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Abstract 

Non-enzymatic reactions between amino compounds (e.g. amino acids, peptides, or 

proteins) and reducing sugars, also known as Maillard reaction (MR), lead to a very 
complex and interconnected reaction network and eventually form a heterogeneous 
mixture of hundreds of Maillard reaction products (MRPs). The MR is of great 

importance in heated and stored foods, where it is crucial for the formation of taste, 
aromas, and color, but also for the formation of food-born toxins, such as acrylamide. 
In addition, under physiological conditions, such glycation reactions can lead to 
irreversible protein damage (e.g. by protein-crosslinking) and cellular dysfunctions, 

especially in diabetic and aged tissues. Controlling the MR towards the formation of 
desired products while, at the same time, the formation of unwanted reaction products 
is avoided, requires a comprehensive and molecular understanding of the overall 

reaction processes and the interplay of MRPs in the reaction network. While this is 
usually not possible in real samples, model systems provide an ideal environment to 
fundamentally study downstream reaction products and their formation pathways. 

In this thesis, non-targeted (ultra)high-resolution mass spectrometry methods 

and data analysis strategies were developed and used to holistically monitor initial 
and intermediate MRPs and to study their formation pathways on a molecular level. 
Different sugar-amino acid model systems were probed under thermal and 
photochemical conditions. Even in very simple model systems (i.e. mixtures of two 

precursors) hundreds of MRPs could be resolved on the level of accurate molecular 
formulae. In general, amino acid precursors were mainly responsible for the chemical 
diversity while the sugar precursors more drove the reaction rates but led to very 

similar chemical compositions. Studying model systems at different reaction times 
allowed to comprehensively and gradually follow the formation of reaction products. 
Mass difference analysis, modified Kendrick mass defect analysis, and van Krevelen 

diagrams were used to study the model systems in a reactivity-related context. It 
turned out that most of the MRPs followed simple and repetitive reaction patterns, 
including dehydration, carbonyl cleavage and redox reactions. Moreover, when 

comparing different model systems, the same reaction patterns were found. This led 
to the identification of some general Maillard reaction pathways that involved more 
than 70 reaction intermediates that can be formed independently of the amino acid 

precursor and only differ in the composition of the amino acids’ side chain. These 
pathways can be integrated into known pathways and provide an ordered scope on 



 

novel and systematic downstream reactions in an environment of rather chaotic 
reactions. 

Irradiation of thermally formed MRPs with simulated sunlight led to a fast and 
selective decomposition. Nitrogen containing heterocycles were major targets for 
photochemical degradation reactions. Oxidative cleavage reactions involving the 

incorporation of reactive oxygen species, such as singlet oxygen, into the molecular 
structures of MRPs led to a great pool of yet unknown photoproducts. While the 
chemical reactions among different sugar-amino acid model systems under thermal 

conditions are very similar, photochemical reactions showed a very high amino acid 
specificity and differed fundamentally from traditional Maillard reactions. 



 

 
 

Zusammenfassung 

Nichtenzymatische Reaktionen zwischen Aminoverbindungen (z. B. Aminosäuren, 
Peptide oder Proteine) und reduzierenden Zuckern, auch Maillard-Reaktion (MR) 

genannt, führen zu einem sehr komplexen und miteinander verbundenen 
Reaktionsnetzwerk und bilden schließlich eine heterogene Mischung aus Hunderten 
von Maillard-Reaktionsprodukten (MRPs). Die MR ist in erhitzten und gelagerten 

Lebensmitteln von großer Bedeutung, wo sie für die Bildung von Geschmack, Aromen 
und Farbe, aber auch für die Bildung von lebensmittelspezifischen Toxinen wie 
Acrylamid entscheidend ist. Unter physiologischen Bedingungen können solche 

Glykierungsreaktionen außerdem zu irreversiblen Proteinschäden (z. B. durch 
Proteinvernetzung) und zellulären Funktionsstörungen, insbesondere in diabetischen 
und gealterten Geweben, führen. Die Steuerung der MR hinsichtlich der Bildung von 

gewünschten Reaktionsprodukten, während gleichzeitig die Bildung unerwünschter 
Reaktionsprodukte vermieden wird, erfordert ein umfassendes und molekulares 
Verständnis der gesamten Reaktionsprozesse und des Zusammenspiels der MRPs im 

Reaktionsnetzwerk. Während dies in realen Proben normalerweise nicht möglich ist, 
bieten Modellsysteme eine ideale Umgebung, um nachfolgende Reaktionsprodukte 
und ihre Bildungswege grundlegend zu untersuchen. 

In dieser Arbeit wurden nicht-zielgerichtete (ultra)hochauflösende 
massenspektrometrische Methoden und Datenanalysestrategien entwickelt, um 

anfängliche und intermediäre MRPs holistisch zu überwachen und ihre Bildungswege 
auf molekularer Ebene zu untersuchen. Verschiedene Zucker-Aminosäure-
Modellsysteme wurden unter thermischen und photochemischen Bedingungen 

untersucht. Selbst in sehr einfachen Modellsystemen (d. H. Gemische aus zwei 
Reaktanten) konnten Hunderte von MRPs auf der Ebene exakter Summenformeln 
aufgelöst werden. Im Allgemeinen waren Aminosäure-Reaktanten hauptsächlich für 

die chemische Diversität verantwortlich, während Zucker vielmehr die 
Reaktionsraten bestimmten, jedoch zu sehr ähnlichen chemischen 
Zusammensetzungen führten. Durch die Untersuchung von Modellsystemen zu 

unterschiedlichen Zeitpunkten konnte die Bildung der Reaktionsprodukte 
vollumfänglich und schrittweise verfolgt werden. Massendifferenzanalyse, 
modifizierte Kendrick-Massendefektanalyse und van Krevelen-Diagramme wurden 
verwendet, um die Modellsysteme in einem reaktivitätsbezogenen Kontext zu 

untersuchen. Es stellte sich heraus, dass die meisten MRPs einfachen und sich 
wiederholenden Reaktionsmustern, einschließlich Dehydratisierung, 



 

Carbonylspaltung und Redoxreaktionen, folgten. Beim Vergleich verschiedener 
Modellsysteme wurden zudem die gleichen Reaktionsmuster gefunden. Dies führte 
zur Identifizierung einiger allgemeiner Maillard-Reaktionswege, an denen mehr als 70 

Reaktionsintermediate beteiligt waren, die unabhängig von Aminosäure-Reaktanten 
gebildet werden können und sich nur in der Zusammensetzung der 
Aminosäureseitenketten unterscheiden. Diese Reaktionswege können in bereits 
bekannte integriert werden und bilden einen geordneten Rahmen von neuartigen und 

systematischen Reaktionen in einer Umgebung ansonst eher chaotischer 
Reaktionsabläufe. 

