoroacetamide, converting the carboxylic acid and 

hydroxyl groups to the corresponding methyl ester and trimethylsilyl ether. The 

derivatized solution is evaporated, dissolved in n-hexane and injected. We 

suggest to dissolve the extracts in tetrahydrofuran (3 mg/mL). Apple peel may be 

diluted because of the high TA concent (e.g. yielding 0.3 mg/mL). 20-50 µl of 

diluted peel samples are mixed with 25 µL MeOH, 25 µL toluene, and 25 µL 

TMSCHN2 (2 M in n-hexane). Following 10 minutes of derivatization at room 

temperature, the samples are evaporated and reconstituted in 25 µL pyridine and 

25 µL BSTFA + 1% TMCS and derivatized for 20 min. After evaporation, the 

residue is redissolved in 50 µL n-hexane and analyzed by GC-FID. 

We recommened a standard GC setup, comprising a non-polar, robust standard 

column and detection by FID. We used a GC-FID 8860 instrument (Agilent 
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Technologies, Waldbronn, Germany) equipped with a DB5 capillary column (30 

m, 0.25 mm ID, 0.25 µM µm film) (J&W Scientific, Folsom, CA, USA). As carrier 

gas H2 and a flow rate of 1.2 mL/min were used. The oven temperature program 

was initial 200 °C, then 10 °C/min to 280 °C (23 min), 30 °C/min to 310 °C (2.5 

min) and 30 °C/min to 330 °C (10 min). The injector temperature was 240 °C. The 

split mode with split ratio 1/20 and an injection volume of 1 µL were used. 

Detector temperature was held at 330 °C, with an air flow of 450 mL/min, H2 fuel 

flow of 40 mL/min, and N2 make-up flow of 45 mL/min. Quantification was carried 

out by external calibration. For this a solution of standards (10 mM in MeOH) of 

standards was mixed and sequentially diluted (2-500 µM) in MeOH.  

Appendix A.4 

Notes for instructors 

Experimental procedure 

The protocols described here were developed in an educational institution and 

have already been tested with a group of three undergraduate students. Based 

on their experimental results, the protocol was optimized for the educational 

context. To avoid common student errors, we would like to emphasize the 

following aspects:   

The initial extraction of the apple peel was carried out in boiling water (step 1b). 

Pay attention to any foaming of the suspension (leading to boiling over and a spill) 

by adjusting the heat supply. The heating step should therefore be carried out 

under constant observation. After heating, the suspension should cool down 

before filtering. 

After cold extraction in ethyl acetate, LLE extraction takes place in the separatory 

funnel (step 2). When combining the filter paper and the flask, ensure that the 

product is transferred carefully on the filter paper (step 4). The powder can easily 

be lost. 
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Materials 

Apples 

The use of regional, fresh apple fruit is recommended for TA extraction. The fruits 

are peeled, the peel can directly be extracted and the pulp can be eaten by the 

students. In our procedure, apples were bought from regional fruit farms in 

Leichlingen and Wermelskirchen, Germany. The Delbarestivale apples were 

bought in fall 2022 and 2023, Golden Delicious and Boskoop in 2023. Apples 

were peeled and cut directly after harvest and the pulp and peel were collected, 

then the fresh material was dried and used for extraction. 

Chemicals and reagents used for experiments 

For TA extraction only organic solvents are used that are suitable for students. In 

our work, ethanol and ethyl acetate were obtained from Fisher Scientific 

(Schwerte, Germany) and cyclohexane (technical grade) was destillated for 

extraction. 

For analysis by TLC, the eluents and the detection reagent can be prepared by 

the students. In our experiment, KMnO4 was from Janssen Chimica (Beerse, 

Belgium) and K2CO3 and NaOH from Grüssing (Filsum, Germany). The normal 

phase TLC plates with unmodified silica gel 60 aluminium were purchased from 

Merck (Darmstadt, Germany).  

For GC analysis n-hexane, toluene, tetrahydrofurane and pyridine were obtained 

from Fisher Scientific (Schwerte, Germany). The chemicals 

(trimethylsilyl)diazomethane (TMSCHN2, 2M in n-hexane) was bought from TCI 

Deutschland GmbH (Eschborn, Germany) and N,O-

bis(trimethylsilyl)trifluoroacetamide (BSTFA) + 1% trimethylchlorosilane (TMCS) 

from Carl Roth GmbH (Karlsruhe, Germany). 

