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Abbreviations 
 
Ab  antibody 

ACN  acetonitrile 

BR  brassinosteroid 

CE  capillary electrophoresis 

DART-MS  direct analysis real-time mass spectrometry 

DMAPP  dimethylallyl diphosphate 

DW  dry weight 

EC  ecdysteroid 

EI  electron impact 

ELISA  enzyme-linked immunosorbent assay 

ELSD  evaporative light scattering detector 

ESI  electrospray ionisation 

FA  formic acid 

FW  fresh weight 

GA  gibberellin 

GC  gas chromatography 

GGPP   geranylgeranyl diphosphate 

IA  indole alkaloid 

IPP   isopentenyl diphosphate 

LDR   linear dynamic range 

LC   liquid chromatography 

LOD  limit of detection 

LOQ  limit of quantitation 

MAO  monoamine oxidase 

MEKC  micellar electrokinetic chromatography 

MeOH   methanol 

MEP  2-C-methyl-D-erythritol 4-phosphate pathway 

MIA  monoterpene indole alkaloid 

MIP  molecularly imprinted polymers 

MS  mass spectrometry 
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MSI  mass spectrometry imaging 

MSPE  magnetic solid-phase extraction 

MVA  mevalonate pathway 

MW  molecular weight 

PE  phytoecdysteroid 

QQQ  triple quadrupole analyser 

RIA  radioimmunoassay 

SFC  supercritical fluid chromatography 

SPE  solid-phase extraction 

Trp  tryptophan 

UHPLC  ultra-high performance liquid chromatography 
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I. Introduction 

This work focuses on using modern separation and detection methods for the 

quantitative analysis of biologically important, low molecular weight (MW) substances in 

tissues of plant origin. Expert knowledge and tools from the field of analytical chemistry 

are applied to biological sciences here. A speciality of this work is determination of natural 

substances of plant origin that naturally occur in trace and ultra-trace quantities. 

According to the still valid IUPAC definition from 1979, a trace amount is considered a 

concentration not exceeding 100 ppm, i.e., 100 µgg-1 1, whereas no formal definition has 

been provided for an ultra-trace amount. However, most of the scientific community in 

biochemical/ biological research regard trace analysis as the analysis of substances 

whose content in biological material does not exceed 1 ppm (1 µgg-1) 2. Another 

common feature of the natural substances detailed in this work is their terpenoid 

character. 

Despite a widespread belief among the public that trace/ultra-trace analysis of 

natural substances is of minimal importance, it is a field of analytical 

chemistry/biochemistry that significantly contributes to understanding not only the 

growth and development of plants but also the occurrence of natural substances in 

various plant sources. In past decades, many materials of plant origin were considered to 

lack certain compounds due to the limited detection capabilities of the available analytical 

methods. Notably, for some reason, many substances are still not perceived as natural 

constituents of plants by a large proportion of the public, e.g., steroid compounds like 

progesterone, testosterone and oestrogens, described in detail in Article 1. Therefore, 

they are often referred to as "contamination" from animal sources, although plant cells 

are also capable of their biosynthesis. 

One should keep in mind that the plant and animal kingdoms have evolved together 

hand in hand. Therefore, it is likely that they share many biochemical and other tools for 

regulation of their development, growth and defence against predators or adverse 

environments. Every substance synthesised in a eucaryotic cell (plant or animal) plays a 

certain role at a cellular or higher level. Substances formed in concentrations regarded as 

trace or ultra-trace have no less biological significance than those produced in larger 

amounts. As an illustration, we could use the example of cholesterol. Both animal and 

plant cells are capable of its biosynthesis. It is an important C27 molecule of triterpenoid 
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character that is an indispensable precursor for the synthesis of other substances of 

steroid character, including hormones and signalling compounds with a steroid skeleton. 

Its levels are significantly lower in plant cells ( µgg-1). Consequently, some biochemistry 

textbooks contain various false or at least misleading statements, such as "Membranes of 

plant cells do not contain cholesterol" 3, or "cholesterol is rarely present in plants" 4. 

It seems that some authors view the "very small" amount as equating to "zero" 5, which 

is, objectively speaking, not correct. There are also other cases similar to cholesterol that 

could be described in a separate publication. 

I consider that today's analytical chemists can play an important role in the field of 

biological sciences by using currently available technically highly advanced tools to obtain 

new knowledge as well as expanding the available methods. This thesis aims to show my 

contribution to the study of the biosynthesis, metabolism and occurrence of low-

abundance natural constituents of plant cells with terpenoid character. 
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II. Terpenoids 

The terpenoids are a huge and structurally diverse group of natural substances formed 

from five-carbon (C5) units of isoprene (2-methyl-1,3-butadiene) via "head-to-tail" 

addition, as shown around 70 years ago by Ruzicka (1953) 6, a Croatian chemist of Czech 

origin who had already been awarded the 1939 Nobel Prize in Chemistry for his work in 

this area 7. Compounds formed by combining isoprene units are now also known as 

isoprenoids. Although isoprene is a naturally occurring substance formed by the 

decomposition of various cyclic hydrocarbons, it is not itself a direct participant in 

terpenoid biosynthesis. Its biochemically active and biologically important forms are 

dimethylallyl diphosphate (DMAPP) and its isomer isopentenyl diphosphate (IPP). 

Various numbers of these C5 isoprenoid units can be combined to form linear 

monoterpenes (C10), diterpenes (C20), triterpenes (C30), tetraterpenes (C40) and 

polyterpenes (> C40) 8. These linear molecules often undergo extensive intracellular 

modification, typically involving cyclisation, oxidation or rearrangement reactions. 

Importantly, isoprenoids are found in all living organisms, including eukaryotes (plants, 

animals, fungi) and prokaryotes (microorganisms). Several thousand isoprenoids have 

been identified to date, and new family members are regularly discovered. Studies on 

their biological effects have shown that they play many different roles in nature, acting as 

attractants, repellents, hormones, growth inhibitors, pigments and electron transport 

chain components (quinones). The most extensively studied essential isoprenoids are a 

family of tetracyclic triterpenoids known as sterols, which are found in both the animal 

and plant kingdoms, i.e., in most eukaryotes. In this thesis, I will focus on a group of 

terpenoid substances referred to as plant hormones or signalling substances derived from 

isoprene. An overview article on their biosynthesis and biological significance is enclosed 

as Article 2. 
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II.I. Plant hormones 

 
Most (if not all) organisms use chemical signals in cell–cell communication. Thus, 

chemical signalling is extremely ancient. However, the complexity of cell signalling 

increased considerably when first prokaryotic and subsequently eukaryotic cells began 

to associate together in multicellular organisms, putatively several billion and one billion 

years ago, respectively 9. Following the emergence of multicellularity, cell specialisation 

increased as tissues and organs with diverse specific functions evolved. Coordination of 

the growth and development of these cells, tissues and organs, as well as the 

environmental responses of complex multicellular organisms, required increasingly 

intricate signalling networks. Many of our current concepts about intercellular 

communication in plants were derived from similar animal studies in which two main 

systems evolved, i.e., the nervous and endocrine systems. Plants lacking motility never 

developed a nervous system, but they evolved hormones as chemical messengers. 

A hormone is generally considered to be a signalling molecule secreted by an 

organism from glands and subsequently transported by the circulatory system to target 

organs to regulate their physiology and behaviour. However, the term "hormone" is 

sometimes extended to include compounds produced by cells that subsequently affect 

either the same cell or nearby cells. In target cells, hormones bind to specific receptor 

proteins, causing a change in cell function and activation of the entire signalling pathway. 

Unlike animals, plants have no specific hormone-secreting glands, but small signalling 

molecules are still produced in them, known as plant hormones. They are substances 

that regulate cellular processes in certain target cells near to their site of production or 

after transport to other organs where they are supposed to operate. Plant hormones play 

essential roles in the regulation of a myriad of physiological processes involved in plant 

growth, development, senescence and responses to environmental stimuli. Until the 

1990s, only five types of plant hormones that acted in vivo individually or in concert were 

known: auxins, cytokinins, gibberellins, ethylene and abscisic acid. However, during the 

last two decades, compelling evidence has led to the discovery of four other classes of 

substances that exhibit growth and development activity, i.e., brassinosteroids, 

strigolactones, jasmonic acid and salicylic acid, including their conjugates with amino 

acids and saccharides, which are collectively referred to as jasmonates and salicylates 

10. Surprisingly, there is unfortunately no official definition of a plant hormone available 
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in the literature. However, this group generally includes any compound or group of 

structurally related compounds that meet the following criteria: 

 

1. The compound(s) occurs uniformly in all higher plants (often also lower ones). 

2. The receptor for the compound(s) has been identified. 

3. The compound(s) occurs in very low concentrations (usually 10-15 to 10-12 gg-1). 

4. The compound(s) participates in the regulation of physiological processes in plants, 

such as growth, development, reproduction and others. 

II.I.1. Diterpenoid plant hormones gibberellins 

 
Gibberellins (GAs) are a group of plant hormones with a tetracyclic ent-gibberelane 

skeleton consisting of 20 carbon atoms (with rings designated A, B, C and D) or with a 20-

nor-ent-gibberelane skeleton possessing 19 carbon atoms. Therefore, in terms of carbon 

numbers, GAs can be divided into two groups: C19-GAs (e.g., GA4, GA1) and C20-GAs (e.g., 

GA12, GA53) - Fig. 1 11. The prefix ent indicates that the skeleton is derived from ent-

kaurene, a tetracyclic hydrocarbon that is enantiomeric to the naturally occurring 

compound kaurene. 

 

 
 
Figure 1. Structures of C19 and C20 gibberellins. 

 

All GAs are produced in plant cells from geranylgeranyl diphosphate (GGPP), which 

is the common C20 precursor for all diterpenoids and is formed de novo from the basic C5 

isoprenoid diphosphates IPP and DMAPP (see page 19). A detailed description of GA 

biosynthesis can be found in Article 2. The main function of GAs in plants is the regulation 

of various developmental processes, including stem elongation (internodes), 
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germination, vegetative growth, flowering and reproduction – the formation of flowers 

and fruits – Fig. 2. 

 

 

 

Figure 2. Scheme of physiological functions of diterpenoid plant hormones gibberellins. 

 

Since their discovery in 1938 12, 136 gibberellins have been identified in various 

natural sources to date. The nomenclature for labelling these substances is GA1 to GAn, 

where n stands for the order of discovery in natural sources. A database of all compounds 

in this group is freely available at http://www.phytohormones.info/gibberellins.htm. 

