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Introduction 

The innate curiosity of humans drives them to investigate and comprehend the unknown. 

The earliest attempts at explanation by pioneering women and men in science established 

the groundwork for what would become the field of analytics. Today, the field of analytics 

covers various interconnected disciplines, each holding its own significance.  An important 

area within analytics is the study of the metabolome, which focuses on investigating products 

released by metabolic reactions in organisms [1]. By examining metabolites and their 

interactions in the discipline of metabolomics, researchers can gain valuable insights into 

biological and chemical processes. This knowledge contributes significantly to our 

understanding of life. Metabolomics finds applications across various organisms and 

ecosystems in examining their biochemical pathways [2] and identifying biomarkers [3]. It 

is essential for pharmaceutical research, environmental sciences, clinical investigations, as 

well as in nutrition and agricultural studies. 

1. The impact of food metabolomics on nutrition and food processing 

As part of foodomics, food metabolomics applies advanced analytical techniques to study 

the metabolites present in food and those resulting from human metabolic processes after 

food consumption [4]. It has wide-ranging applications, from the routine monitoring of 

contaminants [5] and improving food processing [6] to understanding the impact of food on 

human health [7].  

The consumption of food implies biochemical transformations during the digestive process 

that enable the human body to access nutrients, minerals, and as well as potentially harmful 

substances. As food enters the oral cavity, digestion starts and the bolus passes through the 

oesophagus into the gastrointestinal tract and ends in the colon, where undigested matter is 

excreted through the anus (Figure 1). According to the LADME model [8, 9], the metabolic 

processes of substances within organisms, including those found in food, occur in five 

distinct phases: Liberation, Absorption, Distribution, Metabolism and Excretion. The organs 

of the digestive system (mouth, stomach, and intestines) establish an optimal environment 

for the decomposition of food into its constituent parts [10–13] and liberate them into their 

respective digestive fluids. Once released, these substances are absorbed into the circulatory 

system and distributed to their target locations in the human body where they undergo 

metabolism. If not required elsewhere in the body, they are excreted via urine or faeces. 

However, metabolism does not occur exclusively after absorption into the circulatory 
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system; the process begins immediately as soon as digestive fluids come into contact with 

food. Digestive fluids, which contain enzymes and bacteria, contribute to the creation of an 

optimal environment and support further release of nutrients via direct enzymatic conversion 

or bacterial metabolism [10–14]. The survival of the human body relies on the metabolism 

of the macronutrients carbohydrates, lipids, and proteins as they are a sophisticated source 

of energy [15]. The body can directly absorb only a limited number of small-molecule 

macronutrients [16]. The majority require an initial breakdown through enzymatic digestion 

(Figure 1). 

 

Figure 1 The human digestive system consisting of the digestive organs mouth, stomach, and 

intestines including their most important enzymes and the corresponding metabolic reactions. 

AI-generated image mixed with an image from hatchcr (Vecteezy.com). 

The initial stage is oral digestion, which involves α-amylase, the most prevalent salivary 

enzyme [17]. Known as amylolysis, α-amylase metabolises starch, converting it into its 

smaller molecules such as maltotriose, maltose, and glucose [18, 19]. Saliva also contains 

antibacterial enzymes such as lysozyme, lactoperoxidase, lactoferrin , and immunoglobulin 

A, which maintain a healthy oral microbiota [20].  

Carbohydrate metabolism is crucial not only for survival but also for investigating starch 

bioavailability [18, 21]. In the last decades, dietary trends have shifted towards an excess of 

carbohydrates, leading to widespread obesity and its associated health issues emerging as a 

major concern for modern society [22–24]. The effects of carbohydrate intake on human 

health can be determined by various factors including the diverse botanical origins of starch 

[25], genetically engineered crops [26], different flour milling techniques (refined or whole 

grain) [27, 28], and food preparation methods such as cooking, baking, and serving [29, 30]. 
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Carbohydrate-rich foods not only supply energy through starch but also contain dietary fibres 

(non-digestible or partially digestible polysaccharides). They escape amylolysis because of 

their molecular structure, which is inaccessible to α-amylase, and some become fermented 

in the gut. However, dietary fibre intake is poor in modern diets and a daily intake of 20–30 

g is recommended [31, 32]. They serve a dual purpose: they counteract excessive calorie 

intake by rapidly promoting satiety and enhancing human health through beneficial 

metabolites produced during fermentation [33]. Furthermore, the investigation of cereal-

based foods also plays an important role in the field of food metabolomics regarding 

intolerances such as coeliac disease and allergies caused by metabolites [34]. In addition to 

nutritional aspects of carbohydrates, analysis of the metabolic profile of food plays a decisive 

role in food fraud investigations. The geographical and botanical origin of exemplary honey, 

as well as any unauthorised addition of sugars, can be verified by chemometric analysis of 

its carbohydrate profile [35]. Concluding, the detailed analysis of the carbohydrate profile 

of foods is of major interest. 

However, not all metabolic pathways in the human body are as well-known as amylolysis. 

For example, the secretion of lipase in saliva by acinar cells [36]. No matter of lingual, 

gastric or pancreatic lipase, they catalyse the conversion of triacylglycerols into free fatty 

acids (FA) and 2-monoacyglycerols [37, 38]. Although lingual lipase may exist, it is the 

gastric lipase in the stomach that is crucial for newborns, as their pancreatic lipase secretion 

is not yet fully developed [39].  

Similar to the trend observed for carbohydrates, the consumption of fats has increased in 

recent years, resulting in health problems such as obesity and cardiovascular diseases  [24, 

40, 41]. Nutritional guidelines suggest limiting fat intake to 30–35% of the total energy 

consumption, as lipids have the highest caloric density among macronutrients [31, 42]. 