The qualitative evaluation of the TA extracts can be performed without standard 

compounds e.g. by comparing the provided Rf values. For quantitative evaluation 

standard compounds are needed e.g. for external calibration. In our work, UA 

was purchased from abcr GmbH (Karlsruhe, Deutschland), CA and MA from 

Cayman Chemical (local distributor Biomol, Hamburg Germany), BA from TCI 
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Deutschland GmbH (Eschborn, Germany) and PA from Merck (Darmstadt, 

Germany).  

Appendix A.5 

Results of TA extraction 

In the first step of the extraction protocol, fresh apple peels are boiled in water. 

The crude extract of Boskoop apple peels with and without extraction in water are 

shown (Fig. S1). For the elution range of 5-15 minutes, the signals for early eluting 

matrix components decrease drastically due to prior extraction in water. At the 

same time, the signal heights for TA in the extract increases. This leads to the 

conclusion that boiling in water leads to a removal of matrix and an enrichment 

of the TA compounds in the extract. 

 

Fig. A1:  GC-FID chromatograms with or without prior extraction in H2O. Comparison of 
the GC-FID chromatograms of the raw extracts (3 mg/mL) of Boskoop apple peel 
samples with or without prior extraction in H2O on a nonpolar (DB-5; 30 m, 0.25 mm ID, 
0.25 µm film) column.  

The TA extraction includes a degreasing step in cyclohexane. Chromatograms of 

the filtrates after boiling in cyclohexane are shown (Fig. S2). The high signals for 

matrix components in the elution range of 5-15 minutes can be easily seen. It can 

be concluded that the degreasing with cyclohexane has a high impact on the 

purification and concentration of TA in the extracts. 
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Fig. A2: GC-FID analysis of the filtrate of degreased Boskoop apple peel (3 mg/mL). 
Separation was carried out on on a nonpolar (DB-5; 30 m, 0.25 mm ID, 0.25 µm film) 
column separating the TA by boiling point.  

 

Appendix A.6 

Further educational material 

A detailed and interactive student’s handout and an animated GC-FID 

presentation illustrating the extraction and analytical procedure can be found at: 

https://pubs.acs.org/doi/suppl/10.1021/acs.jchemed.3c01328/suppl_file/ed3c01

328_si_003.pdf (accessed 2025-11-17).
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9 B APPENDIX FOR CHAPTER 3 
 

Appendix B.1 

Material and Methods 

GC-FID analysis 

A GC-FID 8860 instrument (Agilent Technologies, Waldbronn, Germany) was 

equipped with a DB5 capillary column (30 m, 0.25 mm ID, 0.25 µM µm film) (J&W 

Scientific, Folsom, CA, USA). As carrier gas H2 and a flow rate of 1.2 mL/min 

were used. The oven temperature program was initial 200 °C, then 10 °C/min to 

280 °C (23 min), 30 °C/min to 310 °C (2.5 min) and 30 °C/min to 330 °C (10 min). 

The injector temperature was 240 °C. The split mode with split ratio 1/20 and an 

injection volume of 1 µL were used. Detector temperature was held at 330 °C, 

with an air flow of 450 mL/min, H2 fuel flow of 40 mL/min, and N2 make-up flow of 

45 mL/min.  

The concentration of all TA standards was verified by GC-FID. For this, the 

relative response factors between OA (purity ≥ 98%) and the respective TA were 

used by calculating the effective carbon number (ECN), injecting them together 

in a concentration of 40 µM and by comparing the peak area. If the determined 

concentration of a TA in stock solution was not within ± 15%, a correction factor 

was used.
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Figure B4: LC-(ESI-)-MS analysis of triterpenic acid derivatives. Shown are 
effects of different eluents on the separation of triterpenic acids. The XIC´s of [M-
H+]- ions at m/z 455.3531 and m/z 471.3480 are shown. The following mobile 
phases were tested: A H2O/MeOH/HAc (95/5/0.1 v/v/v), B I: MeOH+0.1% HAc, 
II: MeOH, III: ACN+0.1% HAc, IV: MeOH+0.1% FA, V: MeOH+ 0.2% HAc, VI: 
MeOH/IPA (70/30)+0.1% HAc at 300 µL/min. Standards (1 µM in MeOH, 5 µL 
injected) were separated isocratically on column C RRHD ZORBAX Eclipse Plus 
C18 (2.1x150 mm; 1.8 µm) and measured using the QExactive HF Orbitrap MS 
in ESI(-)-mode (Thermo Fisher Scientific, Schwerte Germany) at 40 °C column 
temperature. The separation pair OA and S-UA shows coelution when using IPA 
or ACN as eluents. The best separation, but no baseline separation, was achieved 
with acidic MeOH. 
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Tab. B1: Detection of the fragments CDE1-4 in the GC-EI spectra of TA derivatives with TMSCHN2 and/or  