Interestingly, among all the GAs, only six of them show biological activity 13. The crucial 

structural moieties for their biological activity are a hydroxy group on C-3 and a carboxyl 

group on C-6. These groups enhance binding to receptors through interaction with polar 

amino-acid residues, whereas a hydroxy group on C-2 decreases the binding affinity. 

http://www.phytohormones.info/gibberellins.htm
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Therefore, hydroxylation at C-2 is a main mechanism for GA inactivation to regulate the 

concentration of bioactive GAs in angiosperms (flowering plants). 

Like other classes of plant hormones, concentrations of GAs in plant tissues are 

usually extremely low (generally pgg-1 fresh weight, FW). Thus, very sensitive analytical 

methods are required for their detection. However, levels of GAs may vary substantially 

even within a single plant organ. Vegetative tissues (stems, roots and leaves) typically 

contain several pgg-1 FW, whereas reproductive organs (such as seeds and flowers) often 

have three orders of magnitude higher levels (i.e., ngg-1 FW). Despite the hormone 

definition above, it is important to note that not all GAs are present in all plant species. 

Some are common to most plants, whereas others are species-specific. For method 

development of their isolation from plant tissue, including sensitive detection, 20 GAs 

were selected (Fig. 3) that occur in most plant species and Arabidopsis thaliana, the main 

model plant in biology. Therefore, the developed method offers great potential for 

applications in experimental plant biology. 
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Figure 3. Chemical structures and biosynthetic relationships of 20 selected gibberellins. KAO - ent-kaurenoic 
acid hydroxylase; GA20ox - GA 20-oxidase; GA3ox – GA 3-oxidase; GA2ox – GA 2-oxidase. 

--------------------------------------- 
Thomas et al. DOI 10.1073/pnas.96.8.4698. Shomburg et al. DOI 10.1105/tpc.005975. Lee and Zeevaart DOI 
10.1104/pp.104.056499 

 

 

https://www.pnas.org/doi/10.1073/pnas.96.8.4698
https://academic.oup.com/plcell/article/15/1/151/6009971
https://academic.oup.com/plphys/article/138/1/243/6112809
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Physicochemical properties of gibberellins 
 

GAs cover a wide range of polarities, even within their sub-groups. The only property 

they share is they contain a carboxyl group, and thus behave as weak organic acids with 

pKa ≈ 4.0 14. Due to the structure of the skeleton, they do not show any spectral 

characteristics, such as fluorescence or UV absorption (only below 220 nm), that could be 

used for their detection. Some GAs are highly oxidised molecules with many functional 

groups and may be relatively labile, especially in aqueous solutions at extreme pH or 

elevated temperatures. Under alkaline conditions, 3β-hydroxy GAs undergo a reversible 

retro-aldol rearrangement, resulting in epimerisation, whereas 1,2-dehydro C19-GAs, such 

as GA3, isomerise to 19,2β-lactones with a shift of the double bond. This rearrangement 

may also occur in the heated injection port of a gas chromatograph (GC). 

On the other hand, under very acidic conditions below pH 2.5, rearrangement of the 

C/D rings and saturation of the double bond between carbons C-16 and C-17 can occur. 

Therefore, all the above facts must be considered when isolating GAs from samples of 

biological origin. Consequently, the optimal pH range for these procedures is 2.5–8.5 and 

the temperature, especially of aqueous solutions containing GAs, should not exceed 40 °C. 

To avoid air oxidation of some GA precursors, extracts are best stored at –20 °C. 

 
Extraction and preconcentration of gibberellins 
 

The extraction efficiency of GAs from plant tissue depends on their polarity, 

subcellular localisation and extent to which they are associated with other compounds in 

the tissue, such as phenolics, lipids, pigments and proteins. Such substances, mostly 

originating from primary metabolism, are usually present in plant tissues in multi-fold 

excesses compared to trace amounts of GAs, creating a very high chemical background in 

analysed extracts. Figuratively speaking, attempts to quantify ultra-trace amounts of GAs 

in a vast array of interferents can seem like looking for a nanosized needle in a skyscraper-

sized haystack. This is a common feature of ultra-trace analysis of most plant hormones, 

as detailed in Article 3. Hence, extraction and preconcentration of GAs is a key step for 

their successful detection using modern instrumental methods. As practice shows, 

without at least one or two preconcentration steps, it is impossible to quantify natural 

substances at ultra-trace levels successfully with any modern instrumental method, 

despite several studies claiming to do so 15-17. 
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The solvent used in the extraction process must be capable of extracting the 

hormone efficiently while minimising the extraction of interfering substances. Because 

GAs are synthesised inside cells, it is necessary to break the cell walls as a first step of the 

sample preparation procedure. This allows the most quantitative transferal of GAs from 

the biological material to the extraction solvent added in a subsequent step. 

Homogenisation (breaking cell walls in a sample tissue) is often achieved mechanically 

with the help of homogenisers working on the principle of ball mills (Article 3). GAs are 

relatively hydrophobic carboxylic acids. Therefore, aqueous solutions with more than 80 

% (v/v) organic solvent content, such as methanol (MeOH) or acetonitrile (ACN) 

containing a small percentage of volatile organic acids (e.g., formic acid (FA) or acetic 

acid), are best suited for their extraction 11. By optimising the extraction procedure, it 

was found that the highest recovery and lowest content of interfering substances, mainly 

plant pigments like chlorophyll, carotenoids, etc., can be achieved by using an 80 % 

aqueous solution of ACN with 5 % FA, as described in detail in Article 4. After extraction, 

a preconcentration step is needed. Preconcentration of GAs from a biological sample can 

in principle be achieved in two ways: isolation of only the target analytes as selectively as 

possible or the sequential non-selective removal of interferents from the crude extracts, 

leaving GAs in the sample residue. Both these procedures have pitfalls. For the first 

procedure, either immunoaffinity chromatography (IAC) with the use of antibodies (Abs) 

against the observed GAs 18-19 or molecularly imprinted polymers (MIP) in the form of 

solid phase extraction (SPE) cartridges can be applied. Unfortunately, neither IAC- nor 

MIP-based sorbents are currently available for GAs. The impossibility of preparing an Ab 

with cross-reactivity against all 20 selected GAs, including both C19- and C20-GAs (earlier 

prepared Abs were available for C19-GAs only 20) and the necessity of using animal 

experiments (immunisation) currently hinders the use of IAC-based procedures. Further, 

the absence of a template or mixture of templates suitable for the preparation of a 

polymer with the ability to selectively bind a wide range of GAs complicates the use of 

MIP. 

Thus, GA preconcentration from plant extracts is usually performed by one of two non-

selective approaches. The first, a kind of "old fashioned", approach is a very laborious and 

time-consuming (several days) sequence of several steps, including liquid-liquid 

extraction (LLE; methanolic extract fractionated to ethyl acetate), ion-exchange 

chromatography using the strong anion-exchange sorbent QAE Sephadex A-25, reversed-
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phase (RP) SPE with C18 sorbent in the final step, followed by HPLC fractionation [20,21]. 

The final analysis of GAs is then performed using GC coupled to a mass spectrometer (MS). 

Since GAs have low volatility, it is necessary to derivatise the analytes prior to GC-MS 

analysis. This is achieved in two steps by combining methylation followed by silylation 

reactions [20,21]. The second GAs preconcentration procedure is similar to the first one, 

but the initial step of LLE is replaced by two SPE steps, followed by use of a weak anion 

exchanger (DEAE cellulose). HPLC fractionation is here omitted [22]. A preconcentration 

design consisting of two SPE steps has also been used by Moritz and Olssen [23], who used 

a weak anex as the first step (sorbent containing an aminopropyl group), followed by SPE 

with an RP sorbent C18. The sample at this stage was referred to by the authors as "semi-

purified" because it was not subjected to routinely used HPLC fractionation prior to 

derivatisation and GC-MS analysis. As stated in Article 4, the entire preconcentration 

procedure can be reduced to only two SPE steps to achieve an average recovery of 

analytes of ˃ 73%. Considering the relative hydrophobicity and acidic character of GAs, 

modern mixed-mode polymer-based sorbents containing a combination of a RP and anion 

exchanger were used to preconcentrate these low-abundance hormones from crude plant 

extracts. In addition, by using 80 % ACN instead of the previously routinely used 80 % 

MeOH, the recovery of GAs was increased by about 18 %. Unfortunately, the recovery 

values of this new preconcentration procedure cannot be compared with the recoveries 

of earlier procedures, as the authors of these works did not report this value. Unpublished 

results of the author of this thesis further suggest that it could be possible to shorten the 

entire procedure even further to one SPE step while maintaining or increasing the 

recovery of most monitored analytes. This can be achieved by significantly reducing the 

weight of the tissue sample, with concomitant reduction in the amount of interferents. 

This work is currently being completed and prepared for publication. 

 

Methods for quantitative analysis of gibberellins 
 
 As mentioned above, typical endogenous concentrations of GAs in vegetative plant 

tissues range from 10-15 to 10-12 gg-1. Hence, their analysis falls into the field of ultra-

trace analysis. The first published methods for the instrumental analysis of GAs were in 

the 1960s and involved the use of GC-MS combined with the earlier mentioned 

derivatisation of naturally non-volatile GAs using methylation and trimethylsilylation 
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24-26. During the next 30 years, liquid chromatography (LC) gradually replaced GC 

because it better suits the non-volatile nature of GAs 27-29. LC is still mostly used for 

their separation 11,22, Article 3,4.  

A successfully applied principle for the separation of relatively hydrophobic 

tetracyclic GAs is RP chromatography. Unfortunately, there were only slight differences 

in hydrophobicity among the 20 studied GAs because their chemical structures were 

similar. Their MW range was relatively narrow (315 to 377 gmol-1). Several GAs in this 

group had the same MW because they were positional isomers, e.g., GA3, GA6, GA44 and 

GA24 (MW 346.38 gmol-1) or GA20, GA51, GA4 and GA12 (MW 332.4 gmol-1). The situation 

was further complicated because the standard isotope dilution method was used for their 

most accurate quantification by LC-MS. Only GA standards labelled with two deuterium 

atoms, i.e., 17-2H2, are commercially available for that purpose. Thus, a situation where 

many more analytes share the same MW value arises, e.g., GA29, 2H2-GA3, GA1, 2H2-GA6, 

2H2-GA44, GA34, GA53 and 2H2-GA24, which all have MW = 348.4 gmol-1. Since each GA 

had a different biological role, the concentration was expected to indicate a different 

biochemical event in a given tissue. Therefore, it was important to achieve separation of 

the entire group of 20 GA substances with the highest possible resolution (Rs). Due to the 

availability of an instrument for ultra-high performance liquid chromatography (UHPLC), 

which enables separation with high efficiency (increased sensitivity, short analysis time 

by allowing a high throughput of samples), the separation was optimised on this device. 