However, FAs, as metabolites of digestive lipolysis, not only function as an energy source 

but also fulfil numerous other roles within the human organism. They contribute to 

intercellular communication, regulate metabolic activities, and are part of the cellular 

membrane [43]. FAs are categorised as either saturated or unsaturated, with the latter 

containing at least one double bond in their structure. In the typical diet, the predominant 

saturated FAs are lauric acid (C12:0), myristic acid (C14:0), palmitic acid (C16:0), and 

stearic acid (C18:0). Conversely, oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid 

(C18:3) represent the most frequently consumed unsaturated FAs [44–46]. While FAs of 

atypical lengths (shorter or longer) are found in trace amounts in our diet, they serve 

important functions in human physiology. The body can produce most of these FAs 
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independently, with linoleic acid (ω-6) and linolenic acid (ω-3) being exceptions that must 

be obtained from dietary sources [47]. Experts suggest an optimal dietary ratio of ω-6 to ω-

3 FAs, ranging from 1:1 to 5:1 [48]. This recommendation has led to an expanding market 

for nutritional supplements, as the typical diet is notably deficient in ω-3 FAs [48]. In 

general, a lower intake of saturated FAs compared to unsaturated FAs is recommended, as 

realised by the Mediterranean diet [49, 50]. Concluding, the analysis of the comprehensive 

FA profile of plant-based and animal-derived food is of major importance to support an 

optimal diet and facilitate the development of more nutritionally beneficial processed food. 

In addition, examining the metabolic profile of fats can reveal food adulteration, which is 

frequently used to assess olive oil composition [35]. 

Proteins, along with lipids and carbohydrates, represent the third macronutrient to be 

discussed. In the stomach, initial protein breakdown occurs through the action of the protease 

pepsin into smaller peptide fragments. Following their transport to the small intestine, these 

peptides undergo further enzymatic digestion via pancreatic proteases such as trypsin and 

chymotrypsin. [51] The breakdown of peptides yields smaller peptides and amino acids 

(AA), which are essential for either supporting the body's internal protein synthesis, 

undergoing oxidation to function as an energy source or neurotransmitter [52, 53]. In 

humans, 21 of the numerous AAs are proteinogenic and act as precursors for the synthesis 

of proteins. Nine of those 21 AAs (histidine, isoleucine, leucine, lysine, methionine, 

phenylalanine, tryptophan, threonine, and valine) are categorised as essential and must be 

obtained through dietary intake. [52] Beside the amino acid profile of food, proteins are of 

great interest to the food processing industry. As plant-based diets grow in popularity, 

alternative protein sources have gained the focus of research, particularly in the context of 

processed foods. Within a few years, plant-based meat alternatives have emerged as the most 

lucrative products in the protein food sector. Their success has been so remarkable that 

certain companies have ceased production of their traditional meat offerings [54]. Moreover, 

the food industry has acknowledged the growing health trend of fighting against poor 

modern nutrition and is constantly developing innovative products, such as high -protein 

dairy products, sweets, or bars enhanced with supplementary proteins. Thus, protein, peptide 

and AAs profiles are important in the field of food metabolomics and of great interest in the 

food industry. 

The intestinal tract, comprising the small and large intestines, represents the most 

sophisticated organ of the digestive system, where the chyme, departing from the stomach, 

is further metabolised. In addition to the three most prevalent pancreatic enzymes (α-
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amylase, lipase, and the proteases trypsin and chymotrypsin), a diverse microbial 

community, including numerous bacteria, bacteriophages, human viruses, and yeast, 

colonises the intestinal tract. The human microbiota contains trillions of microorganisms that 

support the health and digestion of the human body. [55, 56] Over the past few years, the 

significance of the gut microbiome in food digestion has been greatly underappreciated, 

resulting in its own distinct field, known as microbiome metabolomics. Complementary to 

amylolytic, lipolytic, and proteolytic metabolism, the microbiota metabolises a variety of 

other nutrients contained in food, making them accessible to the human body.  The gut 

microbiome is strongly individual, and digestive disorders often arise from imbalanced 

microbial gut colonisation [55, 57]. In response to these concerns, the food and 

pharmaceutical industries offer an array of supplements. The probiotic microorganisms 

Lactobacillus and Bifidobacterium, along with prebiotic substances such as inulin or 

fructooligosaccharides, are available as dietary supplements or food additives [57–59]. As 

an innovative medical treatment, faecal microbiota transplantation from healthy donors is 

being extensively researched across various scientific disciplines [60, 61]. 

However, the complexity of the human digestive system and the discipline of food 

metabolomics encompass numerous other factors, including individual physiology, 

environmental influences, genetics, medication and drugs, sex, age, and culture.  In 

conclusion, metabolites play an important role in nutrition and digestion and are essential 

for both survival and human health. Therefore, the pharmaceutical and food industries are 

committed to advancing research on drug development, dietary supplements, and food 

processing. 
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2. Analytical techniques in food metabolomics 

A wide range of analytical methods are available for examining enzymes and metabolites, 

ranging from sophisticated approaches, such as mass spectrometry (MS) linked to high-

performance liquid chromatography (HPLC) or gas chromatography (GC) and nuclear 

magnetic resonance spectroscopy (NMR), to simpler techniques, such as spectrophotometric 

assays and high-performance thin-layer chromatography (HPTLC). [7, 62–64] 

2.1. Liquid and gas chromatography coupled to mass spectrometry 

One of the main analytical techniques used to evaluate the food metabolome is the separation 

of metabolites using HPLC or GC coupled with MS. HPLC has proven to be the best method 

in the field of proteomics and separation of polar metabolites and pesticides [65, 66]. GC 

has proven its pioneering position in lipidomics and the separation of apolar metabolites, 

such as flavourings [67]. Both methods offer unique advantages, with HPLC providing better 

separation of complex mixtures [68] and GC offering higher sensitivity for apolar 

compounds, making them complementary tools for comprehensive food metabolome 

analysis. Hyphenation with MS enables identification of the separated metabolites.  If 

financial resources and expertise are available, high-resolution MS (HRMS) is preferred to 

obtain more information about the sample, especially regarding non-targeting analysis [69]. 

Nonetheless, MS detection relies on ionisable compounds, and the examination of complex 

sample mixtures complicates interpretation, requiring substantial analytical experience.  