Die Bestrahlung thermisch gebildeter MRPs mit simuliertem Sonnenlicht 
führte zu einem schnellen und selektiven Abbau. Vor allem stickstoffhaltige 

Heterozyklen waren anfällig für photochemische Abbaureaktionen. Oxidative 
Spaltungsreaktionen, unter Einbau reaktiver Sauerstoffspezies (wie z. B. Singulett-
Sauerstoff) in die molekularen Strukturen der MRPs, führten zu einem großen Pool 

aus bislang unbekannten photochemischen Reaktionsprodukten. Während die 
chemischen Reaktionen zwischen verschiedenen Zucker-Aminosäure-
Modellsystemen unter thermischen Bedingungen sehr ähnlich sind, zeigten 
photochemische Reaktionen eine sehr hohe Aminosäurespezifität und unterschieden 

sich grundlegend von üblichen Maillard-Reaktionen. 
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Chapter 1 | 

General Introduction and Methods 

In 1912, Louis C. Maillard noticed that aqueous mixtures of glucose and amino acids 

produce brown-colored solutions after heating.[1] Nowadays, the immense 
significance of the Maillard reaction (MR) in food and health science is well accepted. 
While in food products, the MR is the main contributor to aroma and color formation, 

under physiological conditions, the same type of reactions can lead to irreversible 
protein damage, the so called advanced glycation end products (AGEs), which are 
associated with a wide range of diseases.[2–4] Many Maillard reaction products (MRPs) 

and AGEs serve as important indicators for the nutritional quality or thermal damage 
of food products or the progress of protein damage in vivo.[5–7] After an initial 
condensation reaction between carbonyl and amino moieties, subsequent downstream 

reactions produce a multitude of chemical compounds. Although the term MR 
suggests a single type of reaction, in fact the MR is a superimposition of simple and 
parallel chemical transformations leading to thousands of intermediates and reaction 
products. Most of the current knowledge in MRPs and reaction pathways has been 

deduced from studies on model systems. Even after more than 100 years studying the 
MR and over 50 000 scientific publications on the topic,[2] the entire chemical 
complexity and reactions still have not been fully resolved. In order to control the MR 

towards the formation of desired reaction products, it is of great importance to 
understand the entire chemical collective. The MR is more than single compound 
changes and the importance of interactions should not be overlooked. Especially in 

biological research areas, the rapid progress in holistic analytical methods (“-omics” 
technologies) and data evaluation strategies allows an ever better and more 
comprehensive characterization of a sample’s molecular composition. It would be a 

logical consequence to apply non-targeted approaches to study also the MR, to deliver 
a comprehensive understanding of the multitude of intermediates and reaction 
products formed as well as their interconnectivity in the reaction network.  
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1.1 Chemistry of the Maillard reaction 

From a chemical point of view, the MR describes a reaction between carbonyl and 
amino compounds. Although the term “Maillard reaction” usually is exclusively used 

for reactions between reducing sugars and amino compounds (such as amino acids, 
peptides or proteins), a wide range of other carbonyl and amino compounds react in 
identical or Maillard-analogous reactions. As shown in Scheme 1.1, in an initial step, 

spontaneous condensation between the carbonyl and amino group forms an 
N-glycosylamine (1), which is prone to undergo enolization and may rearrange into a 
1-amino-1-deoxy-2-ketose structure (Amadori rearrangement product, ARP, 2). In a 

similar way to aldoses, ketoses rearrange to the corresponding 2-amino-2-
deoxyaldoses (Heyns products).[8] The subsequent breakdown of the ARP initiates a 
multitude of chemical reactions, which continuously produce new intermediates and 

reaction products (intermediate or advanced phase). Many of the reactions in the 
advanced phase are found in a similar way in caramelization reactions (sugar 
decomposition without the action of an amino compound). However, the MR requires 

less energy for the degradation of sugar moieties than the same reaction pathways 
would need in caramelization type reactions. In the final phase, reactive intermediates 
turn into more stable compounds including aromatic and heterocyclic compounds. 

Although the initial step of the reaction cascade is reversible (Scheme 1.1),[9,10] 
subsequent irreversible breakdown reactions can shift the initial carbonyl-amine 
condensation towards completion. The detailed chemistry in non-enzymatic 
browning reactions has been the topic of numerous excellent reviews[4,11–13] and 

books.[3,14,15] Hence, in this chapter, only a brief summary of general reaction 
mechanisms is given, which are mainly responsible for the wide chemical diversity 
found in the MR. 

1.1.1 Comprehensive description of pathways leading to color 
formation 

In 1953, John E. Hodge provided a first comprehensive description of reaction 
mechanisms participating in the MR and finally leading to the formation of brown 
polymers (melanoidins).[16] Over the past decades, the Hodge scheme (see also Figure 

2.3c) has only been slightly extended,[17,18] but still remains fundamentally correct in 
its original form. According to Hodge, the ARP is the central intermediate found in 
the early MR, which is responsible for all further downstream reactions. Hodge 

divided the MR into seven general types of reactions: 
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i. Initial or early stage: 
(a) Sugar-amine condensation (→ N-substituted glycosylamine) 
(b) Amadori rearrangement (→ ARP) 

ii. Intermediate or advanced stage: 
(c) Sugar dehydration (→ furfurals and reductones) 
(d) Sugar fragmentation (→ fission products) 
(e) Strecker degradation (→ Strecker aldehydes and enaminols) 

iii. Final stage: 
(f) Aldol condensation (→ aldols and nitrogen-free polymers) 
(g) Aldehyde-amine condensation (→ N-containing heterocycles and polymers) 

 

Scheme 1.1 | Generalized scheme showing the initial stage of the Maillard reaction for aldose 
sugars with different carbon chain lengths (n). The two reaction precursors undergo a 
spontaneous condensation reaction (the intermediate formed by addition of the amino 
compound to the carbonyl moiety is not shown). The formed Schiff base then rearranges into 
the Amadori product. In a similar way, ketoses form 2-amino-2-deoxyaldoses (Heyns product) 
after rearrangement. 

Decomposition of the ARP and the MR in general, strongly depends on the pH. 
Decomposition rates of the ARP increase with increasing pH. Davidek et al. studied 

the decomposition of N-(1-deoxy-D-fructos-1-yl)-glycine at different pH values.[9] 
After heating an aqueous solution containing the purified ARP for seven hours at 
90 °C, about 70% of the original ARP remained unreacted at pH 5. By comparison, 

when the pH was 8, the ARP was almost completely degraded. Low pH values favor 
1,2-enolization (Scheme 1.2a), which may form 3-deoxy-α-dicarbonyls (3). By 
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comparison, 1-deoxy-α-dicarbonyls (4) are formed through the 2,3-enolization 
pathway (Scheme 1.2b), which predominates at increased pH values.[4] Dicarbonyls 
are unstable intermediates, which can easily undergo decomposition, isomerization 

and cyclization.[19] For example, α-oxoaldehydes are up to 20 000 fold more reactive 
than their parent sugar.[20] The many possible routes and intermediates of sugar 
decomposition in the MR has not yet been completely elucidated. 

 

Scheme 1.2 | Formation of dicarbonyls by decomposition of the ARP in the intermediate phase, 
adapted from Nursten (2005).[14] (a) Low pH values favor the formation of 3-deoxyosones and 
ultimately furfurals via the 1,2-enolization pathway. (b) At high pH values 2,3-enolization rates 
are thought to be increased leading to 1-deoxy-dicarbonyls. 
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1.1.2 Dicarbonyls – reactive intermediates responsible for the 
chemical diversity in the advanced Maillard reaction? 

Major attention has been drawn to dicarbonyls, especially α-dicarbonyls, because of 
their significant role as precursors in the formation of color, flavor and aroma 
compounds and their in vivo participation in advanced glycation reactions.[4,21] 

Carbonyls and dicarbonyls formed in the intermediate phase are excellent targets for 
the Strecker degradation of amino acids and new amine condensation reactions 
leading to new Amadori or Amadori-like intermediates followed by a restart of the 
reaction cascade. Dicarbonyls are mainly formed by dehydration of the sugar moieties, 

decomposition of the ARP (Scheme 1.2), and different types of fragmentation reactions 
on the carbohydrate backbone into smaller fragments.[4,21] For example, hexoses may 
lead to C5/C1, C4/C2, and C3/C3 fragments. Many of these fragmentation products have 

a considerably high reactivity, easily reacting with each other or with other fission, 
carbonyl, or amine compounds.[18,22,23] Additionally, carbonyl shifts within the ARP 
and subsequent dehydration products produce a multitude of isomers.[24] Three major 

dicarbonyl fragmentation mechanisms are currently discussed in the literature:[22,25] 
(i) retro-aldol reaction, (ii) α-dicarbonyl cleavage, and (iii) β-dicarbonyl cleavage. 
Pathways (ii) and (iii) can be subclassified into hydrolytic α-dicarbonyl cleavage, 

oxidative α-dicarbonyl cleavage, hydrolytic β-dicarbonyl cleavage, and amine-induced 
β-dicarbonyl cleavage.[21] 