A wide range of sorbents for UHPLC separations in RP mode are available on the market, 

with the C18 type being the most often chosen for GA separation 22, 30. C18 sorbents are 

generally suitable for all compounds with a certain degree of hydrophobicity. However, 

for the separation of numerous GA isomers in a mixture, further modification of a RP 

sorbent was of interest to enable greater resolution of co-eluting or closely eluting 

analytes. Preferably, the sorbent should offer greater interaction with the polycyclic 

structure of the analysed substances. Therefore, RP sorbents with positively charged 

functional groups (e.g., Acquity UPLC CSH C18, Waters or Luna Omega PS C18, 

Phenomenex) and others bearing a cyclic structure, such as phenyl (e.g., Ascentis Express 

Phenyl-Hexyl, Sigma Aldrich or Acquity UPLC CSH Phenyl-Hexyl, Waters), were included 

in the narrow group of LC sorbents tested for the optimisation of separation of acidic GAs. 

A positive effect on GA separation was obtained with one of the positively charged LC 

sorbents (column Acquity UPLC CSH C18, 2.150 mm, 1.7 µm; Waters), as shown in Article 
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4. This column gave a better peak shape and peak-to-peak resolution compared to 

separation using an uncharged LC sorbent (Acquity UPLC BEH C18, Waters). Using the 

Acquity UPLC CSH C18 column, 16 of the 20 studied GAs were fully resolved. 

The second modification of the C18 sorbent (introduction of cyclic groups for the 

separation of polycyclic GAs) proved to be unsuitable since there was a greater number 

of co-elutions and a prolonged time of analysis by approx. 7 min (Fig. 4). 

 

 
 
 
Figure 4. Separation of 20 gibberellins by ultra-performance liquid chromatography (UPLC). The signal 
intensity corresponds to 10 pmol/injection. Mobile phase: methanol vs. 10 mM formic acid in water; column 
temperature 40 °C. The program for gradient elution is listed in Article 4. 
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A longer analysis time for the column containing cyclic hydrocarbon groups confirmed 

the assumption that a more significant interaction between the analytes and sorbent 

increased their retention on this type of sorbent. On the other hand, for some pairs of 

peaks (GA1 vs. GA3, GA12 vs. GA12ald), there was a significant improvement in the Rs value 

compared to separation on the CSH sorbent. 

However, the possibility of GA separation using other separation techniques, such as 

capillary electrophoresis (CE) 31, must not be neglected. Since native GAs do not contain 

a chromophore that could allow them to be detected by UV VIS, MS detection must be used 

instead. However, this detection type is incompatible with the separation of GA anions 

using a cationic surfactant, such as cetyltrimethylammonium bromide 32. Therefore, a 

volatile formate buffer with the addition of ACN has been used for CE separation of eleven 

GA anions in a capillary coated with a polymer carrying a positive charge (commercial 

name SMILE(+), Nacalai Tesque, Kyoto, Japan) 33. Unfortunately, the method's limit of 

detection (LOD) was found to be unacceptable at 0.31–1.02 μM. In an attempt to decrease 

the LOD, derivatisation of GAs has been performed, e.g., by introducing a fluorescent label 

that enables detection based on laser-induced fluorescence (LIF). For instance, 6-oxy-

(acetyl piperazine) fluorescein was used for GA3 as a representative of GAs and six other 

"acidic" hormones (possessing a carboxyl group). Using this approach, the LOD was 

reduced to 1.6–6.7 nmoll-1 34. However, this value may also be insufficient for some 

types of real samples. In addition, the method would have to be extended to a larger 

number of GAs to gain significantly more information about GA biosynthesis and 

catabolism in a tissue of interest. Modification of the analyte to give it a permanent 

positive charge instead of using a positive charge inside the capillary has also been tested. 

This method was demonstrated on a group of ten GAs with LOD in the range 0.34–4.59 

ngml-1 35. Nevertheless, according to the small number of papers published in 

subsequent years, this method does not seem to have been used in practice for routine 

analyses of biological samples. This is also true of other CE-based methods. 

Detection of low-abundance GAs in the form of free carboxylic acids is most often 

performed using a tandem mass spectrometer (MS/MS with a triple quadrupole analyser, 

QQQ) equipped with an electrospray operating in the negative mode ((-)ESI) - Article 4. 

However, this mode is generally perceived as less sensitive than the positive mode 

((+)ESI). Therefore, a relatively large effort has been made recently to develop methods 

for the derivatisation of GAs that enable their separation by UHPLC followed by (+)ESI-
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MS/MS detection 36-39. The main motivation is that in some studies focused on the GA 

biosynthesis and distribution within a relatively small segment of a tissue of a selected 

organ (flower stamens, millimetre parts of a root or stem, etc.), the LODs for native GAs 

analysed by (-)ESI-MS/MS were deemed insufficient 40. To objectively evaluate this, the 

author of this thesis derivatised selected GA standards using three different methods (see 

the reactions outlined in Fig. 5) published in recent years 22, 37, 39. The LODs obtained 

during analysis using UHPLC-(+)ESI-MS/MS (QQQ analysers; Waters) for selected GAs are 

listed in Table 1. LOD values were also measured on the same instrument in the (-)ESI-

MS/MS mode for comparison. 

 

 

 
 
Figure 5. Chemical reactions used for the derivatisation of GAs for their detection by (+)ESI-MS/MS. DEED - 
N,N-diethylethylenediamine; TMAB - trimethylammonium bromide; TEA - triethylamine; CMPI - 2-chloro-1-
methylpyridinium iodide. 
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Table 1. Limits of detection (LOD) for selected GA standards analysed by UHPLC-MS/MS in the multiple 
reaction monitoring (MRM) mode. 

 

 

LOD‡ (fmol/Inj.) 
(-)ESI-MS/MS (+)ESI-MS/MS 

without derivatisation  DEED bromocholine BPTMAB 
1LGR2013 

(Article 4) 
2LGR2020 2LGR 

Ref. 
39 

2LGR 
Ref. 
22 

1LGR 
Ref. 
37 

GA1 NM 7.72 3.85 0.02 10.86 NM 5.24 0.02 

GA3 10 11.57 180.21 0.02 4.71 NM 0.19 0.04 

GA4 40 1.89 1.65 0.05 2.05 NM 0.92 0.03 

GA9 NM 23.57 35.86 0.01 489.39 NM 216.99 0.01 

GA15
* 60 4.30 0.55 0.01 437.82 NM 54.35 NM 

GA19
* NM 7.03 13.22 0.05 66.12 NM 17.41 0.07 

GA24* 60 9.50 70.69 NM 26.12 NM 216.61 NM 

GA53* NM 2.30 1.21 NM 1.64 NM 3.65 NM 

‡ calculated as S/N =3; LGR – values determined by the author of this thesis; *GAs with two COOH groups; 1 

Xevo TQ MS (Waters; installation in 2009); 2 Xevo TQ XS (Waters; installation in 2019); Ref. 22 - Quattro 
Premier XE (Waters); Ref. 37 - Agilent 6460 (linear dynamic range–LDR– 0.02-20 pg); Ref. 39 - Shimadzu 

MS-8050 (LDR 0.02-100 pg); NM – not mentioned; DEED-N,N-diethylethylenediamine; BPTMAB- (3-
bromopropyl)trimethylammonium bromide. 

 

Table 1 shows that, using our instruments, it was impossible to achieve LOD values as low 

as those reported by other authors 36-40. The LOD values obtained using our LC-MS 

instrument installed in 2020 were lower or comparable with the LOD values obtained 

after derivatisation reactions. Furthermore, it was found that ghost peaks occurred in the 

sample after derivatisation, which often interfered with detection of the endogenous GAs 

of interest and contaminated the quadrupole rods in the MS analyser. For these reasons, 

we decided to avoid derivatisation reactions for routine analyses of endogenous GAs. 

Thus, we continue to quantify native GAs in the form of free acids using (-)ESI-MS/MS 

detection. This method gives satisfactory results and is routinely used for various 

biological studies, as Articles 5-7 demonstrate. The method also allowed detection of 

extremely low levels of GAs in segments of roots and leaves of wheat, an agriculturally 

important cereal (Article 8). 

Currently, some efforts are being made to analyse plant hormones at the site of their 

action, i.e., without their extraction and isolation from the tissue, followed by subsequent 

quantification by one of the modern instrumental methods. For this purpose, biosensors 

41 or mass spectrometry imaging (MSI) have been proposed. In the former case, it may 

be impossible to construct a single biosensor capable of analysing several tens to 

hundreds of substances of a hormonal nature and apply it for in situ measurements in a 

given tissue of an experimental plant. Even if it is possible to develop a biosensor for only 
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one group of hormones (i.e., no more than 20 substances), the size of such a biosensor 

would need to be limited to the dimensions of a microchip, and even at this size, it would 

be unusable for some millimetre-sized tissues. So far, only one biosensor has been 

prepared for measuring a GA, namely GA3 42-44. That sensor was not intended to detect 

low endogenous levels of this substance in plant tissues but to detect significantly higher 

exogenous levels in brewing samples where it is used to speed up malt production. It has 

been stated that 8-10 days are needed to produce malt for top-fermented beers and a little 

less for bottom-fermented lagers. Two to three days can be reportedly saved if 25-500 µg 

of GA3 is added for each kilogram of barley 45. Monitoring of GA3 in beer may be 

necessary because it has been suggested to have a negative effect on human health. In the 

USA, limits for the maximum permitted amount in food products have already been set 

46,47. In 2012, the European Food Safety Authority (EFSA) published a preliminary 

study 48, which stated that GA3 is one of the 295 substances that are in the fourth phase 

of the review program covered by the Commission Regulation (EC) No. 2229/2004 as 

amended by Commission Regulation (EC) No. 1095/2007. According to this preliminary 

study, GA3 poses only a low risk to mammals: "Low acute toxicity was observed when GA3 

was administered orally, dermally, and by inhalation." Regarding the analytical methods 

needed to determine this substance in biological fluids, the report states: "Methods for 

body fluids and tissues are not necessary because the active substance is not classified as 

toxic or highly toxic". However, studies from the Asian continent have indicated a certain 

degree of toxicity for rats and mice 49-51. The only study on human cell toxicity that can 

be found in the literature was published in Russian and reported an increase in 

chromosomal aberration (two- to three-fold) caused by GA3 52. 

MSI is the second potentially applicable method for monitoring substances of interest at 

their site of action. In plant sciences, the method is used to visualise the spatial 

distribution of low and high MW substances in plant tissues. So far, this method has not 

yet been presented in the literature for GAs. Among other plant hormones, application of 

MSI has been demonstrated only for those formed in much (several thousand-fold) higher 

concentrations than those of GAs 53. This includes so-called stress hormones, such as 

jasmonic acid, salicylic acid, abscisic acid and indole-3-acetic acid, which are produced in 

higher quantities in plant tissue, especially under biotic/abiotic stress conditions. 
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II.I.2. Triterpenoid plant hormones brassinosteroids 

 
 Another group of substances with a terpenoid structure and the nature of plant 

hormones 54 are brassinosteroids (BRs). These are tetracyclic compounds whose basic 

skeleton consists of 27-carbon (C27) 5-cholestane (Fig. 6). 