Additionally, sample preparation and method development can be challenging for achieving 

the best analytical results. Analysing metabolic reactions, separate sample withdrawal to 

analyse metabolic products, and often additional sample preparation are necessary. [69] 

Although MS is frequently employed, it is important to recognise that HPLC and GC systems 

can be used in conjunction with various detection methods for metabolite analyses [70, 71]. 

2.2. Nuclear magnetic resonance spectroscopy 

NMR analysis of the food metabolome represents another important analytical method that 

offers non-destructive metabolite profiling. Qualitative and quantitative analyses can be 

performed on a broad spectrum of analytes such as carbohydrates, lipids, AAs, and organic 

acids, without compromising the integrity of the sample [72]. Compared to HPLC or GC 

techniques, NMR requires minimal sample preparation, which helps to maintain sample 

integrity. This feature renders NMR particularly advantageous for identifying food 

adulteration and performing quality control in the food industry [63]. As no separation occurs 
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prior to detection, the complete sample can be examined at any time, allowing for transitions 

between various analytical approaches (targeted, non-targeted, profiling/screening, and 

identification) without the need for additional measurements but with limitations regarding 

sensitivity [64]. Nevertheless, this results in increased difficulty in interpreting NMR spectra 

as the sample complexity increases. The advanced nature of this method leads to substantial 

costs, both in terms of equipment and specialist training. However, examining the metabolic 

profile of food via NMR is commonly employed to investigate alterations during food 

processing, evaluate the effects and interactions of nutritional components, and detect food 

contaminants and additives [73, 74]. 

2.3. Spectrophotometric assays 

The analysis of food metabolites by spectrophotometric assays remains an underappreciated 

analytical technique. They are predominantly used to assess enzymatic activity or quantify 

the resulting metabolic products. Two principal detection approaches are employed for the 

analysis. The first method utilises substrates that incorporate chromophores or fluorophores, 

which yield a detectable signal upon enzymatic transformation. The second approach is the 

use of derivatisation agents that react with either the substrate or product, forming a 

compound that can be identified through spectrophotometry. This technique is particularly 

well-suited for observing metabolic activities and enzyme inhibition reactions in a simple 

and economical manner. Nutrient profiling and quantification of various food components, 

including proteins, carbohydrates, lipids, and contaminants, can be readily accomplished 

using derivatisation reagents. [75–77] Screening of bioactive compounds represents another 

application area, as these substances can be directly identified through their biological 

activities, such as their capacity to act as antioxidants [78]. Although spectrophotometric 

assays are simple to execute, they require highly standardised conditions and are both 

resource-intensive and time-consuming, particularly in the context of high-throughput 

methodologies. The sensitivity of the method is significantly affected by complex and 

matrix-rich samples because no separation stage is included. Thus, sample preparation plays 

a crucial role. Because separation is missing, spectrophotometric assays are only able to 

determine sum parameters. Spectrophotometric methods are rarely employed as a single 

analytical technique but are typically supported by additional separation procedures to 

provide a comprehensive analysis [79, 80]. 
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2.4. High-performance thin-layer chromatography 

Although HPTLC is a simple and cost-effective separation method with diverse applications, 

it is rarely included in the list of analytical techniques for food metabolomics. The robustness 

of HPTLC enables it to handle complex and matrix-rich sample mixtures with minimal 

sample preparation requirements [81, 82]. Furthermore, the development of methods for this 

technique is less complex compared to GC or HPLC, as there is considerable flexibility in 

the composition of both mobile and stationary phases. The integration of separation 

techniques with diverse detection methods makes this approach well suited for fingerprinting 

and metabolite profiling. The scope extends from the basic qualitative or quantitative 

examination of macronutrients [19, 81] to the recognition of bioactive compounds through 

the application of chemical assays or bioassays [83]. In contrast to spectrophotometric 

assays, HPTLC has the option of determining the sum parameters but also identify the 

specific causative substance. The integration of hyphenation with additional analytical 

methods such as MS/MS or HPLC-MS/MS significantly broadens the scope of separation 

and identification [84, 85].  

The all-in-one HPTLC-nanoGIT technique (Figure 2) offers a novel approach for examining 

metabolic reactions directly within the HPTLC plate [86]. It evaluates metabolic reactions 

of the gastrointestinal tract (GIT) at the nanomolar level. The metabolic reaction and 

subsequent separation process occurr on the same surface, eliminating the need for a separate 

sample collection step and dilution after the enzymatic reaction. This methodology facilitates 

complete analysis of the sample and prevents any loss or modification of substances during 

sample preparation. Once the metabolites have been separated, the HPTLC plate is subjected 

to derivatisation. This process involves either a single reagent or multiple reagents in 

sequence, enabling visualisation of specific metabolites. This visualisation technique allows 

the identification of metabolite classes, including carbohydrates, lipids, and proteins, as well 

as the recognition of specific substances by the use of standard substances [19, 81, 86–88]. 

Alternatively, a bioassay can be applied to the HPTLC plate to detect various biological 

effects [81, 86]. Both visualisation methods can also be combined to identify the class of 

metabolites responsible for these biological effects [81, 89]. The HPTLC chromatogram 

obtained is subsequently detected either qualitatively through plate imaging or quantitatively 

via densitometric evaluation. MS/MS analysis or further separation via heart-cut HPLC 

before MS/MS analysis can be performed directly on the HPTLC plate whether derivatised 

or containing bioassays, facilitating more accurate identification of co-eluting metabolites 
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[81, 90]. The process is entirely automated through an autoTLC interface, which allows 

elution by selecting zones from the previously visualised HPTLC chromatogram [84].  

 

Figure 2 Schematic workflow of the HPTLC-nanoGIT method from application of enzyme and 

substrate solutions to the qualitative and quantitative detection of the metabolic products.  

In summary, the all-in-one HPTLC-nanoGIT approach is the superior balanced method in 

assessing metabolic processes. 