BSTFA 

  
 m/z 262 

 
      m/z 203 

 

 
         m/z 189 

 

 
     m/z 133 

 

Analyte derivatized with     CDE1      CDE2      CDE3      CDE4 

UR 

TMSCHN2          ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA  ✕ ✕ ✕ 

ar UA 

TMSCHN2     

BSTFA     

TMSCHN2 + BSTFA     

URA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA   ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

AM 

TMSCHN2  ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA  ✕ ✕ ✕ 

R-UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA ✕ ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

UV 

TMSCHN2  ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA  ✕ ✕ ✕ 

R,S-2,3-OH-UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA ✕ ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

OA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

BA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

3-oxo-UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

S-UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 
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Tab. B1 (continued) 

  
 m/z 262 

 
      m/z 203 

 

 
         m/z 189 

 

 
     m/z 133 

 

Analyte derivatized with     CDE1      CDE2      CDE3      CDE4 

3-oxo-UA al 

TMSCHN2  ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA  ✕ ✕ ✕ 

23-OH-UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA ✕ ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

S,R-2,3-OH-
UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA ✕ ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

UA ac 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

R-2-OH-OA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

R-2-OH-UA 

TMSCHN2 ✕ ✕ ✕ ✕ 

BSTFA  ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

R-2,23-OH-UA 

TMSCHN2     

BSTFA ✕ ✕ ✕ ✕ 

TMSCHN2 + BSTFA ✕ ✕ ✕ ✕ 

S-19-OH-UA 

TMSCHN2   ✕ ✕ 

BSTFA   ✕ ✕ 

TMSCHN2 + BSTFA   ✕ ✕ 

11-oxo-UA ac 

TMSCHN2   ✕ ✕ 

BSTFA   ✕ ✕ 

TMSCHN2 + BSTFA          ✕ ✕ 
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Tab. B3: Recovery of apple peel extracts spiked with TA (2-120 g/100 g apple peel extract) 
prior to the derivatization procedure and analysis by GC-FID. Results are shown as mean ± SD 
(n=3). The recovery of 93-112% at all spiked concentrations indicates a good accuracy of the 
method. Moreover, the high spiking level being more than 5 fold higher than the endogenous 
concentration demonstrates a sufficient excess of derivatization agents in the presence of the 
biological matrix leading to complete derivatization. 
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10 C APPENDIX FOR CHAPTER 4 
 

 

 

 

 

 

 

 

 

 

Fig. C1: TA derivatives used as internal standards for quantification. 

 

Fig. C2: TA derivatives which were covered by the method [1] used in this study and 
not detected in the analyzed Rosaceae fruits. 
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Tab. C1: Origin of Rosaceae species investigated: For all analyzed Rosaceae fruits, the month and 

year of harvest, the collected and analyzed material, as well as the sampling location and its 

coordinates are listed. 

 

Species 
Harvest 

month/year 
Collected 
material 

Analyzed 
material 

Origin Coordinates 

Filipendula ulmaria 
(L.) Maxim. 

October 
2024 

Dry 
infructescence 

Dry 
infructescence 

Wuppertal, 
Germany  

51° 15' 38.5" N, 
 7° 09' 39.4" E 

Rubus 
phoenicolasius 

Maxim. 
June 2023 Fruit Whole Fruit 

Wetter a.d. Ruhr, 
Germany 

51° 22' 24.8" N, 
 7° 22' 29.2" E 

Rubus sect. Rubus 
L. 1 

June 2024 Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 14' 3.36" N, 
 7° 11' 1.02" E 

Rubus sect. Rubus 
L. 2 

June 2024 Fruit Whole Fruit 
Wermelskirchen, 

Germany 
51° 6' 37.5" N,  
7° 10' 28.56" E 

Rubus idaeus L. July 2024 Fruit Whole Fruit 
Wermelskirchen, 

Germany 
51° 6' 37.5" N,  
7° 10' 28.56" E 

Rosa canina L. 1 
September 

2024 
Fruit Peel 

Wuppertal, 
Germany  

51° 15' 31.4" N, 
 7° 11' 13.0" E 

Rosa canina L. 2 
September 

2024 
Fruit Whole fruit 

Wuppertal, 
Germany  

51° 14' 23.1" N,  
7° 09' 58.3" E 

Rosa rugosa 
Thunb. 