 

 

Figure 6. Structure of 5-cholestane and its structurally derived natural steroid compounds with 27 to 30 
carbons. All possible structural modifications of naturally occurring BRs at ring A are highlighted in yellow 
and at ring B in blue. Various structural variants of the BR side chain are shown in the green shaded box. 

 

Like many other plant sterols (phytosterols), BRs are chemically steroid alcohols. To 

some extent, they structurally resemble cholesterol, which is the C27 dominant steroid 

alcohol (OH group at C-3 position, Fig. 6) in the animal kingdom. Depending on the 

substitution of the side chains (i.e., according to the type of alkyl at C-24), BRs and other 

phytosterols can contain 27, 28 or 29 carbon atoms (Fig. 6). The most widespread in 

nature are C28-BRs 55, among which brassinolide (BL), which has a 7-oxalactone ring B, 

has the highest biological activity 56. Similarly to the GAs, the BR structure affects their 

biological activity. Any modification of the B ring leads to a significant reduction in the 

biological activity of BRs. Thus, lactone BRs (6-oxo-7-oxa configuration) exhibit the 

highest activity, 6-oxo type BRs (castasterone, CS) have lower activity and BRs without 

oxygen on ring B (6-deoxo) show no biological activity. Another condition of biological 

activity is the presence of vicinal diol groups at C-2 and C-3 and the orientation of hydroxy 

groups at C-22 and C-23 in the side chain, where the 22R,23R-orientation leads to higher 
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activity compared to the RS- or SS- orientation, resp. 56. All steroid substances, including 

BRs, are formed in plant cells from squalene (C30H50; Fig. 6), a common C30 precursor for 

all triterpenoids. They are formed de novo from the basic C5 isoprenoid diphosphates IPP 

and DMAPP in plant cells (Article 2). The complete plant sterol biosynthetic pathway 

involves a sequence of over 30 enzyme-catalysed reactions, leading to the Δ5-sterols 

sitosterol, cholesterol and campesterol (CR), the latter of which is the first BR-specific 

biosynthetic precursor for C28 BRs bearing a methyl group at C-24. 

BRs are important components of the hormonal network controlling important 

physiological processes during the plant life cycle (Fig. 7). During the reproductive phase 

of plant development, BRs are involved in germination, flowering and male fertility. In the 

vegetative growth phase, they regulate organ elongation, the timing of senescence and 

plant tolerance to abiotic stresses (e.g., salinity, temperature, water) 57. 

 

 

 

Figure 7. The physiological effects of brassinosteroids. 
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Since the discovery of BL, the first BR, in 1979 58, more than 70 naturally occurring BRs 

have been identified to date 59. Like GAs, they tend to be relatively abundant in 

reproductive plant tissues, such as pollen, flowers and immature seeds. However, their 

levels are extremely low in vegetative tissues, even compared to those of other plant 

hormones (fg-pgg-1 FW). Thus, analysis of these substances also falls into the ultra-trace 

analysis category and requires very precise sample preparation and sensitive analytical 

instruments. A group of 22 substances, including C27 BR biosynthetic precursors, the main 

C28 BRs and C29 (28-homoBRs), was studied in our laboratory to develop an analytical 

method to determine BR representatives. Their structures are shown in Fig. 8. The 

method development details are described below. 
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Figure 8. Structures and biosynthetic relationships of brassinosteroids. The abbreviations of compound names 
are explained in Article 9. They are omitted here for the sake of brevity. The grey boxes show the 22 BRs 
selected for developing the method for sensitive analytical determination. 
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Physicochemical properties of brassinosteroids 
 

Due to their structure, BRs are relatively non-polar substances that, unlike GAs, do 

not have an ionic character. Therefore, ion exchange chromatography cannot be used for 

their isolation. Like GAs, naturally occurring BRs do not show any spectral characteristics, 

such as fluorescence or UV absorption (only at around 204 nm 60), that could be used 

for their detection. They are relatively stable compared to GAs and have fewer 

requirements during sample preparation with regard to, e.g., pH of the environment or 

type of solvents. Maintaining the temperature of extracts and semi-purified samples 

between -20 °C and +4 °C is only recommended to prevent enzymatic conversion of the 

monitored analytes (details are provided in Article 3). 

 

Extraction and preconcentration of brassinosteroids 
 

As already mentioned for GAs, the selection of a suitable extraction agent and 

method of preconcentration of BRs are very important. Again, the extreme complexity of 

the plant sample matrix and ultra-trace amounts of BRs, which co-occur with a huge 

number of interfering substances (e.g., pigments, lipids, proteins) at far greater 

concentrations, play a key role here. The removal of interferents from extracts is usually 

achieved in most published protocols using very lengthy and time-consuming procedures, 

all of which work on the principle of hydrophilic/hydrophobic interactions and most 

include the following sequential steps: LLE with chloroform, hexane or ethyl acetate, 

column chromatography (Sephadex LH-20), SPE (diethylaminopropyl and C18 sorbents) 

and finally fractionation using RP-HPLC 61-65. This entire procedure, in addition to 

being very time-consuming and unsuitable for a large series of samples, also requires a 

sample mass of the order of units to hundreds of grams of FW so that, even with large 

losses at each preconcentration step, the BR content remains at a detectable level in the 

final sample. Nevertheless, there is a desire to reduce the amount of sample needed 

because in many biological experiments, it is impossible to obtain large samples for 

analysis. Thus, there are two options. The first involves reducing the sample mass to an 

optimal level where the amount of interferents is relatively low but the BR levels are still 

quantifiable. The preconcentration focuses on the primary removal of interferents, while 

the target analytes are not retained on the sorbent. This approach was used by the author 

of this thesis when developing a BR preconcentration method, i.e., interferents were 
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retained on a Supelco (USA) column (Discovery® DPA-6S, 50 mg/1 ml) and the substances 

of interest passed through the column without retention. More details can be found in 

Article 9. The second option is based on increasing the selectivity of the workflow, as 

discussed above in the chapter “Extraction and preconcentration of gibberellins”. There 

are various ways to increase the selectivity during sample preparation. The longest used 

is derivatisation of native BRs bearing a C-22,23 diol group. This group reacts selectively 

with boric acid to form cyclic esters (Fig. 9). This reaction was first used in the 1960s for 

the analysis of naturally non-volatile steroid substances by GC-MS 66, 67. 

 

 

 

Figure 9. Formation of cyclic esters of boric acid with brassinosteroids - an example of the reaction with 
brassinolide (BL). 

 

 

Later, after the discovery of BRs, the principle of this reaction was used for their 

derivatisation prior to HPLC separation. The main goal was to introduce a chromophore 

into the molecule to enable UV detection at wavelengths of ~280 nm 68. For this 

purpose, 1-naphthyl boronic acid was used, which reacts with BRs in a basic environment 

(pyridine) to form cyclic mono- (reaction with the diol at the C-22,23 position) and bis-

derivatives (reaction with the diol at C-2,3 and C-22,23). After acidification, the resulting 

ester decomposes into the starting compounds, i.e., the reaction is reversible, pH 

controlled and can be used for the preconcentration of BRs. In the 1990s, a gel material 

with immobilised boric acid appeared on the market. It has been used for the selective 

isolation of BRs bearing a vicinal C-22,23 diol group 69. However, diols at C-2,3 do not 

react under these conditions 70. BR boronate derivatives have since been used countless 

times in various modifications, e.g., as a sorbent for microextraction in the form of a 

polymer monolith bearing poly(3-acrylamidophenyl) boric acid 71. The sorbent was 
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prepared by polymerisation inside the capillary of a syringe, and the recovery of this 

procedure varied between 79 and 109 % when using 1 g of plant tissue. 

Furthermore, a preconcentration method based on the principle of in situ derivatisation 

(ISD) has been reported. In this experimental setup, the sorbent is freely dispersed in an 

extract. Centrifugation or removal using magnetic forces for sorbents with magnetic 

properties (so-called magnetic SPE, MSPE) is then used for its isolation. MSPE-ISD has 

been applied for the isolation of BRs from an acetonitrile extract based on hydrophilic 

interactions (hydroxyl groups of BRs) with TiO2-coated silica magnetic hollow 

mesoporous particles 72. Under these conditions, the lowest matrix effect was found at 

sample weights of 100 mg FW. For loadings <100 mg, some BRs were found below the 

limit for quantitation (LOQ). A similar procedure can be followed when using magnetic 

Fe3O4 nanoparticles carrying naphthyl boric acid 73. Surprisingly, shortly after the 

publication of this highly sophisticated method, the same team of authors published a 

preconcentration procedure based on the use of non-selective "general purpose" mixed-

mode sorbents (MAX and MCX, Waters, Ireland) containing an RP sorbent in combination 

with an ion-exchange sorbent 74. Due to the non-ionic character of BRs, use of such 

expensive SPE columns (approx. 300 CZK/piece) with a large amount of sorbent (500 mg 

bed size) is puzzling. The authors explained that they assumed that interfering substances 

of an acidic nature are "strongly retained on the MAX column based on the anion ion 

exchange mechanism". However, this claim is not supported by any data. The " flow-

through" fraction containing BRs in 95 % MeOH obtained from the MAX column was 

diluted to obtain a sample containing only 10 % MeOH. At this stage, the sample was 

loaded into the MCX column. No details were provided of the solvents used for activation 

and conditioning of both SPE columns. After loading the sample, washing steps were 

performed, first with 5 % MeOH with 5 % FA and then with 5 % MeOH with 5 % ammonia 

(removal of basic interferents). BRs were eluted from the MCX column with 80 % MeOH. 

The total recovery of the entire two-step SPE protocol for 1 g of plant tissue was not given. 