2.5. In vitro digestion systems 

In vitro digestion models are applied in a variety of disciplines including food science, 

nutrition, pharmacology, and toxicology. They are used to examine the digestibility of 

nutrients or novel food products and investigate the release of beneficial or harmful 

compounds during digestion. [91, 92] 

These systems were designed to simulate human digestive processes under controlled 

conditions and replicate the major compartments of the gastrointestinal tract (oral cavity, 
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stomach, and intestine). Comparability is supported by the integration of digestive enzymes 

such as amylases, proteases, and lipases, along with precise pH adjustments and mechanical 

forces to accurately mimic the physiological breakdown of food. The complexity of in vitro 

digestion models varies widely, ranging from simple static systems (constant conditions 

throughout the digestion process) to complex dynamic models. These dynamic systems 

consider additional factors that provide a more realistic representation of the digestive 

process, for example gastric emptying rates, peristaltic movements, and intestinal 

absorption. [91, 93, 94] Some advanced models additionally try to represent the gut 

microbiota to study interactions between food components and intestinal bacteria [93, 94]. 

One of the most important advantages of in vitro digestion systems is their ability to 

overcome ethical and practical limitations associated with in vivo studies. They provide a 

controlled environment for experiments that would be challenging in human trials, beside 

the uncomfortable sampling. Unfortunately, in vitro digestion systems cannot fully simulate 

the complexity of human digestion. Incorporating hormonal regulation or the dynamic gut 

microbiome into these models is challenging [91, 93, 94].  Ongoing developments promise 

to further increase the reliability of in vitro digestion systems, potentially leading to more 

effective strategies for improving human health through the diet. Nevertheless, they are 

particularly useful for initial screening and hypothesis confirmation in food and nutritional 

research. 
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3. Bioactivity of food metabolites 

Food metabolomics studies have included two distinct areas.  The first area examines 

endogenous metabolites resulting from the body's metabolic processes, and the second area 

investigates exogenous metabolites originating from consumed food. Examining not only 

the metabolome of food samples derived from plants or animals but also their bioactivity 

allows for assumptions about the impact of metabolites on human health.  Activity 

metabolomics, a relatively recent branch of food metabolomics, has been established as a 

distinct field of study [95].  

Metabolic pathways can be influenced by bioactive compounds, resulting in the stimulation, 

inhibition, or modification of human organisms. The chemical structure, concentration, and 

potency of these substances determine their bioactivity [96, 97]. Bioactive substances have 

the potential to affect every metabolic pathway; therefore, the possibilities of their effects 

are endless (Figure 3), and often a single substance causes multiple effects simultaneously. 

The most significant health-beneficial properties include the potential to be anti-

carcinogenic, anti-microbial, anti-inflammatory, neuroprotective, and metabolic-activating. 

Food metabolites that exclusively cause positive biological effects are referred to as 

nutribiotics or nutraceuticals [97, 98]. The most significant adverse effects are various forms 

of toxicity (genotoxic, cytotoxic, neurotoxic, immunotoxic, or reprotoxic), carcinogenesis, 

disruption of the endocrine system, or deactivation of metabolic processes.  Food 

contaminants or ingredients that cause pathological effects are termed xenobiotics and 

typically exit the body via xenobiotic metabolism [96, 98]. 

Food metabolites can be classified into two categories. On the one hand primary metabolites, 

including proteins derived from plants or animals, fatty acids, and dietary fibres. On the other 

hand, secondary metabolites, such as plant polyphenols, alkaloids, and endogenous animal 

metabolites, such as taurine and creatine. Predominantly, bioactive compounds are 

secondary metabolites. [99, 100] 
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Figure 3 Health-beneficial and harmful effects associated with bioactivity, presented as word cloud. 

Generated by wordclouds.com. 

Comprehensive analysis of bioactive effects is elaborating and requires multidisciplinary 

approaches. Bioactive substances are present in complex matrices, such as plant parts, and 

need to be made accessible for analysis. However, the extraction process was identified as 

the first major challenge because bioactivity needs to be preferably maintained without any 

loss, depending on the analytical approach. Extracting the entirety of all bioactive substances 

in one sample is practically unfeasible due to their diverse physical and chemical properties. 

For example, lipophilic compounds can be extracted using apolar organic solvents, and 

conversely, hydrophilic substances can be extracted using highly polar solutions such as 

water or acidified alcohols. The process may require multiple extraction steps or the use of 

a universal extraction solvent, potentially resulting in the loss of full bioactive potential or, 

in the worst case, entire substances. Insufficient isolation of a substance leads to a higher 

concentration of matrix compounds, which hinders the identification of bioactivity.  

Bioactivity can be detected by direct identification via effect-directed analysis (EDA), or 

indirect detection solely by identifying previously described bioactive compounds and their 

concentrations [101, 102]. 

EDA combines chemical analysis (fractionation, characterisation, and identification) with 

biological testing (bioassays and evaluation of synergistic, agonistic, and antagonistic 

effects) [103]. This approach enables the identification of the components responsible for 
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the bioactive effects. Separation techniques allow isolation via fractionation and 

characterisation of specific bioactive compounds within complex matrices, whereas distinct 

bioassays are used to evaluate their bioactive potential. A pioneering technique in terms of 

EDA is HPTLC, in which crude extracts are easily separated and subsequently subjected to 

multiple bioassays in sequence [104, 105]. Finally, heart-cutting hyphenation techniques 

such as HPTLC-MS [106, 107] or HPTLC-HPLC-MS [85, 90] can be used to directly 

identify bioactive compounds without additional sample application. EDA is both expensive 

and time-consuming, except for high-throughput approaches; however, it is by far the most 

comprehensive analytical method. This approach is crucial for the detection of new bioactive 

substances and is widely used for both target and non-target substance screening. 

Another approach is to detect and identify known bioactive substances without confirming 

their activities. This method relies on established databases of known bioactive compounds 

and their associated bioactivity. The quantification of these compounds can be related to 

their bioactive potential. The key advantage of this approach is its independence from 

biological activities and the possible application of destructive analytical methods. However, 

this approach has limitations as it may fail to account for the synergistic effects between 

multiple substances or missing bioactive compounds that are not catalogued.  [102, 108] 
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4. Current challenges in the analysis of metabolites 

As previously outlined, the chapter on food metabolomics and examination of food 

metabolites addresses a wide range of aspects. Due to the diverse properties of metabolites, 

no single analytical technique can detect and quantify all metabolites and their effects. It is 

often necessary to combine multiple methods, each with a specific strength, to identify 

classes of metabolites (Table 1). 