Retro-aldol reactions. Historically, retro-aldol fission of carbohydrate 
structures was the first considered mechanism and already proposed by Hodge.[16] 
Retro-aldol reactions (Scheme 1.3) can occur on β-hydroxycarbonyls (5), which are 

cleaved into short-chain hydroxycarbonyls (6) and (di)carbonyls (7). Such reactions 
have been shown to occur with free sugars,[4] ARPs,[26] and Heyns products.[27] 
Methylglyoxal (MGO) and glyceraldehyde are perhaps the most prominent 

intermediates, which can be explained by retro-aldol reactions.[28] While browning in 
a sugar-amine MR is observed only after an induction period, MGO and 
glyceraldehyde readily react to form brown chromophores and were shown to have 

much faster reaction rates than the parent sugar.[18,29] This suggests a dominating role 
of these short-chain carbonyls in browning reactions. 

α-Dicarbonyl cleavage. α-Dicarbonyls can break at the carbon-carbon bond 
between the two carbonyl moieties either by disproportionation (hydrolytic 

cleavage)[30] or by oxidative cleavage as discovered by Davidek and co-workers.[31] 
The hydrolytic fission mechanism (Scheme 1.4a) cleaves α-dicarbonyls into a 
carboxylic acid (8) and a corresponding aldehyde (9a). This pathway has been 
frequently used in literature to explain the formation of short-chain carboxylic acids 

in the degradation of carbohydrates[30,32,33] or sugar moieties on MRPs,[32,34,35] 
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respectively. However, lack of completeness in the reported studies has until now not 
allowed a definitive proof of the mechanism.[19,21] Stimulated by this fact, Davidek et 
al. reinvestigated the formation of short-chain carboxylic acids by incubation of 

2,3-pentanedione and 2,4-pentanedione with glycine at 120 °C (pH 6-10), 
respectively.[19] 2,4-Pentanedione turned out to be the much better acetic acid 
precursor. Additionally, acetic acid and acetone were detected in similar 
concentrations, confirming β-dicarbonyl cleavage as the major pathway of acetic acid 

formation (see below). By comparison, decomposition of 2,3-pentanedione by 
hydrolytic α-dicarbonyl cleavage should yield acetic acid and propanal or propionic 
acid and acetaldehyde, respectively. Neither propanal nor acetaldehyde could be 

detected. In contrast to the expectations, Davidek and co-workers could detect 
propionic acid and acetic acid in minor, but similar concentration levels, which gave 
rise to an oxidative cleavage pathway. 

 

Scheme 1.3 | Retro-aldolization of β-hydroxycarbonyls, adapted from Smuda and Glomb 
(2013).[21] 

In a subsequent work, Davidek and co-workers investigated the mechanism 
of oxidative α-dicarbonyl cleavage by using 18O2 and 18O-enriched water. The 

formation of carboxylic acids from α-dicarbonyls via oxidative cleavage (Scheme 1.4b) 
first requires incorporation of activated molecular oxygen species (e.g. singlet oxygen 
or hydroperoxides) at a carbonyl-carbon. The so formed alkoxyradical rearranges in a 

Baeyer-Villiger-type reaction to an acid anhydride. Subsequent hydrolysis yields two 
carboxylic acids (8 and 9b).[31] 

β-Dicarbonyl cleavage. In a β-dicarbonyl cleavage (Scheme 1.5), 
1,3-dicarbonyls are cleaved in a retro-Claisen-type reaction into “carboxylated 
nucleophiles” (10, e.g. carboxylic acids or carboxylic acid amides) and corresponding 

α-hydroxycarbonyls (11).[19,21,36] Cleavage of β-dicarbonyls has been shown to be the 
major carboxylic acid formation pathway in hexose and pentose MR systems under 
neutral and alkaline conditions.[19,37,38] Hydroxides and amines have been reported as 

possible nucleophilic agents. However, there is no reason why other nucleophiles 



Chapter 1 | Chemistry of the Maillard reaction 

7 
 

present in a MR pool (e.g. cysteine residues) should not participate in a β-dicarbonyl 
cleavage. 

 

Scheme 1.4 | Two possible α-dicarbonyl cleavage reactions. (a) Hydrolytic α-dicarbonyl 
cleavage adapted from Ginz et al. (2000),[33] and (b) oxidative α-dicarbonyl cleavage as reported 
by Davidek and co-workers (2006).[31] 

Strecker degradation. The term Strecker degradation nowadays refers to all 
types of oxidative deamination reactions on α-amino acids.[39] In the MR, particularly 
α-dicarbonyl structures act as oxidizing agents to provoke decarboxylation. According 

to Scheme 1.6, the reaction between a dicarbonyl and an amino acid forms an 
α-iminocarbonyl (12), which readily undergoes decarboxylation. This step is usually 
followed by hydrolysis of the intermediate (13) to produce an α-amino carbonyl (14) 

and a free aldehyde (15, Strecker aldehyde), which carries the amino acid side 
chain.[39,40] In recent years, some further pathways relevant under MR conditions, have 
been discovered, such as the direct degradation of amino acids at elevated 
temperatures[41] or the formation of Strecker aldehydes directly from the ARP.[42,43] 
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Scheme 1.5 | Two possible β-dicarbonyl cleavage reactions. Hydroxide and amines may act as 
nucleophilic agents in a hydrolytic β-dicarbonyl cleavage and amine-induced β-dicarbonyl 
cleavage reaction, adapted from Davidek et al. (2006)[19] and Smuda et al. (2010),[36] 
respectively. 

 

Scheme 1.6 | Strecker degradation of α-amino acids by the action of 1,2-dicarbonyls, adapted 
from Rizzi (2008)[39] and Yaylayan (2003).[40] 

The Strecker degradation is important in the formation of aroma-active 

compounds in food products. While odors of many Strecker aldehydes have long been 
known, in recent years, it has also been found that α-amino carbonyls are important 
precursors in the formation of heterocyclic aromatics. In this context, bifunctional 

α-amino carbonyls are prone to undergo dimerization and other amino-carbonyl 
reactions to form stable N-containing heterocycles, such as oxazoles, pyrazines, and 
pyrroles.[44,45] 
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1.1.3 The final phase: formation of stable end products or restart of 
the reaction cascade? 

As discussed before, major pathways of the intermediate phase lead to the formation 
of a wide range of new carbonyl species, many of which have considerably higher 
reactivity than the initial parent sugar. According to Hodge, the compounds formed 

in the intermediate phase are then transferred into larger products mainly by aldol 
condensation and carbonyl-amine condensation reactions (final phase).[16] While the 
intermediate phase is characterized by decomposition reactions, such as dehydration 
and dicarbonyl fission reactions, the final phase leads to an increase of the chain length 

resulting in higher molecular weight compounds. 

Historically, reactions in the final phase were attributed to the formation of 
high molecular weight and colored compounds (melanoidins), which represent stable 
end products. However, more recent research also indicates that aldol condensations 

in the final phase can lead to the formation of volatile and uncolored compounds of 
lower molecular weights.[46–48] Final phase reactions cannot exclusively be considered 
to produce stable end products. For example, aldehyde-amine condensations between 

reactive carbonyl intermediates from the advanced phase may react with any amine 
source in the reaction pool to form new ARP-like structures, which then can pass 
through the entire reaction cycle (Figure 1.1). Hence, a significant number of 

compounds formed in the final phase can be considered as prospective secondary 
precursors in the MR. In a similar way, aldol condensations lead to the formation of 
β-hydroxycarbonyls, which can either directly react with amines, undergo amine 
reactions after enolization or directly undergo typical breakdown reactions of the 

intermediate phase (dehydration and fission). Consequently, the chemical diversity of 
formed molecules in the MR can be expected to follow an exponential increase. 
Nevertheless, among many extrinsic factors, in simple two-reactant MR systems, the 

overall reaction rate is largely determined by the availability of unprotonated amino 
groups and free carbonyl moieties of the parent sugar precursor. 