In contrast to this work, a method for BR microextraction with a C18 sorbent placed inside 

a pipette tip (in-tip SPE or micro-SPE) was published three years later 75. The author of 

this thesis has tested commercially available in-tips (Supel-Tips C18, 10 l, Supelco, USA) 

for BR preconcentration from plant extracts. Two sets of samples were prepared: 1. a set 

of three samples containing the extraction solvent without plant tissue, and 2. a set of 

three samples containing the same solvent with 2 mg of FW tissue (rapeseed flowers). 
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Three tritium-labelled BR standards ([5,7,7-3H]homocastasterone, [5,7,7-3H]epi-

castasterone and [5,7,7-3H]epi-brassinolide) were added individually to each of the six 

samples to determine the recovery of the in-tip procedure. As shown in Fig. 10, the 

recovery of 3H-BRs ranged from 50 to 57 % for extracts without plant matrix and 24-34 

% for samples with matrix. These results were evaluated as unsatisfactory, and the in-tip 

SPE procedure is no longer used. Similarly low recovery values of BRs from C18 sorbents 

were found by Swaczynova et al. 76. Therefore, in the study published in Article 9, 

sorbents with lower hydrophobicity, namely C1, C2 and C4 (Isolute, Biotage, Sweden) were 

tested. Among these, the C4 sorbent was finally selected because it showed recovery 

values of 3H-BRs in samples with 50 mg FW of the biological matrix and after purification 

through the DPA-6S sorbent in the range of 56-68 %. 

 

 

 
 
Figure 10. Barcharts of 3H-BR recovery from in-tip SPE with C18 sorbent. Load - 10 l of extract in 10 % ACN; 
flow through – the fraction of sample going through the tip after sample loading; wash - the fraction obtained 
after washing the sorbent tip with 10 l of 0.1 % TFA (trifluoroacetic acid) in 5 % of ACN; elution - 10 l of 95 
% ACN with 0.1 % FA. The sorbent in the pipette tip was activated with 10 l of 50 % ACN and equilibrated 
with 10 l of 0.1 % TFA before sample loading. The sample loading was performed in 10 consecutive cycles 
(10x aspirated and 10x pushed out from the tip). 

 

 

Another way to selectively preconcentrate BRs is to use the IAC approach. For this 

purpose, we prepared anti-BRs monoclonal antibodies (mAb) whose cross-reactivity 

against BRs containing a C-2,3 diol group was over 94 % (Article 10). BRs bearing only 
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one hydroxyl at the C-3 position (teasterone, TE; typhasterol, TY) showed minimal cross-

reactivity. Structurally similar sterols commonly found in plant tissues, such as sitosterol 

and stigmasterol, did not show any cross-reactivity with this mAb. The Ab was 

subsequently immobilised on a suitable carrier, then placed into a polypropylene 

cartridge and used for the isolation of BRs from plant extracts. The reproducibility of the 

procedure was verified using tritium-labelled BRs and found to be >85 %. The increased 

selectivity of analyte isolation led to an increased signal-to-noise ratio (S/N) in the 

subsequent UHPLC-MS/MS analysis, as can be seen in Fig. 11 for BL and CS. 

 

 

 

Figure 11. MRM chromatograms of endogenous brassinolide (BL) and castasterone (CS) in 50 mg FW Brassica 
napus extracts demonstrating the increased sensitivity of UHPLC-MS/MS analysis achieved using 
immunoaffinity chromatography. (A) and (D) show chromatograms of samples purified by an SPE column only, 
whereas (B) and (C) show chromatograms for samples purified by a combination of SPE and immunoaffinity 
chromatography. The calculated signal-to-noise ratio (S/N) is displayed as a peak-to-peak (PtP) function. 

 

 

Methods for quantitative analysis of brassinosteroids 

 

 As mentioned at the start of this chapter, endogenous concentrations of BRs in 

samples of plant origin are extremely low in the ppt to ppq range (10-15 to 10-12 gg-1), i.e., 

roughly a thousand times lower than the previously described GAs (Article 9). For the 

successful detection of such low levels, it is necessary to select an appropriate sample size, 
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take care to remove substances causing a high chemical background and use an analytical 

detection method that enables a sufficiently low LOD/LOQ. The first methods used for the 

detection of BRs were bioassays in the early 1980s 77,78. They allowed measurement 

of a relatively low amount of BRs (1·10-13 to 2·10-11 mol). However, their main 

disadvantage was that they could only detect bioactive BRs (see the structural 

requirements for BR bioactivity above). Non-active BR biosynthetic precursors and BR 

metabolites cannot be detected using this approach. Later on, bioassays were used for 

testing the biological activity of new synthetic analogues. Bioassays have since been 

replaced by various types of immunoassays, mainly radioimmunoassays (RIA) 79 and 

enzyme-linked immunoassays (ELISA) 80, which have LODs of about 10-12 mol. 

Unfortunately, the mAbs used for ELISA showed high cross-reactivity with plant sterols 

other than BRs (sitosterol, ecdysone). This problem was resolved using polyclonal Abs. 

Correct running of ELISA was independently confirmed by parallel HPLC-MS analysis 

77. 

Among the instrumental techniques, mass spectrometry also came to the fore for BRs. MS 

detection was first coupled to GC separation, for which it was necessary to derivatise the 

analytes due to their non-volatility. The standard derivatisation reaction involved the 

preparation of bis-esters of bis-methane boronic acid (BSB) with BRs bearing vicinal diols 

70, 81. The principle of the reaction is similar to that shown in Fig. 9. Therefore, BRs that 

do not contain these vicinal diols, such as biosynthetic precursors located in the 

biosynthetic pathway before the C-22 and C-23 hydroxylation step (campesterol, CR; 

campestanol, CN; 6-oxoCN; cathasterone, CT; 6-deoxoCT) cannot be determined using this 

method (for structures see Fig. 8). The method can be used for both the quantitative 

analysis (LOD at the sub-ng limit) and identification of BRs in biological samples based on 

their electron impact (EI) spectrum. 

With the gradual introduction of LC, it is now possible to analyse naturally non-volatile 

BRs without derivatisation. However, owing to the absence of a chromophore, 

fluorophore or other structural properties that could facilitate detection using available 

instrumental methods, derivatisation remains the method of choice for laboratories with 

no access to MS. In addition to the UV detection of boronate derivatives at 210 nm 69, 

methods based on fluorescence 82-84 and electrochemical detectors 85 have also been 

reported. For BL, the most bioactive compound of the BR family, the LOD for UV detection 

was found to be ~100 µg, whereas fluorescence detection gave a much lower LOD at the 



TERPENOIDS 

34 
 

fg level. A LOD of 25 pg was reached using electrochemical detection of BL after its 

derivatisation with ferroceneboronic acid (Fig. 12). 

 

 

Figure 12. Structure of ferroceneboronic acid. 

 

This organometallic compound has been known since 1959 86, while the ferrocene itself 

was first prepared in 1951 87. Ferroceneboronic acid is very suitable as a redox-active 

marker for the electrochemical detection of substances containing cis-diols that have no 

redox centre in their native form. Without derivatisation and using an evaporative light 

scattering detector (ELSD), four BRs were analysed, but only at exogenous levels, as the 

method only allowed a LOD of 0.12–0.17 µg 88. 

However, the most frequently applied detection method for determining trace amounts 

of BRs remains MS during LC separation, often using an electrospray ion source operating 

in the positive mode ((+)ESI). In addition to this ionisation technique, a paper describing 

the use of atmospheric pressure chemical ionisation (APCI) has been published 89. The 

method was applied for the determination of BRs in seeds (reproductive tissue) in the 

form of naphthalene boronates using the selected ion monitoring mode (SIM), achieving 

a LOD of 2 ng for BL. However, the paper fails to discuss the sample size, extraction and 

purification procedure specifications. By applying SIM in combination with (+)ESI, a 

derivatisation method allowing detection of up to 125 attomoles of BL has also been 

published 90. Dansyl-3-aminophenylboronic acid was used as the derivatisation agent, 

which was previously applied as fluorescent label for BRs in their detection at femtomolar 

levels in tomato cell cultures 91. However, the extraction and preparation of the sample 

were unsuitable for routine analysis of a large series of samples as they required 57 g (!) 

of plant tissue. The remaining part of the sample preparation cannot be characterised as 

high throughput either: three LLE steps, thin layer chromatography (TLC) followed by RP-

HPLC fractionation. 



TERPENOIDS 

35 
 

Other LC-MS methods were also based on the preparation of BR boronate derivatives 92-

95, but the number of analytes in all these methods did not exceed 13. The method 

published by us (Article 9) enabled determination of 22 BRs without the need for 

derivatisation using RP-UHPLC with (+)ESI-MS/MS detection. It has been successfully 

applied in various biosynthetic studies (Article 11-13). Table 2 shows a comparison with 

other published methods. 

 

Table 2. Comparison of different methods for the determination of brassinosteroids. 

Method Sample amount LOD Derivatisation 
No. of 

analytes 
Ref. 

UHPLC-(+)ESI-MS/MS 50 mg 0.2-40 pg  22 Article 9 

UHPLC-(+)ESI-MS/MS 50 mg 1-50 pg  15 Article 10 

UHPLC-(+)ESI-MS/MS 100 mg 1.9-5.2 ng/l  5 72 

HPLC-(+)ESI-MS/MS 50 mg 0.8-5.7 ng/l  5 94 

HPLC-(+)ESI-MS/MS 100 mg n.m.  13 95 

HPLC-(+)ESI-MS/MS 57 g 0.1 pg  3 90 

HPLC-UV/(+)APCI-MS n.m. 2 - 4 ng  4 89 

HPLC-fluorescence 15 kg n.m.  6 91 

GC-MS 10 g n.m.  6 61 

GC-MS 541 g n.m.  4 96 

n.m. – not mentioned 

 

Let us briefly mention some details about the separation of BR using LC. Due to the 

hydrophobic nature of BRs, RP-chromatography using C18 sorbent is usually the method 

of choice. As part of our work, the separation was optimised on three RP sorbents with 

the aim of selecting one that achieved separation with the highest possible Rs value, 

especially for two pairs of positional isomers BL and 24-epiBL and castasterone (CS) and 

24-epiCS. These isomers differ greatly in their biological activity, and therefore it is 

desirable to obtain quantitative data on each of them separately. Three sorbents, i.e., BEH 

C18, CSH C18 (both Waters, Ireland) and Phenyl-Hexyl (Ascentis® Express column, 

Supelco, USA), were tested for this purpose. The mobile phase consisted of 100 % ACN 

and 10 mM FA, the combination of which achieved the highest ionisation efficiency of the 

analysed substances in (+)ESI-MS (see Article 9). The highest resolution was achieved on 
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the last-mentioned column (Fig. 13 E, F), which was recommended by the manufacturer, 

especially for separating heterocyclic compounds. 

 

 

 

Figure 13. Comparison of peak shape and peak-to-peak resolution of two pairs of BRs epimers BL vs. epiBL 
and CS vs. epiCS on Acquity UPLC®BEH C18 (A, B), Acquity UPLC® CSH™ C18 (C, D) and Ascentis® Express 
Phenyl-Hexyl (E, F) columns. Specification of the columns: both Acquity UPLC columns were 2.1 50 mm, 1.7 
µm and the Ascentis® Express column was 2.1 100 mm, 2.7 µm. Tc = 40 °C, flow-rate 0.3 mlmin-1. 