September 
2024 

Fruit Peel 
Heiligenhafen, 

Germany 
54° 22' 09.1" N,  
10° 58' 28.8" E 

Rosa multiflora 
Thunb. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 17' 10.9" N,  
7° 10' 09.1" E 

Fragaria L. July 2024 Fruit Whole Fruit 
Wermelskirchen, 

Germany 
51° 6' 37.5" N,  
7° 10' 28.56" E 

Alchemilla L. 
October 

2024 
Dry 

infructescence 
Dry 

infructescence 
Velbert, Germany 

51° 19' 40.1" N, 
 7° 01' 04.7" E 

Potentilla 
fruticosa L. 

October 
2024 

Dry 
infructescence 

Dry 
infructescence 

Wuppertal, 
Germany  

51° 17' 00.9" N, 
7° 09' 41.3" E 

Agrimonia 
eupatoria L. 

October 
2024 

Dry 
infructescence 

Dry 
infructescence 

Wuppertal, 
Germany  

51° 15' 38.5" N, 
7° 09' 39.4" E 

Prunus spinosa L. 
October 

2024 
Fruit Peel 

Wuppertal, 
Germany  

51° 14' 22.4" N, 
7° 09' 16.5" E 

Prunus avium L. July 2024 Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Prunus domestica 
subsp. domestica 

L. 

September 
2023 

Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Prunus domestica 
subsp. syriaca 
(Borkh.) Janch. 

ex Mansf. 

September 
2024 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Mespilus 
germanica L. 

October 
2024 

Fruit Peel 
Wuppertal, 
Germany  

51° 15' 38.5" N, 
7° 09' 39.4" E 

Crataegus 
monogyna  Jacq. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 15' 33.9" N, 
7° 11' 04.5" E 

Cydonia oblonga 
Mill. 

October 
2024 

Fruit Peel 
Wuppertal, 
Germany  

51° 15' 31.4" N, 
7° 11' 13.0" E 
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Species 
Harvest 

month/year 
Collected 
material 

Analyzed 
material 

Origin Coordinates 

Sorbus aucuparia 
L. 1 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 14' 59.0" N, 
7° 15' 19.6" E 

Sorbus aucuparia 
L. 2 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 14' 43.3" N, 
7° 08' 54.1" E 

Sorbus aria (L.) 
Crantz 

September 
2022 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 14' 43.3" N, 
7° 08' 54.1" E 

Pyrus communis 
L. cv. Williams 

Christ 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Pyrus pyraster 
(L.) Du Roi 

September 
2024 

Fruit Peel 
Wuppertal, 
Germany  

51° 14' 43.3" N, 
7° 08' 54.1" E 

Pyrus communis 
L. cv. Köstliche 
von Charneux 

September 
2023 

Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Pyrus communis 
L. cv. Doyenné 

du Comice 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. (Apple 

pomace) 

October 
2023 

Fruit Peel 
Remscheid, 

Germany 

51° 10' 49.5" N, 
7° 14' 35.7" E 

Malus domestica 
Borkh. cv. 
Galmac 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. 
Santana 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. Elstar 

1 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. Elstar 

2 

September 
2023 

Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Malus domestica 
Borkh. cv. Elstar 

3 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 05' 51.9" N, 
7° 02' 12.9" E 

Malus domestica 
Borkh. cv. Gala 1 

September 
2023 

Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Malus domestica 
Borkh. cv. Gala 2 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. 
Rubinette 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. Golden 

Delicious 1 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. Golden 

Delicious 2 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. Topaz 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 
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Species 
Harvest 

month/year 
Collected 
material 

Analyzed 
material 

Origin Coordinates 

Malus domestica 
Borkh. cv. 

Delbarestivale 

August 
2023 

Fruit Peel 
Solingen, 
Germany 

51° 08' 29.9" N, 
7° 00' 54.9" E 

Malus domestica 
Borkh. cv. 
Wellant 1 

September 
2023 

Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Malus domestica 
Borkh. cv. 
Wellant 2 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. 
Wellant 3 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 05' 51.9" N, 
7° 02' 12.9" E 

Malus domestica 
Borkh. cv. Fuji 

March 
2024 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. 
Boskoop 1 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. 
Boskoop 2 

September 
2023 

Fruit Peel 
Leichlingen, 

Germany 

51° 05' 51.9" N, 
7° 02' 12.9" E 

Malus domestica 
Borkh. cv. 
Boskoop 3 

September 
2023 

Fruit Peel 
Wermelskirchen, 

Germany 

51° 6' 37.5" N, 7° 
10' 28.56" E 

Malus domestica 
Borkh. cv. Falstaf 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. (cv. 
unknown) 