Table 1 Advantages, disadvantages, and application areas of various analytical techniques used for 

the evaluation of food metabolomics, including HPLC-MS, GC-MS, NMR, HPTLC, and 

spectrophotometric assays. 

Advantages Disadvantages Application areas 

HPLC-MS 

- High-through put option 

- Optimal for polar 
substances 

- Separation of complex 
mixtures 

- High sensitivity 

- Complex method 
development 

- Limited to soluble 
substances 

- Sample withdrawal 
necessary 

- Organic solvents 

- Matrix prone 

- Proteomics 

- Targeted and non-
targeted screening 

- Qualification and 
quantification 

GC-MS 

- High-through put option 

- Optimal for apolar 
substances 

- High sensitivity 

- Limited to evaporable 
and volatile substances 

- Complex sample 

preparation 

- Sample withdrawal 

necessary 

- Lipidomics 

- Targeted and non-
targeted screening 

- Qualification and 
quantification 

NMR 

- Structural identification 

- Minimal sample 
preparation 

- Non-destructive 

- High reproducibility 

- Sample withdrawal 
necessary 

- Complex evaluation 

- Expensive 

- Low sensitivity 

- No separation technique 

- Matrix prone 

- Organic solvents 

- Proteomics 

- Targeted and non-
targeted screening 

- Qualification and 
quantification 

HPTLC 

- Cheap 

- Simple 

- Minimal sample 

preparation 

- Organic solvents 

- Semi-automatic method 

- Low sensitivity 

- Immobilised enzyme 
reaction 

- Lipidomics 

- Peptidomics 

- Targeted and non-

targeted screening 
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Advantages Disadvantages Application areas 

- Flexible method 
development 

- Flexible detection 
options 

- High-through put option 

- Separation of complex 
mixtures 

- All-in-one approach 
possible 

- Trace analysis 

- Qualification and 
quantification 

- Effect-directed analysis 

Spectrophotometric assays 

- Cheap 

- Aqueous solvents 

- Simple 

- High-through put option 

- Real time analysis 

- Flexible detection 

options 

- Application of enzymes 

possible 

- Stringent 
standardisation 

- Time-consuming 

- High material 

consumption 

- Sample withdrawal 

necessary 

- Low selectivity and 

sensitivity 

- Matrix prone 

- Indirect measurement 

- Sample withdrawal 
necessary 

- Non-targeted screening 

- Analysis of nutrients 

- Effect-directed analysis 

Metabolite analysis includes significant challenges, where sample preparation being the first 

critical step. The process of extracting all metabolites while maintaining their integrity is 

complex, particularly in matrix-rich food samples. Various classes of metabolites require 

multiple extraction techniques. Therefore, standardisation of sample preparation protocols is 

essential to ensure reproducibility and comparability of results; however, standardisation is 

often lacking. The additional sample preparation required for the analytical method after the 

metabolic reaction can further affect the integrity of the extracted metabolites.  

Metabolites are products of processes involving enzymes, bacteria, and organisms. They 

often exist at trace levels and require sensitive detection techniques. HPTLC offers a broad 

detection range to achieve a balance between sensitivity and precision, whereas MS provides 

the best overall sensitivity. However, accurate quantification is complicated by matrix effects 

and lack of references. Additionally, the development and validation of quantification 

methods for a wide range of metabolites are both time- and resource-intensive. The field of 

non-targeted metabolomics, especially when managing completely unknown compounds, 
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remains challenging. HRMS/MS and NMR are considered gold standards because of the 

possibility of structural elucidation. 

Moreover, connecting metabolite profiles to their bioactivity and understanding the complex 

interactions between multiple metabolites are difficult tasks. The integration of enzyme 

assays into in vitro studies is essential for establishing the relevance of the identified 

metabolites. HPTLC supports EDA by combining a separation technique with bioassays. 

Despite efforts to generate in vitro metabolite profiles, their translation into in vivo effects 

remains a challenge. A comparison of the bioavailability and metabolism of food compounds 

in the human body using in vitro digestion systems requires expert knowledge. Nevertheless, 

in vitro digestion models are necessary to overcome ethical limitations associated with 

human trials. The development of advanced in vitro models that closely simulate human 

digestion is a growing research area. By optimising the automation and miniaturisation, 

reduced sample consumption and enhanced throughput can be achieved. HPTLC is an 

effective method to balance the demands of high-throughput screening with the need to 

maintain quality, particularly in the context of miniaturisation. 

Addressing the challenges associated with metabolite identification and quantification is 

essential for achieving advancements in the field of food metabolomics.  Ongoing 

improvements in analytical methodologies and standardised protocols are required . 
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5. Scope 

This thesis addresses the potential of HPTLC in high-throughput screening and maintaining 

the reliability in miniaturised food metabolomics studies. The impact of miniaturisation on 

the separation efficiency and metabolite detection is evaluated in detail.  The scope of this 

thesis is a more profound understanding of how the performance of miniaturised HPTLC 

systems is comparable to that of conventional well-established spectrophotometric assays. 

Chien-Shiung Wu, a prominent scientist, once expressed her concerns of the modern 

scientific world, ‘I am not afraid of the unknown. I am afraid of the known that isn’t true.’ 

Can HPTLC unlock a further understanding of enzymatic reactions and initiate new 

advancements in the field of food metabolomics? 