 

 

However, unfortunately, this column failed to impress when evaluating the peak width 

because it was up to two times higher than the peak widths obtained on BEH and CSH 

sorbents. Therefore, the compromise solution for RP-LC separation of these BRs isomers 

was the CSH column (Fig. 13 C, D), for which the other 11 analytes from the end of the 

biosynthetic pathway showed optimal chromatographic characteristics (Article 9). The 

remaining seven substances (BR biosynthetic precursors CR, CN, CT, 6-oxoCN, 6-deoxoCT, 

6-deoxoTY and 6-deoxoCS – see Fig. 8) from the selected group of 22 BRs could not be 

separated on the C18 sorbent because of their high hydrophobicity. Their high degree of 

interaction with the C18 sorbent did not allow them to be successfully eluted using 

common RP-LC eluents, such as ACN. Thus, the retention of this group of substances was 

tested on C4 sorbent (Acquity UPLC® Protein C4, Waters, Ireland), for which a lower level 
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of interaction was expected. The same type of sorbent was successfully used in a SPE 

format for the preconcentration of these substances from biological samples. UHPLC 

separation of the seven BR precursors was successfully achieved on a column with C4 

sorbent and a 40-100 % ACN vs. 0.1 % FA gradient in 10 min (Fig. 14, Article 9). 

 

 

 

 

Figure 14. Separation of seven brassinosteroids (group B) by ultra-high performance liquid chromatography 
(UHPLC). The UHPLC–MS chromatogram of a BR standard mixture is divided into five MRM channels (I–V) 
comprising 10 pmol of each BR per injection. 
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II.II. Other natural substances of terpenoid 

character 

II.II.1. Phytoecdysteroids and other steroid compounds 

of plant origin 

As mentioned in chapter III.I., unlike animals, plants did not evolve an endocrine system 

that secretes chemical messengers needed for intercellular communication to regulate 

their growth, development and defence against various environmental cues. However, 

they have evolved other chemical (and physical - e.g., thorns, etc.) mechanisms that fulfil 

these functions instead. The first two chapters of this thesis dealt with plant hormones. 

This chapter focuses on low MW substances that plants synthesise de novo as part of a 

chemical defence against predators, such as insects, nematodes, herbivores, etc. 

Conversely, high MW substances (proteins) are activated by cells within the plant’s 

immune system during attack by pathogens 97. Low MW substances known as 

antifeedants, insecticides and predator growth regulators, also known as endocrine 

disruptors, may be produced when a plant is attacked by predators. Substances of this 

type include phytoecdysteroids (PEs). Like BRs, PEs are polyhydroxylated natural 

steroids. Their biological effects and relations to plant hormones are covered in detail in 

Article 14. Most PEs possess a C27 carbon skeleton of cholest-7-en-6-one (Fig. 15), 

derived biosynthetically from cholesterol. Some PEs are derived from C28 and C29 

phytosterols (alkylated at C-24), and thus possess C28 and C29 skeletons. For details about 

their biosynthesis and relationship with other plant sterols, including BRs, see Articles 2 

and 14 and the summary in Fig. 16. 

 

 

 
Figure 15. Chemical structure of cholest-7-en-6-one. For the most common phytoecdysteroid 20-
hydroxyecdysone (20E), R1 = CH3, R2 = OH. The red oval indicates the chromophore 14-hydroxy-7-en-6-one. 
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All naturally occurring PEs have CH3 groups at C-10 and C-13 in the β-configuration. 

Another common feature is cis orientation of the A/B ring junction, whereas the B/C- and 

C/D-ring junctions are always trans 98. Most PEs contain an OH group in the 14- 

position. Free electron pairs on the oxygen of this group are part of a conjugated system 

(Fig. 15) that gives PEs a characteristic ultraviolet absorption with λmax at 242 nm in 

methanol. This spectral property sets them apart from BRs, which do not contain a 

chromophore. Other spectral properties described in the literature are fluorescence 

induced by sulfuric acid or an aqueous ammonia solution 99. Typical values for 

excitation and emission wavelengths are in the region of 380 and 430 nm, respectively 

100. The presence of hydroxyl groups in PE molecules is manifested by strong 

absorption of infrared light in the 3340-3500 cm-1 region 101, 102. 

 

 
 
 
Figure 16. Simplified plant biosynthetic pathway for ecdysone (E), a representative of phytoecdysteroids (PEs). 
Chenopodiceae plants* - spinach Spinacia oleracea (Adler and Grebenok, 1995; doi 10.1007/BF02537830). 
This pathway was also confirmed for Ajuga reptans belonging to the Lamiaceae family (Ohyama et al., 1999; 
doi 10.1016/S0968-0896(99)00243-6). 

https://link.springer.com/article/10.1007/BF02537830
https://www.sciencedirect.com/science/article/pii/S0968089699002436
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Development and optimisation of a method for preconcentration and trace analysis of 

these substances is part of a forthcoming publication. Therefore, they are not discussed in 

detail here. A small part of the results obtained from application of this microscale method 

is presented in Fig. 17. Nevertheless, it is noteworthy that the technical advances in 

analytical instrumental techniques have significantly contributed to the detection of PEs, 

even in plant species previously considered PE-free species. One such species is 

watercress Lepidium sativum, which is dealt with in Article 15, which reports a study of 

the interaction of these substances with BRs. 

 

 

 

 
Figure 17. Profile of phytoecdysteroids in 10 mg samples from various plant species. Seeds of Leuzea 
carthamoides seeds (A), Ajuga reptans (B) and another four species (C). Abbreviations of PEs: 20E - 20-
hydroxyecdysone; polB - polypodine B; ponA - ponasterone A; stachC - stachysterone C; ajuC - ajugasterone C; 
makC - makisterone C. Tarkowská, in preparation. 
 

From a physiological perspective, PEs are not classed as plant hormones because they do 

not occur in all plant species. Their concentrations are often higher than those typical of 

plant hormones and their receptors have also not yet been identified in plants. The group 

of PEs is relatively large and includes around 300 substances identified in more than 100 

species of terrestrial plants 103. As mentioned above, their biological function is 



TERPENOIDS 

41 
 

probably the defence of plants against attack by invertebrate predators trough reducing 

their appetite (antifeedant properties) or disrupting their development by interfering 

with their endocrine system (endocrine disruption), which can reportedly result in the 

death of the invertebrate individuals 104-106. In addition to the effect of PEs on 

invertebrates, the effect of these substances on the health of mammals, including humans, 

is relatively well-studied. The human diet contains many plant-based foods rich in PEs, 

and people may also consume preparations from medicinal plants with a range of PE 

content. Currently, they are most often encountered as adaptogens 107, i.e., substances 

that help the body to strengthen its stress resistance and adapt to stressors. Most of the 

data published so far focus on the anabolic effect of PEs, especially in the 1970s and 1980s, 

after it was shown that the most frequently occurring PE in plants, 20-hydroxyecdysone 

(20E), causes increased proteosynthesis in mice 108. The anabolic effect increases 

muscle mass owing to a sufficient supply of proteins, and hence increases physical 

performance without training. Interestingly, this effect was reached without the negative 

side effects known for other steroid substances, as demonstrated in various animal 

models (rats, mice, pigs, etc.) 109-111. Among the other proven effects of PEs on 

mammals, antiglycemic, antioxidative, antimicrobial, antiosteoporotic and other effects 

have been reported 112. The plants richest in PEs often belong to the genus 

Chenopodium, such as spinach Spinacia oleracea or quinoa Chenopodium quinoa 113, 

114. Several medicinal plants are also rich in PEs, such as Maral root Leuzea carthamoides 

115, Ajuga reptans 116 and many others 117 - Fig. 17. 

 Two other groups of steroid substances of plant origin with the ability to modulate 

the development of plant predators are phytoestrogens and phytoandrogens. They 

generally affect the fertility of predators (most commonly insects and vertebrates such as 

herbivores) to reduce their cumulative attacks on plants. The success of such a defence 

depends on the direct synthesis of reproductive hormones or the synthesis of substances 

that mimic the function of vertebrate reproductive hormones 118. From this point of 

view, the above-discussed (chapter II.I.1.) diterpenic gibberellic acid GA3 can also be 

classified as a phytoestrogen, which, in addition to the earlier mentioned stimulating 

effect on the growth and differentiation of plant cells, has been observed to have a 

stimulating effect on the growth and proliferation of uterine cells in experimental 

mammals (rats) 119. Many studies have also reported its androgenic effects (cress 

growth in male chickens, increased sexual activity in male rabbits) 120, 121. 
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But back to the topic of phytoestrogens. As the name implies, phytoestrogens act like 

oestrogens in the animal kingdom, i.e., they control female fertility 122. Phytoandrogens 

act similarly and are thought to be synthesised in the plant cell primarily to suppress the 

fertility of male predators. Unlike the relatively well-studied occurrence of 

phytoestrogens, there is very little information about phytoandrogens. Most often, both 

groups are mentioned in connection with human health, as plants rich in them are 

successfully used in herbalism, i.e., using plants for therapeutic and preventive purposes. 

The ability of plants to synthesise these substances is often ignored, and it is usually 

assumed that these substances are found only in the animal kingdom, as outlined in the 

review attached to this thesis as Article 1. This is partly because our knowledge of their 

biosynthesis in plant cells is relatively limited. Previously, it was assumed that C18-C21 

steroid compounds are formed in the cytosol of plant cells from cholesterol by the same 

processes as has been observed in animals, where the sex hormones are formed from 

progesterone (PRG; C21H30O2) by successive oxidation steps, both at C-17 and at C-19 

123. However, studies with 3H and 14C-labelled precursors showed that dominant higher 

plant C29 sterols β-sitosterol (24-ethylcholesterol) and its Δ22-analogue stigmasterol, as 

well as C28 campesterol, could also serve as PRG precursors 124,125. A simplified 

scheme of the biosynthetic relationships between C18-C21 steroids in plants is shown in 

Fig. 18. 

 

 

 

 
Figure 18. Simplified scheme of biosynthetic relationships between plant sterols and C18-C21 steroid 
compounds. BRs – brassinosteroids; PEs – phytoecdysteroids. 
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This is also demonstrated in Fig. 19, which shows the levels of common phytosterols 

(ng·g-1 DW), PRG, oestrogens and androgens (pg·g-1DW) in seeds of various plant species. 

The data were obtained by two methods developed for microscale preconcentration and 

analysis of these substances in plant sources (Tarkowská et al., unpublished). 

 

 

 
Figure 19. Profiles of C18-C21 steroids (A) and phytosterols (B) in 10 mg of seeds of various plant species 
(Tarkowská et al., in preparation). MeCHS, 24-methylenecholesterol. 