August 
2024 

Fruit Peel 
Remscheid, 

Germany 

51° 11' 47.8" N 
7° 10' 15.1" E 

Malus domestica 
Borkh. cv. Mairac 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. 
Berlepsch 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Malus domestica 
Borkh. cv. James 

Grieve 

September 
2022 

Fruit Peel 
Leichlingen, 

Germany 

51° 5′ 55.7004″ 
N, 7° 3′ 16.7789″ 

E 

Cotoneaster 
horizontalis 

Decne. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 17' 00.9" N, 
7° 09' 41.3" E 

Cotoneaster 
dammeri 

C.K.Schneid. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 17' 00.9" N, 
7° 09' 41.3" E 

Cotoneaster 
bullatus Bois 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 17' 00.9" N, 
7° 09' 41.3" E 

Cotoneaster 
dielsianus E.Pritz. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 15' 32.0" N, 
7° 11' 04.3" E 

Pyracantha 
M.Roem. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 15' 31.4" N, 
7° 11' 13.0" E 

Pyracantha 
M.Roem. 

September 
2024 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 12' 26.7" N, 
7° 11' 07.7" E 
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Species 
Harvest 

month/year 
Collected 
material 

Analyzed 
material 

Origin Coordinates 

Pyracantha 
M.Roem. 

September 
2023 

Fruit Whole Fruit 
Wuppertal, 
Germany  

51° 14' 03.3" N, 
7° 09' 08.9" E 

Aronia Medik. June 2022 Fruit Whole Fruit 
Leichlingen, 

Germany 

51° 05' 51.5" N, 
7° 00' 11.8" E 
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Species 

F
ili

p
e

n
d
u

la
 u

lm
a
ri
a

 (
L
.)

 

M
a
x
im

. 

R
u
b
u
s
 p

h
o
e

n
ic

o
la

s
iu

s
 

M
a
x
im

. 

R
u
b
u
s
 s

e
c
t.

 R
u
b
u
s
 L

. 

S
a
m

p
le

 1
 

R
u
b
u
s
 s

e
c
t.

 R
u
b
u
s
 L

. 

S
a
m

p
le

 2
 

R
u
b
u
s
 i
d
a

e
u
s
 L

. 

Analyzed 
Dry 

infructescence 
Whole Fruit Whole Fruit Whole Fruit Whole Fruit 

OA <LLOQ <LLOQ 151 ± 8 154 ± 5 182 ± 4 

BA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

R-2-OH-UA 160 ± 30 (16) <LLOQ <LLOQ <LLOQ <LLOQ 

R-2-OH-OA 110 ± 10 (8) <LLOQ <LLOQ 1110 ± 40 <LLOQ 

S-19-OH-UA <LLOQ <LLOQ 157 ± 17 143 ± 1 <LLOQ 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM <LLOQ 41 ± 3 41 ± 9 41 ± 5 37 ± 2 

UV 6.7 ± 0,4 <LLOQ <LLOQ <LLOQ <LLOQ 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

Species 

R
o
s
a
 c

a
n

in
a

 L
. 
1

 

R
o
s
a
 c

a
n

in
a

 L
. 
2

 

R
o
s
a
 r

u
g

o
s
a

 T
h
u

n
b
. 

R
o
s
a
 m

u
lt
if
lo

ra
 T

h
u
n
b
. 

F
ra

g
a
ri
a
 L

. 

Analyzed Peel Whole Fruit Peel Whole Fruit Whole Fruit 

OA 76 ± 10 350 ±20 17,8 ± 0.7 100 ± 15 <LLOQ 

BA <LLOQ <LLOQ 4,5 ± 0.4 120 ± 12 <LLOQ 

R-2-OH-UA <LLOQ 19 ± 13 3,2 ± 0.7 15.3 ± 0.9 <LLOQ 

R-2-OH-OA <LLOQ 23 ± 3 2,1 ± 0.8 93 ± 26 <LLOQ 

S-19-OH-UA 170 ± 30 <LLOQ 7,5 ±1.2 <LLOQ <LLOQ 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 5.2 ± 0.5 0.75 ± 0.01 0,08 ± 0.01 1.9 ±0.3 <LLOQ 

UV <LLOQ <LLOQ 0,71 ±0.05 <LLOQ <LLOQ 

UA ac <LLOQ <LLOQ <LLOQ 150 ± 70 <LLOQ 

 

Tab. C2: Ratios of TA concentrations relative to S-UA (mean ± SD [%], n=3): The ratios 
differ both when comparing genera and when comparing different species within a 
genus. However, the ratios of different cultivars within a species of Malus are 
comparable. 
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Species 

A
lc

h
e

m
illa

 L
. 