Formation of heterocyclic compounds. Heterocyclic compounds can be 
considered as major building blocks of many types of late MRPs, including stable end 

products. They build the key structures in melanoidins, flavor active compounds, 
antioxidants, and protein crosslinks. Crucial heterocyclic MRPs, identified in Maillard 
model systems, include derivatives of furan, oxazole, imidazole, pyrrole, pyrazine, 

pyridine, thiazole, and thiophene compounds.[49–51] 
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Figure 1.1 | Scheme of possible 
routes of reactive intermediates 
produced in the initial, inter-
mediate, and final phase of the 
Maillard reaction, respectively. 
Some reactive intermediates 
formed throughout the Maillard 
reaction might act as secondary 
precursors leading to a restart of 
the reaction cascade. Stable 
reaction products, including 
short-chain carboxylic acids, 
heterocyclic compounds and 
melanoidins, are mainly formed 
in the intermediate and final 
phase. 

 

Simple furan derivatives can be built by consecutive dehydration of sugars. 
By comparison, more complex nitrogen or sulfur containing heterocycles usually 

require two reactive species of the intermediate phase. A seemingly endless number 
of possible combinations of reactive candidates formed in the intermediate phase can 
therefore lead to very diverse heterocyclic products. A good overview on the 

formation of simple heterocycles from intermediate MRPs is given by Yaylayan and 
Haffenden.[45] Key intermediates of the advanced phase are α-aminocarbonyls, 
α-hydroxycarbonyls and dicarbonyls, which can readily undergo condensation 

reactions followed by dimerization or cyclization. The α-aminocarbonyls formed in 
the Strecker degradation of amino acids can form pyrazine derivatives through 
dimerization.[52] Pyrroles can be built by condensation reactions between dicarbonyls 

and α-aminocarbonyls,[47] ARPs,[53] or free amino acids.[54] Along with pyrazines, 
imidazoles and oxazoles are major heterocyclic MRPs, which can be formed from 
various intermediates.[45,55] Many of the lysine-lysine crosslinking AGEs contain 

imidazole structures. For example, glyoxal and methylglyoxal react with lysine 
residues on proteins to form the imidazolium derivatives GOLD and MOLD, 
respectively.[56] 

Formation of colored compounds. Melanoidins are colored and often 
nitrogen-containing compounds of high molecular weight, which are formed in the 

final phase of the MR.[57] Such melanoidins were found in various types of food 
products, including coffee,[58] bakery products,[59] chocolate,[60] and beer.[61] For 
example, a typical coffee brew dry matter consists of up to 25% melanoidins.[62] 
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Fogliano and Morales estimated the daily melanoidin intake to be 10 g in a typical 
Western diet, where coffee and bread are the major sources.[63] Because of the 
emerging beneficial and health promoting effects (e.g. antioxidant, anti-inflammatory, 

antimicrobial and prebiotic activities), melanoidins have recently been suggested as 
potential functional food ingredients.[57] 

Despite the high relevance in foods, current knowledge about the chemical 
structures of colored MRPs is relatively contentious. In the past, it mainly was 
assumed that color originates from high molecular weight polymers formed in the 

final phase of the MR. These polymers were assumed to have molecular weights of up 
to several thousand Daltons and to be stable end products. The most frequently 
discussed hypothesis states that melanoidins are formed by polymerization of low-

molecular weight and reactive Maillard intermediates leading to compounds with a 
wide molecular weight distribution.[64] This assumption is in line with the typical 
shape of UV/Vis absorption spectra observed in MR systems (Figure 1.2). Absorption 

curves usually do not show discrete absorption maxima but rather show a continuous 
asymptotic shape, which was interpreted as an overlay of several discrete 
chromophores, such as found in a polymer distribution.[65] Tressl and co-workers 
indeed could detect linear oligomerization products with up to six monomeric units 

by MALDI-TOF-MS, which were formed from N-methyl-2-(hydroxymethyl)-pyrrole 
in a model reaction between 2-deoxy-ribose and methylamine.[66] However, it has yet 
not been possible to unambiguously assign a melanoidin-structure with a molecular 

weight in the range of several thousand Daltons. 

 

 

Figure 1.2 | UV/Vis-spectrum of a 
typical melanoidin (solid curve) 
interpreted as the sum of many 
individual chromophores 
(dashed curves). 

Reprinted with permission from 
Hofmann, T. Journal of Agricultural and 
Food Chemistry 1998, 46, 3891–3895. 
Copyright 1998 American Chemical 
Society. 

 

 

After fractionation of a glucose-glycine model system (4 h at 95 °C in 
phosphate buffered solutions, pH 7) by ultracentrifugation, Hofmann found that the 

majority of MRPs have a molecular weight below 1 kDa.[67] This low molecular weight 
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fraction also made the major contribution to the overall color observed. Almost 
identical results were obtained for a glucose-alanine model system.[67] Therefore, it is 
now proposed that melanoidins in food products consist of low-molecular weight 

chromophores, which are covalently attached to uncolored macromolecules, such as 
polysaccharides or proteins.[63,68] This assumption is supported by a series of 
publications from Hofmann, who, for example, showed that four molecules of furfural 
formed a red-colored chromophore cross-linked with a lysine residue of casein.[69,70] 

Hofmann also incubated β-casein (about 24 kDa) together with glucose at 95 °C at 
pH 7 for four hours. He found highest color yields for reaction products larger than 
100 kDa. This could be explained by small chromophores, which were attached to 

β-casein oligomers formed via carbohydrate-induced oligomerization.[67] 

1.2 Challenges and strategies to decipher the Maillard 
reaction puzzle 

As outlined in Chapter 1.1, pathways leading to MRPs are not just linear downstream 
reactions. In fact, the MR must be considered as a highly branched network of 

interacting precursors and intermediates, where many MRPs can be produced from 
multiple interconnected pathways. Especially in controlling the MR towards the 
formation of desired reaction products and kinetic modelling approaches, 

understanding of the entire chemical interplay is needed. For example, the formation 
of acrylamide, a probable carcinogen that caused worldwide attention in the early 
2000s, is mainly formed by the reaction between asparagine and dicarbonyl 

compounds.[71] Therefore, reduction of acrylamide precursors (e.g. reduction of 
asparagine or trapping of dicarbonyls) would be a promising chemical mitigation 
strategy to lower acrylamide levels.[72] However, nowadays, multiple alternative 

acrylamide formation pathways have been identified.[73] For example, the formation 
of acrylamide from aspartic acid, β-alanine or β-alanine containing peptides (e.g. 
carnosine) does not necessarily require interaction with dicarbonyls.[74] The same is 

true for studies, which consider the degradation of isolated and purified intermediates. 
In such a case, degradation studies provide only information on linear downstream 
reactions while the role of these intermediates in the overall reaction cascade remains 

overlooked. Altogether, holistic approaches, which allow the monitoring of the 
formation of hundreds of MRPs in parallel, are needed. 

Although over the last decades huge progress has been achieved in elucidating 
some specific MRPs, including their formation and degradation pathways, to date, it 
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has not been possible to fully resolve the entire set of chemicals and reaction routes 
involved in the MR network. Several intrinsic and extrinsic factors must be considered, 
which make a simultaneous analysis challenging. 