Given that HPTLC is recognised as the most reliable technique for sample preparation and 

for reducing matrix effects, its potential as an alternative method for metabolite analysis and 

analysis of complex food samples is being explored. Consequently, it is essential to develop 

protocols for the standardisation of on-surface HPTLC systems, including plate selection, 

sample application, and critical development conditions. Moreover, to improve the detection 

of trace metabolites, it is essential to validate quantitative HPTLC methods in line with the 

established guidelines. The potential of establishing HPTLC-based methodologies for 

detailed metabolite profiling of food samples is investigated. Specifically, the effect of the 

food matrix components on the separation and detection capabilities of HPTLC is 

investigated. Moreover, the ability of HPTLC-EDA to detect bioactive compounds in 

complex food extracts following metabolic processes is examined. 
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6. Improvements in analysing food metabolites using HPTLC 

The following publications provide a detailed summary of the development and application 

of HPTLC hyphenated with on-surface metabolism (nanoGIT), establishing it as a novel 

analytical tool in the field of food metabolomics. 

Quantification and characterisation of fundamental metabolic processes, including starch 

digestibility, lipid metabolism, and enzyme inhibition, were demonstrated.  In the first 

publication, the release of saccharides during amylolysis of various flours was investigated 

using the HPTLC-nanoGIT system. This method was further extended to lipolysis in 

vegetable oils using an advanced hyphenated 10D technique to determine fatty acid profiles 

and identify potential genotoxic and antibacterial properties. In addition, innovative HPTLC 

screening methodologies were developed for qualitative and quantitative evaluation of 

enzyme inhibition, specifically α-amylase/trypsin inhibitors. These results were compared 

with those obtained using traditional spectrophotometric techniques.  Furthermore, 

assessment of the feasibility of HPTLC on-surface metabolisation using invertase 

demonstrated enhanced sensitivity and dynamic range. However, limitations in determining 

the kinetic parameters and impact of immobilised enzyme systems are acknowledged.  

6.1. Publication I – On-surface amylolysis of various grains 

For the first time, HPTLC-nanoGIT on-surface metabolism was used for quantification 

(Figure 4). The starch digestibility of ten distinct hydrothermally treated flour suspensions 

was evaluated via quantitative saccharide release of glucose, maltose, and maltotriose using 

salivary/pancreatic on-surface amylolysis [19]. To ensure successful quantification, the 

method was validated to ensure reliability and reproducibility of the results.  

The analysis revealed variations in the digestibility of refined and whole flours and among 

different grain types, including wheat, spelt, rye, einkorn, amaranth, emmer, and oats.  These 

findings could play a significant role in the use of grain-based products for individuals with 

obesity or diabetes. Analysing individual saccharides distinctly allows for a unique 

evaluation from a nutritional perspective, in contrast to the evaluation of sum parameter 

values from spectrophotometric assays. Whole-grain products generally displayed lower 

saccharide release than refined flours, suggesting potential nutritional benefits.  This 

observation aligns with the current dietary guidelines that recommend increased 

consumption of whole-grain products [28, 33]. Moreover, the differences between salivary 

and pancreatic amylolysis showed increased glucose release during prolonged pancreatic 
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digestion. This suggests that the duration of food transit through the digestive system may 

influence the overall glycaemic response. 

This cost- and time-efficient methodology offers advantages over the traditional in vitro 

digestion methods. Reduced sample preparation and the all-in-one approach combining on-

surface metabolisation, identification, and quantification enables comprehensive analysis  

with minimal effort. The ability to simultaneously analyse multiple samples on one HPTLC 

plate makes it suitable for high-throughput screening of starch digestibility in various food 

products. The HPTLC-nanoGIT technique sheds light on specific enzymatic products at the 

nanomolar scale, uncovering previously unnoticed matrix effects that could affect 

spectrophotometric detection without being detected. This contributes to our understanding 

of nutritional recommendations at the molecular level and how various grains and processing 

methods (whole-grain or refined) influence saccharide release during digestion.  

 

Figure 4 Validated HPTLC-nanoGIT workflow for the qualitative and quantitative determination of 

on-surface amylolysis [19]. 
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6.2. Publication II – On-surface lipolysis of various vegetable oils 

To fully exploit the potential of the HPTLC-nanoGIT method, the bioactive profiles of nine 

edible vegetable oils were investigated via a 10D hyphenated technique (Figure 5), namely 

nanoGIT-HPTLC×HPTLC-Vis/FLD-bioassay-heart cut-RP-HPLC-DAD-HESI-HRMS/MS 

[81]. The comprehensive HPTLC×HPTLC method in conjunction with on-surface 

metabolism (nanoGIT), planar bioassays, and subsequent heart cut HPLC-HRMS/MS 

metabolite identification offers full potential for the evaluation of pancreatic lipolysis.  The 

methodology was applied to nine vegetable oils commonly used in culinary applications and 

in the food industry, including rapeseed, flaxseed, hemp, walnut, soybean, sunflower, olive, 

coconut, and palm oils.  

Investigation of triacylglycerol (TAG) digestion is challenging because of the markedly 

different physicochemical properties of the resultant FAs, which hinders the application of 

aqueous-based spectrophotometric methods. To conduct the aqueous enzymatic reaction on-

surface, a hybrid reversed-phase (RP) HPTLC plate with hydrophilic characteristics (RP18-

W) was used, creating simultaneously a 2D orthogonal separation system (1 st dimension with 

HILIC/NP separation and 2nd dimension with RP separation). In the first dimension, the 

separation of TAGs, diacylglycerols (DAGs), and monoacylglycerols (MAGs) from FAs 

demonstrated the success of the metabolic reaction, whereas the second dimension further 

distinguished the FAs to determine the FA profile for each digested oil. Additionally, the 

chromatogram obtained was subsequently analysed using EDA to identify antibacterial 

effects against Gram-negative Aliivibrio fischeri and Gram-positive Bacillus subtilis as well 

as genotoxic effects using the SOS-Umu-C assay. The causative substances were further 

separated using heart cut-RP-HPLC and identified using HRMS/MS [90, 109]. The digested 

oils were found to have genotoxic effects, which were linked to the presence of oxidised 

fatty acid species and contaminants. Arising potential for reconsideration of current risk 

assessments for edible vegetable oils. The antibacterial effect was significantly influenced 

by the degree of saturation, which aids in assessing potential new health -enhancing 

antibacterial agents. 