 
Phytoestrogens are often used in herbal preparations to help alleviate troublesome 

symptoms in women, especially during the menopausal period and the so-called 

premenstrual syndrome (PMS) 126. In both cases, problems arise due to an 

unfavourable ratio of oestrogens to other steroid hormones. In the case of PMS, levels of 

oestrogen and prolactin are increased vs. decreased progesterone levels in the second half 

of the menstrual cycle. In the case of the menopause, levels of oestrogen and progesterone 

decrease owing to the suppression of ovarian function. An insufficiently high oestrogen 

level is then manifested by symptoms such as hot flashes, depression, mood changes, 

sleep disorders, vaginal dryness and joint pain 127. Primarily, these symptoms can be 

alleviated by hormone replacement therapy. However, epidemiological data have shown 

that a diet rich in phytoestrogens, a rich source of which is soy, chickpeas and other 

legumes 128, reduces the number of hot flashes, the incidence of cancer and moderates 



TERPENOIDS 

44 
 

other symptoms associated with a lack of oestrogens 128, 129. For this reason, women 

are increasingly consuming foods rich in phytoestrogens and seeking phytoestrogen 

herbal preparations as an alternative therapy 130. The fact that hormone replacement 

therapy can lead to a slight but significant increase in the risk of developing breast and 

endometrial cancer has also played a role 130-133. 

II.II.2. Indole alkaloids 

 

Alkaloids are another group of low MW substances that are assumed to be 

synthesised de novo by plants as part of a chemical defence against attack, especially by 

herbivores and pathogens. Considering that plants spend a relatively large amount of 

energy on their synthesis and at the same time must possess highly specialised enzymes 

for this, it might be assumed that alkaloids in plants fulfil another, as yet unexplained, 

function. During the 200 years since the discovery of the first alkaloid morphine (1806), 

around 20,000 compounds of this type have been isolated in roughly 20 % of plant species 

134. However, the isolation of a given alkaloid has not always been coincident with 

elucidation of its structure until the beginning of the development of physicochemical 

methods in the 1950s. For example, 162 years passed from the isolation of caffeine to the 

discovery of its structure. 

The group of alkaloids is structurally very diverse. Still, as their name indicates, they are 

all substances of an alkaline character. Their common structural feature is a heterocycle 

with at least one incorporated nitrogen atom, which originates biosynthetically from one 

of the following amino acids – ornithine, lysine, phenylalanine, tyrosine, tryptophan or 

histidine. For the work detailed in Article 16, a group of alkaloids derived from 

tryptophan (Trp) was selected - Fig. 20. In the literature, they are also called indole 

alkaloids (IAs), as the basis of their structure is the indole skeleton (marked in blue in 

Fig. 20). 
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Figure 20. Chemical structures of tryptophan (Trp) and its structurally derived indole alkaloids. The indole 
skeleton is marked in blue. 

 

Most IAs also contain isoprenoid building blocks formed via both known isoprenoid 

pathways—the mevalonate pathway (MVA) and the non-mevalonate pathway, also called 

the 2-C-methyl-D-erythritol 4-phosphate pathway (MEP) – see Article 2. According to the 

structure of the terpene unit, IAs can be classified as simple IAs (possessing one C5 unit) 

or terpene IAs (possessing two C5 units, i.e., containing 9–10 carbons). Simple IAs are 

derivatives of tryptamine (Fig. 20), a decarboxylation product of Trp 135. Well-known 

members of this group are psilocin and psilocybin, alkaloids isolated from the Psilocybe 

genus species. The subjects of interest of this thesis are terpene IAs formed from 

tryptamine and a C10 terpene unit, commonly called monoterpenoid indole alkaloids 

(MIAs). It is the largest group of alkaloids in the plant kingdom, consisting of over 2,000 

compounds of the 10,000 alkaloids identified so far 136. In addition to the above-

discussed significance of alkaloids for plants, these substances have been shown to have 

certain pharmacological effects in mammals, which is why these secondary metabolites 

have been isolated from various medicinal plants. Among MIAs, harmala alkaloids are 

the most important representatives – Fig. 20. They are named after the plant Peganum 

harmala, from which they were isolated for the first time [137]. The group includes 

harmine, harmaline (see Fig. 20), harmalol, harmol and tetrahydroharmine. They are 

potent monoamine oxidase inhibitors (MAO, EC 1.4.3.4), i.e., they can decrease the 
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degradation rate of monoamine neurotransmitters, enabling them to be used as 

antidepressants [138]. They are also present in hallucinogenic preparations, such as the 

psychedelic drink ayahuasca, which is brewed in some countries to enhance the activity 

of amine hallucinogenic drugs. However, the ingestion of plant preparations containing 

harmala alkaloids may result in toxic effects, namely visual and auditory hallucinations, 

nausea, vomiting, confusion, agitation and low blood pressure [139]. Two other MIAs of 

interest in this thesis, yohimbine and ajmalicine (Fig. 20), are present in many plant 

species, especially Rauvolfia and Catharanthus genera. Their main therapeutic effects are 

antihypertensive and antiarrhythmic [140,141]. Some studies have also shown an 

antitumor effect [142,143]. 

Although the occurrence of MIAs is relatively well-known, approaches for microscale 

extraction and sample pretreatment prior to their determination by sensitive analytical 

methods are limited. Moreover, the relative distribution and content of alkaloids in plants 

are often inconsistent or not well-established. Therefore, our work aimed to establish a 

fast, reliable and high-throughput method for the determination of four 

pharmacologically significant substances of the MIA family for rapid testing of their 

content in food supplements of plant origin. In many countries, products of this type are 

not thoroughly controlled for active and other substances. Thus, these natural products 

may be dangerous to some individuals. By increasing the selectivity of the 

preconcentration procedure by reducing the sample size, using SPE with a mixed mode 

sorbent (mixture of C18 and cation-exchanger) and introducing selective MS detection 

(MRM mode), we were able to detect these compounds in previously unpublished plant 

materials. 

 
 
Extraction and preconcentration of indole alkaloids 
 

The first chapter of this thesis concerned representatives of secondary metabolites with 

an acidic character (gibberellins), the next chapters discussed neutral substances (steroid 

alcohols), and this chapter is dedicated to plant terpenoid secondary metabolites with a 

basic character. The dissociation constants (pKa) of four selected compounds from the 

MIA group ranges from 6.31 (ajmalicine) to 9.55 (harmaline) [144,145]. Therefore, a basic 

reagent is suitable for the extraction of these substances. The reagent should also contain 

an organic solvent so that the hydrophobicity of the reagent matches the hydrophobicity 



TERPENOIDS 

47 
 

of the indole skeleton (Fig. 20) of the extracted compounds. Most studies have used 

ethanol [146], methanol [147,148], 60 % (v/v) aqueous methanol solution [149] or 

chloroform [150,151]. The basic component is often added to the extract in the form of 

ammonium hydroxide NH4OH. Either the plant material is wetted with it before extraction 

with the organic solvent [149, 150] or it is added afterwards [147, 148, 151]. In our 

experiments, 60 % MeOH containing 0.25 % NH4OH was found to be most appropriate 

(Article 16). For the purification of crude extracts containing MIAs, a mixed-mode solid 

phase extraction (SPE) sorbent, Bond Elut Plexa PCX, with cation-exchange properties 

was used to effectively retain MIAs on the sorbent, while substances with acidic 

properties and neutral substances were removed from the sample matrix. Using the 

extraction and preconcentration procedure described in Article 16, the recoveries of 

monitored alkaloids from the PCX sorbent ranged from 51.1 % to 87.7 % (harmine). 

 
 

Methods for quantitative analysis of indole alkaloids 
 
Several chromatographic methods are suitable for the qualitative or quantitative analysis 

of MIAs. LC has been performed in a HPLC [152,153] or high-performance thin layer 

chromatography (HPTLC) mode [154,155]. Among LC-based methods, LC-UV is the 

simplest and most feasible way for detecting indole derivatives since they exhibit 

absorption in the range 200-400 nm, showing two to four absorption bands depending on 

the substituent of the indole ring [156] - Table 3. 

 

Table 3. UV maxima for selected indole alkaloids. 

Compound max (nm) 

harmine 241, 301, 336 

harmaline 218, 260, 344, 376 

ajmalicine 226, 291 

yohimbine 226, 291 

 

Another option is the derivatisation of MIAs to incorporate a fluorescent centre into the 

molecule that can be used for its detection. For example, derivatisation with acetic acid 

anhydride leading to the formation of acetoxy derivatives with fluorescent properties has 

been reported for -carbolines (harman, harmol and their nor-counterparts) [157]. In the 

last decade, the LC-MS approach has been the predominant technique for the detection of 
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indole derivatives [154,158-161]. It offers many advantages for the analysis of these types 

of compounds, mainly speed and sufficient sensitivity. 

A GC-MS approach has also been used for the analysis of IAs, either after derivatisation 

using pentafluorobenzyl derivatives [156] or without a derivatisation step [153]. 

Several methods have also been developed for the analysis of MIAs based on CE or 

micellar electrokinetic chromatography (MEKC) separation with UV or MS detection 

[162-165]. Moreover, direct analysis in real time coupled to mass spectrometry (DART-

MS) has been successfully applied to monitor the distribution of MIAs in plant tissue 

[166,167. DART is a plasma-based ambient ionisation technique that enables the rapid 

ionisation of small molecules with high sample throughput. Its coupling to MS could 

potentially be a sensitive tool for the analysis of small molecules (LOD  pmol), with 

acquisition times of up to 60 s. 

Among electrochemical methods, voltammetry has been used for the analysis of 

ajmalicine [168]. The procedure involved a glassy carbon electrode modified with gold 

nanoparticles (GCE/AuNPs). Under the experimental conditions, ajmalicine provided a 

well-defined oxidation peak at a potential of +0.8 V vs. Ag/AgCl. The method showed a 

dynamic range for concentrations from 5 to 50 µM with a LOD of 1.7 µM. The authors 

reported that the effect of possible interferents (yohimbine, reserpine) appeared to be 

negligible. Further, a boron-doped diamond electrode has been used for the 

determination of harmaline in natural food products [169]. Under optimised 

experimental conditions, a LOD of 0.2 µM was obtained. 