Molecular diversity. The chemical structures, molecular weights, and 
eventually physicochemical properties of MRPs are strongly defined by the reaction 

precursors as well as the many chemical transformations and this diversity has a major 
impact on the choice of analytical methods to investigate the MR. This diversity ranges 
from highly polar molecules formed mainly in the early and intermediate phase to 

nonpolar MRPs in the later stages. The molecular weights of compounds range from 
small by-products (e.g. CO2, glyoxal, H2S) to high molecular weight compounds in the 
kDa range.[75,76] Additionally, the type of reaction precursors has a strong effect on the 

molecular diversity found in the downstream reactions. For example, most expected 
MRPs in an amino acid-sugar reaction lead to intermediates and reaction products not 
larger than a few hundred Daltons. By comparison, when considering proteins as 

amino source, MRPs must be expected to be found additionally in the molecular 
weight range of the investigated protein. In reaction systems with multiple amino and 
carbonyl precursors, such as real food samples, the almost limitless combining 
possibilities of precursors further increase the molecular diversity in reaction 

products. 

Isomeric diversity. Especially imines and sugar derivatives are susceptible 
to undergo several isomerization reactions.[24,77] Each isomer may lead to specific 
downstream reaction products, finally contributing to the diversity of MRPs.[77] 

Because of the high similarity in physicochemical properties and the fact that mass 
spectrometry (MS) alone cannot differentiate between isomers, analysis of the 
isomeric forms in the MR is still a major challenge. 

Dynamic concentration range. As a consequence of the multiple reaction 
pathways, the concentration yields decrease from the initial condensation products, 

through the intermediate MRPs to the final products.[78] Although the ARP 
concentrations strongly depend on the type of precursors, they are usually found in 
the percent molar range.[79,80] Sugar fragmentation products of the intermediate stage 

were found to contribute in the ‰ to lower % range to the total flux of MRPs[81] while 
volatile end products are usually detected in trace amounts only.[78] In general, there 
is no direct correlation between the induced response threshold of a substance (e.g. 

odor detection, color activity, EC50) and its concentration. Consequently, at first, all 
MRPs need to be considered of equal relevance, independently of their concentrations. 

Chemical and physical factors. Several chemical factors (e.g. type and 
concentration of precursor molecules, pH, buffer substances, water activity, metal 
ions) and physical factors (e.g. temperature, pressure, reaction time) have a major 
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impact on the outcome of the MR.[28,82–84] The type of carbonyl and amino precursor 
as well as the pH are the major factors that influence the chemistry of the reaction 
products formed. By comparison, temperature, reaction time, and water activity have 

been shown to primarily influence the reaction rates while chemical structures remain 
mainly unchanged.[85] 

All these intrinsic and extrinsic factors influence the physicochemical 
properties of MRPs, their diversity and the overall complexity (number of formed 
MRPs). Until now, there exists no analytical technique, which can detect all MRPs 

simultaneously. Nevertheless, because of its high resolution and sensitivity, in recent 
years, MS has emerged as the key tool to study MRPs. 

1.2.1 Short overview of analytical methods used to detect MRPs and 
AGEs 

The high separation efficiency and good reproducibility as well as relatively easy 

interpretability of electron impact spectra has made online coupling of gas 
chromatography to mass spectrometry (GC-MS) the workhorse in routine analysis of 
volatile and semi-volatile MRPs.[47,86–88] Comprehensive MS/MS databases, in 

combination with retention time indices are available and often allow standard-free 
compound identification in non-targeted screenings.[89,90] However, analysis of MRPs 
by GC is limited to volatile compounds and hence focuses mainly on MRPs of the later 

stages, such as aroma compounds and small heterocycles or by-products. 
Nevertheless, derivatization of non-volatile and hydrophilic MRPs or pyrolysis of the 
sample can provide non-volatile MRPs access to GC-MS methods.[91,92] It must also be 
stressed that derivatization reagents themselves, as well as time and temperature 

effects, induced by the derivatization or pyrolysis step, may significantly influence 
sensitive systems, such as the MR. 

By comparison, there exists no gold standard analytical method for the 
detection of non-volatile MRPs and AGEs.[93] Analysis of these type of compounds 

would ideally require analytical tools that provide high resolution, sensitivity, 
specificity and that allow characterization of molecules on a structural level. In recent 
years, MS has certainly prevailed as the key method to study non-volatile MRPs in 

both, model systems and real samples.[94] Structural information can be achieved by 
fragmentation experiments (MS/MS) and comparison to results from nuclear magnetic 
resonance (NMR) spectroscopy experiments. The use of isotopically enriched 

precursors is an elegant but expensive way to trace atoms in reaction products back 
to their position in the initial precursor.[26,95,96] The high mass accuracy of high-
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resolution mass analyzers readily allows the elemental composition of formed MRPs 
to be determined. 

Because the analytical tools used to study MRPs and AGEs strongly depend 
on the physicochemical properties of the target compounds and the type of samples 
and ultimately cover the entire repertoire of analytical chemistry, only the most 

frequently applied methodologies are briefly outlined here. These methods can be 
roughly divided into: (i) direct detection by spectroscopic methods, (ii) direct detection 
by mass spectrometry, (iii) hyphenated analytical methods, and (iv) immunochemical 

methods. 

Direct detection by spectroscopic methods. UV/Vis absorption and 

fluorescence measurements are still frequently used as rapid and low-cost methods to 
assess the reaction progress of the MR. However, their limited resolving power does 
not usually provide molecular-resolution but rather reflects the sum of responses from 

the chromophores of the molecules in the sample mixture. Because of their non-
destructive mode of detection, spectroscopic methods are ideal detectors to monitor 
the formation of reaction products online. 

Absorption measurements in the UV/Vis range are widely used to determine 
intermediate (usually at 294 nm) or final chromophores (usually around 420 nm).[97] 

However, in real samples often other chromophores disturb the selective detection of 
MRPs, but UV/Vis spectroscopy provides a fast possibility to evaluate the progress of 
browning in model systems. 

Many MRPs formed in the intermediate and final stage of the MR, including 

imidazole and pyrrole derivatives, are fluorescent.[98] Fluorescence spectroscopy has 
good selectivity and provides the highest sensitivity among the spectroscopic 
techniques. However, many factors, such as pH, temperature, scattering and inner 

filter effects, or the presence of quenching substances, affect the wavelength and 
response of fluorescence phenomena.[98,99] Besides MRPs, main contributors to 
fluorescence in food products are riboflavin, vitamin A, aromatic amino acids, NADH, 

porphyrins, chlorophylls, and lipid oxidation products.[98] The FAST index 
(fluorescence of advanced Maillard products and soluble tryptophan) has been 
developed for rapid and routine evaluation of the heat treatment of dairy products.[100] 
It is based on the simultaneous quantification of protein denaturation estimated by 

the tryptophan fluorescence (FTrp: ex. 290 nm, em. 340 nm) and enrichment of 
fluorescent MRPs (FAMP: ex. 330 nm, em. 420 nm) in the milk fraction soluble at pH 4.6. 
The ratio between FTrp and FAMP is the FAST index.[100] Skin autofluorescence has been 

shown to correlate with tissue levels of AGEs, such as pentosidine, 
carboxymethyllysine (CML) and collagen-linked fluorescence.[101] Therefore, non-
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invasive and in vivo fluorescence measurements can be used to predict the 
accumulation of AGEs and chronic complications in diabetes type 1 and 2.[102] 

Direct mass spectrometry measurements. Continuous progression in the 
development of high-resolution mass analyzers, such as time-of-flight (TOF), Orbitrap, 
or Fourier transform ion cyclotron resonance (FT-ICR) instruments, nowadays, allows 

the direct analysis of MRPs. Although MS alone is not able to resolve isomers, high-
resolution MS allows the separation of thousands of features in a single analysis.[103] 
High-field FT-ICR mass analyzers allow the measurement of molecular mass with an 

accuracy in the ppb range and thereby provide direct access to the molecular formulae 
of the recorded ions (see also Chapter 1.4.2). Nowadays, electrospray ionization (ESI) 
and matrix-assisted laser desorption/ionization (MALDI) are the most frequently used 

ion sources in direct MS measurements for the detection of non-volatile and high-
molecular weight MRPs, respectively. In the 1990s, fast atom bombardment (FAB) was 
used as a derivatization-free method to detect early MRPs in model systems.[104,105] 

However, because of its low sensitivity and ionization efficiency as well as 
complicated coupling to liquid chromatography (LC), in recent years, FAB has almost 
completely been replaced by ESI and MALDI. 