P
o
te

n
tilla

 fru
tic

o
s
a

 L
. 

A
g
rim

o
n

ia
 e

u
p

a
to

ria
 L

. 

P
ru

n
u
s
 s

p
in

o
s
a

 L
. 

P
ru

n
u
s
 a

v
iu

m
 L

. 

Analyzed 
Dry 

infructescence 
Dry 

infructescence 
Dry 

infructescence 
Peel Peel 

OA 30 ± 4 29 ± 3 <LLOQ 22.4 ± 0.9 12.9 ± 0.2 

BA <LLOQ <LLOQ <LLOQ 32 ± 4 <LLOQ 

R-2-OH-UA 204 ± 8 72 ± 6 30 ±3 0.9 ± 0.2 16 ± 1 

R-2-OH-OA 36 ± 6 25 ± 4 130 ± 10 <LLOQ <LLOQ 

S-19-OH-UA 160 ± 40 7,9 ±2.9 <LLOQ 8.7 ± 1.4 <LLOQ 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 0.39 ± 0.07 0,50 ±0.07 3,2 ± 0.5 0.29 ± 0.04 <LLOQ 

UV 3.2 ± 0.9 1.5 ± 0.2 <LLOQ <LLOQ <LLOQ 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

Species 

P
ru

n
u
s
 d

o
m

e
s
tic

a
 

s
u
b
s
p
. d

o
m

e
s
tic

a
 L

. 

P
ru

n
u
s
 d

o
m

e
s
tic

a
 

s
u
b
s
p
. s

y
ria

c
a

 (B
o
rk

h
.) 

J
a
n
c
h
. e

x
 M

a
n
s
f. 

M
e
s
p
ilu

s
 g

e
rm

a
n
ic

a
 L

. 

C
ra

ta
e
g

u
s
 m

o
n
o
g
y
n
a

  

J
a
c
q
. 

C
y
d
o
n
ia

 o
b
lo

n
g

a
 M

ill. 

Analyzed Peel Peel Peel Whole Fruit Peel 

OA 760 ± 90 250 ± 30 70 ± 20 17.5 ± 0.7 12 ± 1 

BA <LLOQ 90 ± 8 120 ± 40 <LLOQ <LLOQ 

R-2-OH-UA <LLOQ <LLOQ 10 ± 3 29 ±3 21 ± 6 

R-2-OH-OA 460 ± 40 180 ± 20 80 ± 20 33 ± 7 6.8 ±1.0 

S-19-OH-UA <LLOQ 490 ± 100 380 ± 150 47 ± 7 7.0 ±0.2 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ 24 ±2 

AM <LLOQ <LLOQ 1.1 ± 0.3 <LLOQ 0.57 ± 0.05 

UV <LLOQ <LLOQ <LLOQ <LLOQ 0.93 ± 0.06 

UA ac <LLOQ <LLOQ 13 ± 9 <LLOQ <LLOQ 

 

Tab. C2 (continued) 
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Tab. C2 (continued) 

Species 
S
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(L

.)
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u
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o
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Analyzed Whole Fruit Whole Fruit Whole Fruit Peel Peel 

OA 66 ± 9 31 ± 1 59 ± 6 23 ± 3 49 ± 1 

BA <LLOQ <LLOQ 450 ± 80 22 ± 4 15 ± 1 

R-2-OH-UA 9 ± 2 3.3 ± 0.3 <LLOQ <LLOQ 2.6 ± 0.1 

R-2-OH-OA 10 ± 3 12 ± 3 <LLOQ 9.4 ± 1.4 14.2 ± 0.9 

S-19-OH-UA 140 ±30 46 ± 5 <LLOQ 32 ± 2 74 ± 4 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 0.5 ± 0.2 1.2 ± 0.1 <LLOQ 0.5 ± 0.2 0.32 ± 0.03 

UV 6.2 ± 1.5 4.4 ± 0.2 <LLOQ 2.0 ± 0.2 2.5 ± 0.1 

UA ac 4.3 ± 0.1 <LLOQ <LLOQ <LLOQ <LLOQ 

Species 
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Analyzed Peel Peel Peel Peel Peel 

OA 15.0 ± 0.2 38 ± 2 13.7 ± 0.4 28.4 ± 0.4 14.8 ± 0.1 

BA 4.9 ± 0.4 <LLOQ <LLOQ 4.3 ± 0.6 <LLOQ 

R-2-OH-UA 3.2 ± 0.4 2.9 ± 0.2 12 ± 1 6.1 ± 0.4 2.9 ± 0.1 

R-2-OH-OA 2.8 ± 0.2 19 ± 3 5.4 ± 0.5 7.0 ± 0.7 1.29 ± 0.04 

S-19-OH-UA 12.6 ± 0.3 33 ± 4 12.0 ± 0.3 <LLOQ 8.1 ± 0.2 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 0.12 ± 0.01 0.48 ± 0.04 0.076 ± 0.003 0.074 ± 0.009 0.061 ± 0.013 