In our work, a fast, reliable and robust method of determination of four selected alkaloids 

with an indole skeleton, i.e., harmine, harmaline, yohimbine and ajmalicine, based on 

UHPLC-MS-MS was developed. Details of the method are described in Article 16. The 

method was shown to be suitable for fast screening of the mentioned compounds in plant 

tissue extracts as well as natural foodstuffs and beverages (often associated with 

fermentation processes, such as in the production of wines, beer, soya bean products and 

vinegar [170]). For LC separation of the four MIAs of interest, two RP columns were 

tested: a UHPLC column with a sorbent containing a phenyl-hexyl group that was 

designed for selective retention of polyaromatic compounds through – interactions 

(Acquity UPLC® CSH Phenyl–Hexyl, 2.1  50 mm, 1.7 µm; Waters, Ireland) and a UHPLC 

column with C18 particles made by technology offering a superior peak shape for basic 

compounds under weak ionic strength mobile-phase conditions (Acquity UPLC® CSH, 
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2.1  50 mm, 1.7 µm; Waters, Ireland). A critical pair of compounds for separation were 

harmine and harmaline, as they differ by only one double bond (see Fig. 20). The phenyl-

hexyl CSH column offered better resolution of this pair and was used for further 

experiments to examine the influence of the mobile phase pH and composition. The best 

ionisation efficiency was obtained when using ACN and 10 mM ammonium acetate (AA) 

as mobile phase components. Because of the high pKa of harmaline (9.55 - see above), it 

was necessary to keep the pH of 10 mM AA above this value to ensure an acceptable peak 

symmetry. Indeed, the best peak symmetry was achieved when using 10 mM AA adjusted 

to pH 10.0 (Article 16). The other three studied substances also showed satisfactory peak 

shapes under these conditions – Fig. 21.  

 

 

 
 
 
Figure 21. UHPLC–MS/MS chromatogram of a four-indole-alkaloid standard mixture on an Acquity UPLC® 
CSH Phenyl–Hexyl column using acetonitrile and 10 mM ammonium acetate; pH 10.0. 
 

 

Detection of the analytes was performed using (+)ESI-MS in the MRM mode. The lowest 

LOD/LOQ was found for yohimbine (0.01/0.05 pg), whereas the most basic harmaline 

showed the highest values (0.31/1.04 pg). A comparison of the newly developed method 

parameters with those published earlier, mainly the LOD and amount of tissue needed for 

analysis, is provided in Table 4. 
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Table 4. Comparison of different methods used for the determination of indole alkaloids. 

Instrumental 
method 

Amount of 
tissue 

Type of tissue Limit of detection Reference 
Capacity of the 

method 

UHPLC–(+)ESI–
MS/MS 

5 mg whole plant 0.01–0.31 pg 
method 

presented 
4 IAs 

HPLC–UV n.a. whole plant 0.77–56 mg·g−1 138 2 IAs 
HPLC–UV 0.1 g roots 6–8 µg·ml−1 152 3 IAs 
HPTLC n.a. seeds n.a. 171 4 IAs 
HPLC–UV 1 g seeds 0.01-0.05 µg·ml−1 172 2 IAs 
HPLC–UV n.a. cell culture n.a. 173 22 IAs 
UPLC/IM–
QTOF–MS * 

0.1 g yohimbe bark n.a. 149 55 IAs 

MEKC–UV/LIF n.a. none n.a. 163 6 IAs 
HPLC–(+)ESI–
QTOF–MS/MS 

50 g roots n.a. 146 47 IAs 

HPLC–UV–MS 0.5 g 
aphrodisiac 

products 
3-60 ng·ml−1 174 1 IA 

HPLC–UV 2 g roots 0.05-0.39 µg·ml−1 153 5 IAs 
HPLC–UV 5 g roots n.a. 175 6 IAs 

*ultra-performance liquid chromatography/ion mobility quadrupole time-of-flight mass spectrometry; LIF, laser-
induced fluorescence; IAs, indole alkaloids; n.a., not available. 

 

 

The applicability of the method was demonstrated for tobacco and Tribulus terrestris 

plant tissue, seeds of Peganum harmala and extract from the bark of the African tree 

Pausinystalia johimbe. The experimentally obtained data on the occurrence of individual 

alkaloids in each tissue agreed with the available literature, except for the presence of 

ajmalicine and yohimbine in Tribulus terrestris, which was detected in this plant species 

for the first time. 

Furthermore, although there are no reports indicating that MIAs are present in tobacco 

Nicotiana tabacum, the newly developed UHPLC-MS/MS method detected these 

substances in this plant. In the experiment, 30-day-old tobacco plants were divided into 

ten parts – leaves at different developmental stages, roots, stem and flowers (Fig. 22). 

Analysis of the individual tissue types revealed that the highest content was that of 

yohimbine, representing 89.6 % of the total amount of all four detected IAs (Fig. 22). 
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Figure 22. Left – 30-day-old tobacco plant Nicotiana tabacum cv. Petit Havana SR1, wild type. Scheme of 
division into individual parts according to type and age of tissue before extraction and analysis by LC-MS/MS. 
Right - distribution of individual indole alkaloids in 30-day-old Nicotiana tabacum plants. The data represent 
the mean of three independent determinations. 

 

 

The analysis of tobacco showed that this plant species has biosynthetic apparatus capable 

of synthesizing IAs de novo. This was the second new finding related to MIAs that had not 

previously been published. It is interesting, especially as several studies have described 

the inhibition of MAO activity in tobacco smokers [176,177]. Exposure to cigarette smoke 

or saliva from smokers was shown to inhibit MAO in different tissue preparations 

[178,179]. The authors suggested that MAO inhibition is likely due to the direct action of 

inhaled smoke [180]. According to the results related to the above-described endogenous 

levels of MIAs, it can be hypothesised that MIAs in inhaled smoke from tobacco products 

might participate in the observed inhibition of MAO activity. 
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II.III. Role of the matrix in trace analysis of 

samples of biological origin 

 
As mentioned above, the composition of the matrix of biological samples plays an 

extremely important role influencing the success of detection of trace substances. For 

plant samples, it is also important to consider both the plant species and type of tissue 

being analysed. Indeed, different plant species can have a significantly different matrix 

composition (different ratios of interferents such as lipids, saccharides, etc.). In the same 

plant species, different tissues may also have a different matrix composition, e.g., shoot 

tissues vs. roots. Hence, it is important to optimise each preconcentration procedure for a 

given plant species and modify it when analysing another plant species. As part of these 

optimisation steps, it is necessary to include an experiment to optimise the sample tissue 

size vs. response of endogenous substances and internal standards. Without their use, 

trace analysis does not provide reliable and accurate results, even when using the most 

modern analytical devices. The factor that mathematically describes the effect of the 

biological matrix on the determination of analytes is called the matrix effect (ME). In MS 

analysis, it causes changes in the ionisation efficiency of the analyte in the ion source due 

to the presence of interfering substances originating from the biological matrix of the 

sample [181]. ME manifests as the detection of lower amounts of analytes than is actually 

the case, which significantly affects the results of quantitative analysis. Therefore, in the 

case of plant hormones, as well as other substances occurring in trace quantities in plant 

tissue, a key step in sample preparation is optimizing the weight of biological material 

(plant tissue) needed for the quantification of these substances. The aim is to determine 

the amount of tissue that produces the maximal response of individual analytes in the LC–

MS analysis. Figure 23 shows how the situation may vary even for two analytes from the 

same plant hormone family (GAs). For instance, in 2 mg of tissue, some GAs show a 

relatively high response (GA19, Fig. 23A), whereas others are close to the LOQ (GA29, Fig. 

23B). This figure also demonstrates the significant influence of the tissue water content, 

i.e., whether the plant material is extracted as fresh (FW) or dry weight (DW; freeze-

dried). The internal standard recovery is more affected for the DW than for the FW (Fig. 

23 C, D). 
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Figure 23. Demonstration of the matrix effect - dependence of the endogenous hormone response (A, B) and 
recovery of deuterium-labelled gibberellin internal standards on the amount of biological tissue (30-day-old 
Arabidopsis thaliana, ecotype Colombia) – C, D. The data/error bars represent the mean/standard deviation 
of three independent determinations. 

 

A similar situation can be observed for selected BRs (Figure 24) or MIAs (Figure 25). For 

BRs appearing at the level of fmol·g-1 in vegetative tissue, it was found that extraction 

using the DW was better than using the FW because the low quantities of BRs were 

significantly “diluted” by a high content of water and appeared close to the LOQ (Fig. 24 

A, B). On the other hand, the amount of DW should be in the range of 2-5 mg to ensure an 

acceptable internal standard recovery (Fig. 24 C, D). Only in that case is the final 

concentration of hormone close to the correct value (response 𝑅 =
𝐴𝑒

𝐴𝐼𝑆
∙ 𝑐𝐼𝑆 where Ae is a 

peak area of endogenous substance, AIS is a peak area of internal standard, and cIS is a 

concentration of internal standard). 
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Figure 24. Demonstration of the matrix effect - dependence of the endogenous hormone content (A, B) and 
recovery of deuterium-labelled brassinosteroid internal standards on the amount of biological tissue (30-day-
old Arabidopsis thaliana, ecotype Colombia) – C, D. The data/error bars represent the mean/standard 
deviation of three independent determinations. 
 

MIAs occur in plant tissue at far higher concentrations than those of plant hormones. 

Some of them have been found at levels of µmol·g-1 (Fig. 25 A), whereas others were at 

nmol·g-1 (Fig. 25 B). Harmine was detected in yohimbe bark tissue but at levels about fifty 

times lower than those of ajmalicine, and therefore are not shown. Harmaline was not 

detected in this type of tissue. As evident from Fig. 25 A, B, the optimal DW for extraction 

determined to be about 5 mg to ensure that the recovery of the internal standard was not 

significantly affected by the sample matrix and the levels of endogenous substances were 

acceptable. 
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Figure 25. Demonstration of the matrix effect - dependence of the endogenous indole alkaloid content (A, B) 
and recovery of methyl-13C, D3-yohimbine internal standard (C) from biological tissue (yohimbe bark). The 
data/error bars represent the mean/standard deviation of six independent determinations. 
 

 

The above examples clearly show that the slogan "more sample, greater chance of 

successful detection" does not apply in trace analysis. 
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III.Conclusions and outlook 

The sample preparation and trace analysis of natural signalling molecules are 

challenging because of their wide variety of chemical properties and very different 

biological roles in the tissues of origin. Among the instrumental analytical techniques 

used in this research area, LC-MS has become the most versatile, rapid and sensitive 

technique for the detection of these small molecules in the last two decades. The LC-

MS methodologies presented in this thesis represent an improvement or extension to 

previously established methods or the development of completely new methods. 

Emphasis is placed on the most efficient method for preconcentration of low-

abundance analytes from a complex biological matrix, the high throughput capabilities 

of the procedure and highly accurate quantification using the isotope dilution method. 

The approaches presented in this thesis could serve as powerful tools in biological and 

biochemical studies to elucidate the biosynthesis and metabolism of the mentioned 

substances and their mechanisms of action. Some of the methods have been designed 

for applications in food quality control. 
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