In one of the first studies using MALDI-MS, Lapolla and co-workers incubated 
bovine serum albumin (BSA) with different levels of glucose at 37 °C.[106] After 28 days 

of incubation with 0.2 M glucose, they noticed an increase in the molecular mass of 
the BSA ion signal by 2 120 Da, which was explained by the non-enzymatic 
condensation of 13 glucose units onto the protein.[106] It must be stressed that the 

increase in molecular mass was exclusively assigned to glucose condensation. Possible 
downstream reactions of the formed ARPs or condensation reactions of glucose 
decomposition products (e.g. deoxyglucosones or glyoxal) were not considered. In 

another study, Lapolla and co-workers compared the glycation level of IgG in three 
groups, namely healthy subjects, well-controlled and badly-controlled diabetic 
patients.[107] Analysis by MALDI-MS revealed different glycation levels. The average 

increase in molecular mass of IgG was 581 ± 347 Da, 1 128 ± 339 Da, and 
2 556 ± 1 120 Da for the healthy subjects, well-controlled, and badly-controlled 
patients, respectively. After employing MALDI-MS to papain digested IgG it was 
found that most glycation sites were located on the Fab fragment.[108] The authors 

suggested that the immune deficiency of diabetic patients might be explained by 
higher glycation levels on the Fab fragment and hence reduced antibody-antigen 
recognition. 

Hyphenated methods. To further increase the separation efficiency and to 

reduce ion suppression and adduct formation, separation techniques, such as liquid 
chromatography (LC) or capillary electrophoresis (CE), can be directly coupled to MS. 
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In a similar way, simple optical detectors (such as Photo Diode Arrays) can be used in 
combination with LC or CE. Especially in the quantification of target compounds in 
complex samples, such as food or tissue extracts, LC-MS, GC-MS, and CE-MS have 

become the methods of choice. 

Carbohydrate precursors and derivatives formed in the course of the MR can 

be analyzed by ion-exchange chromatography (IEC) or hydrophilic interaction 
chromatography (HILIC).[109,110] However, best separation efficiency and superior 
detection limits in the fmol range are currently only reached in GC-MS after silylation 

of the hydroxyl groups.[111] Blank and co-workers developed an IEC method with 
pulsed amperometry detection to separate and quantify several ARPs in the presence 
of high sugar levels.[79] Conversion of ε-lactulose-lysine into furosine by acid 

hydrolysis followed by ion-pair reversed phase LC (RPLC) and detection at 280 nm is 
the reference method to indirectly determine the amount of ARPs in heat-treated 
milk.[112] The most common method to analyze α-dicarbonyls involves their 

derivatization with o-phenylenediamine. The so formed quinoxaline derivatives can 
then be analyzed by RPLC coupled to UV and/or MS detection.[113] LC-MS/MS and 
GC-MS (after derivatization with bromine) are the main setups used to determine 
acrylamide in thermally processed foods.[114] Scheijen et al. used ultra-performance 

LC-MS/MS to quantify CML, carboxyethyllysine (CEL), and a methylglyoxal-derived 
hydroimidazolone (MG-H1) in 190 food items frequently consumed in the 
Netherlands.[115] 

In recent years, many attempts have been made to implement CE-based 

methods as alternatives to routinely used LC applications.[116,117] Several CE modes 
have been used to separate and quantify furosine,[118,119] acrylamide,[120,121] or anionic 
melanoidins.[116,122] Capillary zone electrophoresis provides higher separation 

efficiency and covers a broader molecular weight range compared to GC- and 
LC-based methods. However, the low sample amounts applied in CE are usually not 
enough for a complete characterization of MRPs and low detection levels limit the use 

of this technique. Nonetheless, CE-MS seems to be a promising tool in the 
characterization of intact glycated proteins compared to LC-MS or size exclusion 
chromatography (SEC).[123–125] Determination of glycation sites by LC-MS/MS requires 
enzymatic digestion or hydrolysis of the proteins into smaller fragments prior to 

chromatographic separation. Although SEC is an ideal separation technique for high-
molecular weight compounds, it has only moderate separation power and, more 
important, hyphenation to MS dramatically restricts the composition of the mobile 

phase.[126] 

Immunological methods. Detection of MRPs and AGEs based on 
immunoassays provides a fast method with theoretically very high specificity towards 
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the target compound. Monoclonal and polyclonal antibodies have been produced, 
which specifically bind to protein-bound AGEs, such as pyrraline,[127,128] fructose-
derived AGEs,[129] or CML.[130] These antibodies can be used in enzyme-linked 

immunosorbent assays (ELISA) to detect and quantify AGEs in vivo and in vitro. 
However, for some ELISA tests, only poor specificity and lower reproducibility as 
compared to LC-MS has been reported.[131,132] 

1.2.2 Non-targeted metabolomics - a promising toolbox in the holistic 
characterization of early and intermediate MRPs 

Comprehensive analysis of amino acid-sugar model systems faces similar analytical 

prerequisites and challenges as found in metabolomic analysis. As compared to other 
“-omics” disciplines, such as genomics or proteomics, metabolites have a greater 
variation in composition compared to genes or proteins. The relatively simple 

chemical building blocks of genes (sequence of four bases) and proteins (sequence of 
20 amino acids) allow straightforward sequence analysis benefiting from well-
established techniques.[133] By comparison, analytical studies of the metabolome 

usually require several different analytical methods, including separation techniques 
hyphenated to MS (i.e. LC-MS, CE-MS, or GC-MS) and direct methods (e.g. direct-
infusion ultrahigh-resolution MS, or NMR). 

Metabolome and foodome. The term metabolome was introduced by Oliver 

et al. in 1998 and describes the full set of small-molecular weight compounds 
(metabolites) in a biological sample.[134] Since then, thousands of studies have been 
published aiming at a comprehensive analysis of metabolites in biological samples and 
foods. With regard to existing “-omics” definitions, foodomics has recently been 

introduced.[135] Following the definition of the metabolome, the foodome comprises 
all compounds in a food sample under study and/or in a biological system that 
interacts with the investigated food at a given time.[136] Studying the entire foodome 

usually requires the integration of several “-omics” disciplines (e.g. metabolomics, 
proteomics, transcriptomics).[135,137] 

Although amino acids and sugars are abundant and omnipresent compounds 
in both biological and food samples, the number of identified MRPs or pathways of 

the MR in metabolomics or foodomics studies is surprisingly low. One factor that 
hinders the study of MRPs by metabolomic approaches is the lack of comprehensive 
compound databases, which would allow rapid and standard-free structure 

assignments in high-throughput screenings. Moreover, classical metabolome and 
foodome analysis do not distinguish between enzymatic and non-enzymatic reactions. 
It can be assumed that a considerable number of (putatively) identified compounds in 
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metabolomics studies were falsely assigned to a biochemical pathway, even when 
these metabolites were produced through non-enzymatic processes (e.g. MR or lipid 
peroxidation). For example, Beleggia and co-workers could identify about 70 

metabolites in dried pasta products.[138] Although none of those metabolites were 
assigned to a MRP, indirect evidence for the formation of MRPs was suggested by good 
correlation of responses between reducing sugars and amino acids during pasta 
making. Jeandet et al. used NMR and ultrahigh-resolution MS to investigate the 

metabolite composition of a 170-year-old champagne revealing increased levels of 
5-hydroxymethylfurfural (HMF), which the authors could attribute to originate from 
thermal treated grape juice (syrup), which most likely was added during 

manufacturing in the 19th century to increase the sugar content.[139] However, whether 
HMF was formed by the MR or via caramelization remained unclear. 