UV 0.93 ± 0.05 1.9 ± 0.1 0.94 ± 0.03 0.63 ± 0.05 0.90 ± 0.11 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 
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Tab. C2 (continued) 

Species 

M
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Analyzed Peel Peel Peel Peel Peel 

OA 16 ± 2 16.1 ± 0.4 17 ± 1 15.6 ± 0.6 15.0 ± 0.9 

BA 3.1 ± 0.9 <LLOQ <LLOQ <LLOQ 2.6 ± 0.3 

R-2-OH-UA 4.4 ± 0.7 4.7 ± 0.8 3.2 ± 0.3 6.8 ± 0.6 4.2 ± 0.2 

R-2-OH-OA 3.6 ± 1.1 2.8 ±0.3 2.1 ± 0.2 4.4 ± 0.9 2.9 ± 0.5 

S-19-OH-UA 12 ± 4 17 ± 2 12.0 ± 0.1 17 ± 2 12.6 ± 0.9 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 0.11 ± 0.04 0.078 ± 0.012 0.082 ± 0.005 0.049 ± 0.009 0.060 ± 0.005 

UV 1.0 ± 0.2 0.84 ± 0.06 1.3 ± 0.1 0.82 ± 0.06 0.81 ± 0.05 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 
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Analyzed Peel Peel Peel Peel Peel 

OA 20 ± 1 13.9 ± 0.2 14 ± 1 14 ± 1 15 ± 2 

BA 3.5 ± 0.8 2.0 ±0.2 2.2 ± 0.6 2.3 ± 0.3 2.2 ± 0.6 

R-2-OH-UA 5.6 ± 0.1 4.6 ± 0.3 4.1 ± 0.5 6.4 ± 0.1 2.2 ± 0.4 

R-2-OH-OA 6.9 ± 0.7 2.7 ± 0.3 2.5 ± 0.3 3.4 ± 0.3 2.0 ± 0.6 

S-19-OH-UA 24 ± 2 5.6 ± 0.7 7.0 ± 1 6.0 ± 0.5 11 ± 3 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 0.10 ± 0.02 0.11 ± 0.01 0.11 ± 0.02 0.055 ± 0.005 0.072 ± 0.012 

UV 1.13 ± 0.08 2.1 ± 0.1 1.8 ± 0.3 1.0 ± 0.1 0.83 ± 0.13 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 
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Tab. C2 (continued) 

Species 
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Analyzed Peel Peel Peel Peel Peel 

OA 21 ± 1 34 ± 2 21 ± 1 13 ± 1 24 ± 2 

BA 4.5 ± 0.7 5.2 ± 0.8 3.8 ± 0.1 2.1 ± 0.6 9.0 ± 1 

R-2-OH-UA 7.6 ± 0.3 10 ± 1 10 ± 1 7.1 ± 1.0 12 ± 1 

R-2-OH-OA 8.3 ± 0.2 8.7 ± 0.8 8.3 ± 0.4 3.9 ± 0.8 9.0 ± 1 

S-19-OH-UA 28 ± 4 28 ± 3 33 ± 4 2.8 ± 0.4 26 ± 2 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 0.11 ± 0.02 0.12 ± 0.02 0.10 ± 0.01 0.092 ± 0.015 0.35 ± 0.02 

UV 0.71 ± 0.06 0.80 ± 0.05 0.64 ± 0.04 2.6 ± 0.2 0.91 ± 0.11 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

Species 
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Analyzed Peel Peel Peel Peel Peel 

OA 29 ± 1 18.1 ± 0.4 14.8 ± 0.3 19 ± 1 23 ± 2 

BA 57 ± 6 4.4 ± 0.3 2.3 ± 0.1 3.5 ± 0.6 5.3 ± 1.2 

R-2-OH-UA 5.3 ± 0.3 8.8 ± 0.4 5.8 ± 0.2 3.7 ± 0.2 18 ± 3 

R-2-OH-OA 28 ± 5 6.6 ± 0.5 3.0 ± 0.2 2.9 ± 0.4 9.7 ± 0.7 

S-19-OH-UA 80 ± 8 17 ± 2 6.2 ± 0.4 35 ± 7 35 ± 3 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