Despite its limitations in the metabolism of only one oil at a time, this novel method stands 

out in the study of lipolytic profiles. The developed method represents a significant tool for 

the comprehensive evaluation of complex samples and their potentially harmful or beneficial 

metabolic products using an integrated and holistic approach. 
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Figure 5 Workflow of the nanoGIT-HPTLC×HPTLC-Vis/FLD-bioassay-heart cut-RP-HPLC-

DAD-HESI-HRMS/MS used for the qualification of on-surface lipolysis and bioactive profiling 

[81]. 
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6.3. Publication III – Qualitative on-surface amylolysis/proteolysis inhibition 

After the successful implementation of an optimised qualitative and quantitative HPTLC-

nanoGIT method, the concept was expanded to investigate inhibitory reactions. α-

Amylase/trypsin inhibitor proteins (ATIs) have been identified as potential triggers for non-

celiac gluten sensitivity, an intolerance with increasing attention due to its impact on 

digestive health and overall well-being [110]. Therefore, two novel HPTLC screening 

methodologies were developed to evaluate the inhibitory properties of ATI-containing 

matrix-rich flour extracts derived from wheat, spelt, and einkorn [87]. 

The NP-HPTLC-nanoGIT method (Figure 6) was designed to analyse α-amylase inhibition 

in a two-step process: in-vial pre-incubation, followed by on-surface amylolysis. The 

reduction in the released saccharides was used to evaluate the inhibitory potential.  This 

approach allowed for a more detailed investigation of the inhibitory effects on α-amylase 

activity, surpassing the limitations of matrix-susceptible spectrophotometric methods. 

Furthermore, HPTLC analysis provided novel insights into the amylolysis of acarbose, a 

well-established α-amylase inhibitor, and elucidated the influence on amylolysis. To evaluate 

trypsin inhibition, in-vial pre-incubation and proteolysis were performed, followed by 

separation of the released peptides on a wettable RP-HPTLC plate (Figure 6). This approach 

offers a detailed evaluation of trypsin inhibition and potential effects of ATIs on protein 

digestion. While the results for both amylolysis and proteolysis did not fully correspond with 

the existing literature, it is possible that additional non-proteinogenic inhibitors influenced 

the observed inhibitory effects. 

Unfortunately, these methods do not achieve full on-surface digestion; thus, they lack an 

integrated, all-in-one approach. Nonetheless, the developed screening techniques have 

shown the ability to identify individual saccharides or peptides. Offering more details than 

spectrophotometric assays, the HPTLC methods are a more cost-effective option than 

HPLC-MS methods. Additionally, the simultaneous analysis of up to 17 samples increased 

the throughput and efficiency. By providing more detailed and accurate information on 

enzyme inhibition at the molecular level, these methods will pave the way for the assessment 

of food processing and potential health impacts of cereals. 
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Figure 6 Workflow of the inhibitory semi-on-surface amylolysis HPTLC-nanoGIT assay (A) and 

inhibitory HPTLC proteolysis assay (B) for the qualification of the inhibitory potential of ATI-

containing extracts [87]. 
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6.4. Publication IV – Quantitative on-surface amylolysis/proteolysis inhibition 

Based on the previously discussed HPTLC-nanoGIT inhibition method, which evaluated the 

inhibitory effects of ATI-containing wheat and einkorn flour extracts, the method was refined 

into two novel on-surface assays, resulting in a unified all-in-one approach [88]. 

For α-amylase inhibition, the optimised technique allowed for quantitative evaluation of the 

inhibitory effects of different cereal extracts. The results revealed that einkorn flour extract 

showed lower α-amylase inhibition than the refined and whole-wheat extracts. This finding 

points to potential differences in ATI content and activity among various cereal types, which 

could influence their digestibility and nutritional value. In addition, proteolytic inhibition 

was optimised using a fully integrated on-surface method. A comparative analysis of trypsin 

inhibition across different ATI-containing flour extracts via on-surface metabolization 

effectively eliminated the need for additional sample withdrawal and dilution. However, on-

surface trypsin inhibition was only suitable for semi-quantification because of the dominant 

blank peptide signals. This limitation highlights the complexity of analysing trypsin 

inhibition initiated by proteins and emphasises the necessity for further improvement in 

analytical techniques. To validate the results, the on-surface methods were compared with 

conventional spectrophotometric assays. For α-amylase inhibition, the HPTLC approach 

provided more differentiated results regarding individual saccharides released during 

amylolysis. For trypsin inhibition, the spectrophotometric assay showed nearly total 

inhibition for all three cereal types, whereas the on-surface HPTLC method only partially 

confirmed this result. This discrepancy emphasises the need to use multiple analytical 

techniques to gain a more accurate insight into enzyme inhibition in complex samples.  

Research on ATIs is limited and highlights the potential role of HPTLC on-surface 

metabolisation as a decisive link. The HPTLC approach effectively connects non-specific 

spectrophotometric assays, which assess inhibitory potential, with more precise HPLC-

MS/MS techniques that confirm the identity of the inhibitors present.  Furthermore, the 

developed HPTLC methods have the potential to identify both known and unidentified 

inhibitors when combined with further purification. This capability opens new avenues for 

the discovery and characterisation of known and novel inhibitors in food products.  
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6.5. Publication V – Feasibility of HPTLC in on-surface metabolisation 

In the course of evaluating both qualitative and quantitative on-surface metabolisation 

processes in complex samples, including suspensions and matrix -rich samples, certain 

limitations were identified. Consequently, a detailed investigation of a simple enzymatic 

reaction was conducted to assess the feasibility of HPTLC in on-surface metabolisation 

processes. A quantitative HPTLC nano assay was developed to investigate the enzyme 

invertase, sourced from Saccharomyces cerevisiae, and its function in catalysing the 

conversion of sucrose into glucose and fructose. To ensure comparability, the validated 

results were compared to those obtained using conventional spectrophotometric techniques.  