Application of non-targeted metabolomics to study the MR. Metabolites 
are a class of chemicals, similar to early and intermediate MRPs formed in reactions 

between sugars and amino acids, with a high diversity in physicochemical properties 
and molecular weights usually not exceeding 1 000 Da.[140] According to Fiehn,[133] 
metabolites can be studied in different ways: (i) targeted analysis, (ii) metabolite 
profiling, (iii) metabolite fingerprinting, and (iv) metabolomics. By far the most 

frequently used approaches to study the MR are targeted approaches. Here, one or a 
few a priori selected compounds are identified and quantified. Sample preparation and 
analytical methods are optimized in terms of extraction, identification, and 

quantitation of the compounds to be studied. Metabolite profiling is a semi-targeted 
approach where a subset of the metabolome (e.g. one metabolic pathway) is 
comprehensively studied. For instance, investigating all dicarbonyls in a Maillard 

system after derivatization and selective enrichment could be considered as a semi-
targeted profiling approach. The latter two definitions (metabolite fingerprinting and 
metabolomics) describe rigorous non-targeted approaches. Non-target is a hypothesis-

free but discovery-based and data-driven strategy to break down (in theory) the whole 
chemical composition of a sample into ultimately meaningful components or to 
describe the interplay of all compounds in an explorative and holistic way on the 

molecular level.[141–143] Hence, comprehensive detection of all metabolites (or MRPs) 
in a sample under study is the basic prerequisite of non-targeted studies. However, 
unlike genomics or proteomics, in metabolomics the detectable compound range is 

strongly shaped by physical restrictions of the analytical instrumentation used. For 
example, in ESI-MS it is the mostly polar to semi-polar compounds that are recorded. 
Further restrictions (e.g. molecular mass range) are possible. The term metabolomics 

was suggested to be reserved for comprehensive analysis of all metabolites in a 
sample, including their quantities and unambiguous identities.[133] This definition sets 
high demands on analytical methods, which in most cases, cannot be fulfilled. 
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Metabolite fingerprinting aims at rapid classification of samples.[133] It uses the 
advantage of sophisticated analytical technologies, which leads to large, complex and 
multivariate data structures. Advanced data visualization and multivariate approaches 

allow reduction of data dimensionality and interpretation of the acquired data. If the 
resolving power of an analytical method is high enough to obtain valid information of 
a sample’s composition, this type of analysis provides unique and often information-
rich signatures, even though quantities and exact identities of all compounds are not 

known. Nevertheless, in non-targeted approaches unknowns are not excluded and 
considered of equal importance compared to known compounds. Depending on the 
analytical tools used, these signatures can contain several dimensions of information 

(e.g. compositions, structures, quantities) and build the basis to discover the unknown 
and the unexpected. 

The non-targeted strategy is a promising tool to discover new MRPs, 
formation pathways and to improve understanding of the entire reaction network. 

The performance of targeted methods in gaining quantitative measures cannot be 
replaced by non-targeted methods. Using a combination of both together provides a 
complementary approach. In targeted experiments, we can eventually only detect and 
quantify what we are looking for.[144] A few markers alone are not often able to give 

an efficient description of the induced changes in the whole reaction system. The 
development in non-targeted methods and data analysis strategies in the field of 
“-omics” disciplines has made huge progress in recent years. Especially metabolomics 

seems to be a promising field, which provides many useful tools to study the MR in 
sugar-amino acid model systems. 

1.3 Model systems 

The limitations of analytical techniques to analyze the MR have been discussed in the 
previous section and it is clear that the complexity of the MR is a major challenge. 

When considering studying the MR in food products, the many other reactions (e.g. 
vitamin degradation, lipid peroxidation), which may interact with the MR network or 
lead to the same reaction products, make it even more difficult to unambiguously trace 

back identified reaction products to their precursors or vice versa. In contrast to real 
samples, model systems provide a simple and low-cost environment to control the 
sample composition (e.g. type of precursors) and/or reaction conditions so as to 
simplify the analytical process and allow better elucidation of the precursors, 

intermediates, downstream products and their formation mechanisms. 
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Table 1.1 shows some indicators used as chemical Maillard or AGE markers 
and the way in which they were historically identified. Model systems played a central 
role in the elucidation of chemical structures and formation pathways of all the 

markers shown. A typical approach in elucidation of chemical or biological markers 
is to first identify unknowns in real samples, such as foods or diseased tissues. This is 
then followed by using model systems to investigate the exact route of formation. 
Interestingly, many of the markers shown in Table 1.1 were first identified in model 

systems and only later, the relevance of these markers was confirmed in real samples. 

Table 1.1 | First observation and characterization of selected compounds identified as 
markers for the Maillard reaction and advanced glycation. 

Marker First identification 

Furosine 
(1966) 

First observed in heated dried skim milk. Glucose and 
lysine were then found as precursors in model 
experiments.[145,146] 

Pyrraline 

(1980) 

Isolated and identified from a glucose-lysine model 

system.[147] 

Nε-CML 

(1986) 

Identified after incubation of Nα-formyl-Nε-fructoselysine 

and identified in glucose-poly-L-lysine and glucose-
RNase model systems, respectively.[148] 

Pentosidine 
(1989) 

Isolated and identified from human extracellular matrix. 
Structure confirmation and elucidation of the formation 
pathway by in vitro experiments using lysine-arginine-

pentose model systems.[149,150] 

Argpyrimidine 
(1997) 

Purified and identified from model systems containing 
methylglyoxal and Nα-t-Boc-arginine.[151] 

Pronyl-lysine 
(2002) 

Antioxidant activity was recognized in bread crust. 
Pronyl-lysine could then be structurally characterized 
after isolation from a model mixture containing 

acetylformoin and Nα-acetyl-L-lysine.[152] 

Formyline 
(2010) 

Purification and characterization from pentose-lysine 
model systems.[153] 

 

Preparation of model systems in practice. To minimize the influence of extrinsic 
factors, such as air, contaminant introduction or solvent evaporation, all model 
systems studied in Chapters 2-4 were prepared in sealed glass vials according to Figure 

1.3. Model systems were prepared by mixing equal amounts of aqueous sugar and 
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amino acid stock solutions, respectively. After sealing the vials, the model systems 
were heated at 100 °C. Many of the studies, reported in literature, used buffered model 
systems. For example, phosphate buffer is a popular buffer to maintain neutral pH, i.e. 

to mimic physiological conditions.[154–156] However, it is well-known that many 
molecular anions, such as phosphate, accelerate the MR by catalytic action.[9,154,157] 
Additionally, inorganic buffer ions are prone to form undesired adducts and clusters 
in MS.[158] To avoid any impact of buffering agents on the response of MRPs or 

decrease in spectral quality, here, no extra buffer substances were added to the model 
systems. In unbuffered model systems, the initial pH mainly depends on the type of 
amino acid precursor. With increasing reaction time, the pH decreases because of 

formation of acidic reaction products.[35] For instance, degradation reactions on the 
sugar backbone, as shown in Chapter 1.1.2, can form carboxylic acids, which 
contribute to the decrease of the pH value. In sample preparation for comprehensive 

non-targeted studies, it is crucial to avoid any step, which would lead to selective 
enrichment or loss of analytes, respectively. Hence, maximum compound recovery 
was achieved by applying no additional sample preparation steps other than dilution 

or sample concentration under vacuum. 