AM 3.1 ± 0.5 0.15 ± 0.03 0.063 ± 0.003 0.070 ± 0.007 0.087 ± 0.017 

UV 3.2 ± 0.5 0.66 ± 0.01 0.85 ± 0.03 0.96 ± 0.07 0.73 ± 0.09 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 
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Tab. C2 (continued) 

Species 
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Analyzed Peel Peel Whole Fruit Whole Fruit Whole Fruit 

OA 21 ± 2 15 ± 1 11.5 ± 0.3 32 ± 2 12.1 ± 0.2 

BA 5.2 ± 1.5 2.6 ± 0.5 <LLOQ <LLOQ <LLOQ 

R-2-OH-UA 4.6 ± 0.2 6.2 ± 0.8 10.8 ± 0.9 60 ± 10 12 ± 3 

R-2-OH-OA 7.7 ± 1.7 3.2 ± 0.6 4.6 ± 0.4 54 ± 8 7.3 ± 2.3 

S-19-OH-UA 27 ± 5 5.0 ± 1.0 <LLOQ 100 ± 10 <LLOQ 

R,S-2,3-OH-UA <LLOQ <LLOQ <LLOQ <LLOQ 1.3 ± 0.3 

AM 0.10 ± 0.03 0.047 ± 0.007 0.28 ± 0.02 2.3 ± 0.2 0.63 ± 0.05 

UV 0.73 ± 0.10 0.41 ± 0.04 1.6 ± 0.1 11 ± 1 3.2 ± 0.5 

UA ac <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

Species 
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Analyzed Whole Fruit Whole Fruit Whole Fruit Whole Fruit Whole Fruit 

OA 23 ± 1 18.2 ± 0.2 18 ± 1 18 ± 1 <LLOQ 

BA <LLOQ <LLOQ <LLOQ <LLOQ <LLOQ 

R-2-OH-UA 6.5 ± 0.5 15 ± 1 440 ± 50 440 ± 50 230 ± 20 

R-2-OH-OA 15 ± 3 21.4 ± 0.2 104 ± 5 120 ± 20 89 ± 3 

S-19-OH-UA 5.4 ± 0.4 <LLOQ <LLOQ <LLOQ <LLOQ 

R,S-2,3-OH-UA <LLOQ 4.4 ± 0.2 <LLOQ <LLOQ <LLOQ 

AM 0.69 ± 0.08 0.36 ± 0.01 2.2 ± 0.1 3.1 ± 0.2 2.5 ± 0.2 

UV 3.0 ± 0.3 2.1 ± 0.2 20 ± 1 18 ± 3 6.8 ± 0.3 

UA ac <LLOQ 40 ± 1 <LLOQ <LLOQ <LLOQ 
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Tab. C4: Concentration (mean ± SD) of TA in apple peel used as quality control for TA 
extraction. To control the performance of the extraction procedure, apple peel with 
known TA amount was extracted in each batch of sample preparation and the TA 
concentration determined. Interday mean values and relative SD (RSD) were 
calculated for repeated (n=2) analysis on six different days. The RSD values below 
20% indicate a reproducible sample preparation for all extraction batches. 
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11 LIST OF ABBREVIATIONS 
 

11-oxo-UA ac   11-oxo-ursolic acid acetate 

3-oxo-UA   Ursonic acid 

AM    alpha-amyrin 

ar UA    Rearranged ursolic acid 

BA    Betulinic acid 

CA    Corosolic acid 

CYP    CYP P450 monooxygenase 

DW    Dry weight 

EI    Electron ionization 

FID    Flame Ionization Detection 

GC    Gas chromatography 

IS    Internal standard 

LC    Liquid chromatography 

LLOQ    Lower Limit of quantification 

LOD    Limit of detection 

MA    Maslinic acid 

MS    Mass spectrometry 

OA    Oleanolic acid 

OSC    Oxidosqualene cyclase 

PA    Pomolic acid 

R,S-2,3-OH-UA  (R,S)-corosolic acid methyl ester 

R-2,23-OH-UA  Asiatic acid methyl ester 

R-2-OH-OA   Maslinic acid 
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R-2-OH-UA   Corosolic acid 

R-UA    (R)-ursolic acid methyl ester 

S,R-2,3-OH-UA  (S,R)-corosolic methyl ester 

S-19-OH-UA   Pomolic acid 

S-UA    Ursolic acid 

TA    Triterpenic acid 

TLC    Thin-layer chromatography 

UA ac    Ursolic acid acetate 

UR    Ursene 

URA    Ursenic acid 

UV    Uvaol 
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