[111] 

The innovative HPTLC approach exhibited significantly enhanced sensitivity, necessitating 

12,500 times less substrate while requiring equivalent enzyme quantities compared to 

traditional spectrophotometric methods. This significant reduction in substrate requirements 

demonstrated the efficiency of the assay and enable the study of enzymes present in trace 

amounts or at low activity levels. Furthermore, the larger linear range of the HPTLC method 

provides greater flexibility for measuring enzyme activity, reducing the need for sample 

dilution or multiple runs. Another key advantage of the HPTLC method was its ability to 

quantify glucose and fructose separately, enabling the detection of non -equimolar 

conversions and potential side reactions. This features a detailed insight into the enzymatic 

process, allowing the identification and investigation of unexpected products or reaction 

pathways that may occur during enzymatic conversion. However, a significant discrepancy 

between the calculated enzyme activity and the theoretical activity was revealed, resulting 

from the use of an immobilised enzyme system on solid surfaces.  Different enzyme-to-

substrate ratios and potential side reactions can influence the comparison with other 

analytical techniques. These findings highlight the need for careful optimisation and 

standardisation of assay conditions, particularly for immobilised enzyme systems.  Moreover, 

limitations in determining certain kinetic parameters, such as the Michaelis-Menten 

constant, were observed. While the HPTLC method offers advantages in terms of sensitivity 

and product separation, it may need to be complemented with other techniques for complete 

characterisation of enzyme kinetics. 

Nevertheless, these improvements have opened new possibilities for enzyme 

characterisation and metabolic reaction studies, potentially enabling researchers to 

investigate enzymatic processes at previously unattainable levels of detail and sensitivity.  
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Summary 

This thesis discusses the progress achieved concerning the potential of on -surface 

metabolism hyphenated with HPTLC, established as HPTLC-nanoGIT. The developed 

methods and their wide range of applications offer several advancements in food science and 

nutrition research. 

First, the previously published HPTLC-nanoGIT methodology was successfully validated 

for the quantification of starch digestibility by investigating various grain flours via 

saccharide release. It provides a novel approach to understand the digestibility of different 

flour types, as well as the differences between refined and whole grains. The possibility of 

quantifying each single saccharide provides a new detailed overview of amylolysis, which 

can help define dietary recommendations for obesity and diabetes management. 

Furthermore, the HPTLC-nanoGIT method was expanded to a 10D hyphenated technique to 

investigate the bioactive profiles of vegetable oils via on-surface lipolysis. The developed 

orthogonal HPTLC×HPTLC method allowed for a detailed metabolic profile. Additionally, 

the identification of genotoxic and antimicrobial effects of digested oils is helpful in the 

interpretation of food safety assessments. To further broaden the spectrum, the HPTLC-

nanoGIT method was used to evaluate ATI-containing flour extracts and examine the 

potential as a novel inhibitory assay. This represents a major advancement over traditional 

spectrophotometric methods, particularly for matrix-rich samples. Finally, the feasibility of 

the HPTLC-nanoGIT method was investigated in detail and demonstrated enhanced 

sensitivity in contrast to spectrophotometric assays. However, some limitations were 

revealed when defining standardised protocols and determining kinetic parameters.  Overall, 

the published results highlight the strong potential of the hyphenation of HPTLC and on-

surface metabolisation for the detailed metabolic profiling of food components  and their 

interpretation. 
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Zusammenfassung 

Diese Arbeit diskutiert die erzielten Fortschritte bezüglich des Potenzials des on-surface 

Metabolismus kombiniert mit HPTLC, etabliert unter dem Namen HPTLC-nanoGIT. Die 

entwickelten Methoden und ihre breite Palette an Anwendungen bieten mehrere Fortschritte 

in der Lebensmittelwissenschaft und Ernährungsforschung. 

Zunächst wurde die zuvor veröffentlichte HPTLC-nanoGIT Methodik erfolgreich validiert 

für die Quantifizierung des Stärkeverdaus durch die Untersuchung der Saccharidfreisetzung 

verschiedener Getreidemehle. Sie bietet einen neuartigen Ansatz, um die Verdaulichkeit 

verschiedener Mehlsorten sowie die Unterschiede zwischen Weißmehl und Vollkornmehl zu 

verstehen. Die Möglichkeit, jedes Saccharid einzeln zu quantifizieren, bietet einen neuen 

detaillierten Überblick über die Amylolyse. Dies könnte helfen, Ernährungsempfehlungen 

bezüglich Fettleibigkeit und Diabetes zu definieren. Darüber hinaus wurde die HPTLC-

nanoGIT-Methode zu einer 10D-gekoppelten Technik erweitert, um die bioaktiven Profile 

von Pflanzenölen mittels on-surface Lipolyse zu untersuchen. Die entwickelte orthogonale 

HPTLC×HPTLC Methode ermöglichte ein detailliertes metabolisches Profil zu erstellen. 

Zusätzlich ist die Identifizierung genotoxischer und antimikrobieller Wirkung von verdauten 

Ölen hilfreich bei der Interpretation von Lebensmittelsicherheitsbewertungen. Um das 

Spektrum weiter zu erweitern, wurde die HPTLC-nanoGIT Methode verwendet, um ATI-

haltige Mehlextrakte zu bewerten und das Potenzial als neuartigen Inhibitionsassay zu 

untersuchen. Die Methodik stellt einen bedeutenden Fortschritt gegenüber traditionellen 

spektrophotometrischen Methoden dar, insbesondere für matrixreiche Proben. Schließlich 

wurde die Durchführbarkeit der HPTLC-nanoGIT-Methode untersucht und zeigte eine 

erhöhte Empfindlichkeit im Gegensatz zu spektrophotometrischen Assays. Es wurden 

jedoch einige Einschränkungen bei der Definition standardisierter Protokolle und der 

Bestimmung kinetischer Parameter aufgedeckt. Insgesamt unterstreichen die 

veröffentlichten Ergebnisse jedoch das starke Potenzial der Kombination von HPTLC und 

on-surface Metabolisierung, um ein detailliertes Metabolitenprofil von 

Lebensmittelkomponenten zu erstellen und zu interpretieren. 
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