 

 

Figure 1.3 | Analytical workflow 
to study Maillard reaction 
products by non-targeted mass 
spectrometry. 
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Classification into reaction pools. In 1997, Yaylayan described the MR by 
the formation and interaction of so called “chemical pools” (Figure 1.4).[159] The 
downstream decomposition of well-known precursors (sugar, amino acid, and ARP) 

ends in a collection of precursor reaction products (primary fragmentation pools). 
Reaction products of the primary fragmentation pools can then lead to further 
products by reactions within the same fragmentation pool (“self-interaction”) or with 
another fragmentation pool (“secondary interaction”). Compared to the Hodge 

scheme, which does not reflect the origin of different intermediates other than 
Amadori or Heyns degradation products, Yaylayan’s approach takes into account that 
amino acids and sugars can undergo independent degradation reactions, 

respectively.[159] Accordingly, three types of primary reactions can occur in model 
systems: (i) Maillard reaction as the result between the interaction of carbonyls with 
amino compounds, (ii) caramelization reactions (sugar degradation without the 

interaction with an amino compound), and (iii) independent amino acid degradation 
reactions. The contribution of reactions (ii) and (iii) to the overall reaction products 
might lead to an overestimation of the MR.[160] It is therefore of great value to study 

also “control samples” containing only the sugar and amino acid precursor, 
respectively. A more detailed view on the preparation of the sugar-amino acid model 
systems and “control samples” is given in the method sections of Chapters 2-4, 

respectively. 

 

 

Figure 1.4 | Holistic description 
of the Maillard reaction using 
the concept of “chemical pools”. 

Adapted with permission from 
Yaylayan, V.A. Trends in Food Science & 
Technology 1997, 8, 13–18. Copyright 
1997 Elsevier. 
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1.4 Analytical methods for high- and ultrahigh-resolution 
measurements 

1.4.1 Chemical Space 

The contemporary analysis of complex systems at the molecular level requires the 
integrated use of holistic analytical methods providing high-resolution in different 
analytical dimensions. Known (e.g. precursors) or at least expected compounds (e.g. 

from literature) and a much larger set of unknown compounds build the chemical 
space of analytes, which must be covered by non-targeted methods. The number of 
relevant elemental compositions (compositional dimension) and the number of 
underlying structures (isomeric dimension) sets the total number of analytes to study 

(Figure 1.5a).[161] Exact numbers of both dimensions are not known. However, for the 
simplest sugar-amino acid model systems it is enough to consider MRPs formed by 
the combination of C, H, N, and/or O atoms. If cysteine and/or methionine are studied 

the chemical space logically will expand by sulfur. 

The maximum number of possible elemental compositions (molecular 
formulae) is eventually limited by the number of all possible combinations for a set of 
elements in a given molecular weight range. For instance, considering the elements C, 

H, O, and N only, as many as 1.5∙107 element combinations not exceeding 1 000 Da 
can be computed. It seems logical that not every combination of elements represents 
a presumed stable molecule. Hence, several deterministic and heuristic rules have been 

developed to constrain the set of combinatorial formula solutions to chemically more 
meaningful ones.[162,163] Comprehensive chemical databases usually contain a lot less 
formula entries. For example, about 6 500 and 5 500 unique molecular formulae 
(C≥1H≥1N≥0O≥0) not exceeding 1 000 Da are currently listed in the Human Metabolome 

Database (HMDB v4.0, www.hmdb.ca) and in the Food Database (FooDB v1.0, 
www.foodb.ca), respectively. The number of underlying chemical structures is about 
ten and three times higher in these databases (Figure 1.5b), respectively. 

Notwithstanding this, only 0.1% (HMDB) and 0.6% (FooDB) of all listed compounds 
have been reported as possible or known MRPs or AGEs (Figure 1.5c). 

High-resolution MS is the key technique to accurately determine the 
molecular formulae of hundreds to several thousands of detected features. According 

to Marshall and Hendrickson,[164] separation of isobaric species (i.e. ions with different 
elemental compositions but the same nominal mass) can only be sufficiently resolved 
when the resolving power is greater than 100 000, which is the prerequisite for an 

unambiguous formulae assignment. Currently, in routine analysis, such high 
resolution can only be provided by Orbitrap and FT-ICR mass analyzers.[165,166] The 

http://www.hmdb.ca/
http://www.foodb.ca/
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number of potential underlying isomers strongly depends on the type and number of 
atoms connected in a molecule. Because MS alone cannot resolve molecules with the 
same exact mass, integration of high-performance separation techniques is essential 

to resolve the isomeric dimension. Coupling of high-performance separation 
techniques, such as LC, to MS dramatically increases the total resolution and hence 
overall peak capacity (Figure 1.6). 

 

Figure 1.5 | Definition of chemical space and its coverage by comprehensive databases. (a) The 
number of elemental compositions and the number of underlying chemical structures per 
composition build the chemical space, which must be covered by analytical methods in non-
targeted approaches. (b) Chemical subspaces, which are relevant for simple sugar-amino acid 
model systems and their coverage by HMDB v4.0 and FooDB v1.0 databases, respectively. 
Widths of the boxes represent the relative number of elemental compositions and heights 
represent the average number of isomers per composition, respectively. Therefore, the area 
illustrates the coverage of the chemical subspaces. (c) Number of all compounds and 
compounds listed as possible MRPs or AGEs in the HMDB v4.0 and FooDB v1.0 database, 
respectively. 

1.4.2 Direct-infusion Fourier transform ion cyclotron resonance mass 
spectrometry 

Among all types of mass analyzers, FT-ICR-MS offers highest resolution and mass 
accuracy (Figure 1.6).[167] In FT-ICR-MS, the orbital frequencies of ions in a strong and 

homogenous magnetic field (usually 7 – 15 Tesla) are measured, which depend on the 
magnetic field strength and the ions’ mass-to-charge (m/z) ratio.[168] Highly precise 
frequency measurements result in very narrow peak shapes and ultimately in superb 

mass resolving power reaching several hundred thousand to more than a million with 
mass accuracy in the ppb range. Because of the ultrahigh resolving power, FT-ICR-MS 
offers the most coherent experimental evidence for the chemical diversity in complex 

systems.[169] It is assumed that comprehensive databases contain less than 10% of the 
compounds disclosed in FT-ICR spectra.[170] The vast majority of detected features 
remains unknown (“chemical dark matter”).[171] Because the resolution increases with 
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increasing ion flight path, FT-ICR-MS has a relatively long acquisition time per scan. 
Duty cycles of typically one to several seconds are needed to achieve ultrahigh 
resolution. Consequently, online-coupling to fast and efficient chromatography 

significantly reduces the realizable mass resolving power.[172,173] Notwithstanding this, 
when operated in direct-infusion (DI) mode, maximum performance can be achieved 
in routine measurements. In this case, FT-ICR-MS allows the molecular formulae of 
thousands of compounds to be collected in a single experiment.[103,162,174,175] 

Electrospray ionization is the most frequently used MS interface because of its good 
ionization efficiency for a wide range of compound classes and its minor ability to 
form in-source fragments. Normally, up to several hundreds of single spectra are 

accumulated in DI experiments. On summing many single spectra, the initial signal-
to-noise ratios increase by up to n1/2 (where n is the number of acquired scans),[176] 
which ultimately can lead to very low detection limits. A critical issue in DI-MS is ion 

suppression, which may lead to an underestimation of the true complexity and 
inaccurate reflection of ion abundances. However, it must be stressed that ion 
suppression generally increases with increasing concentration. Because model 

systems are usually not restricted in sample volume, highly diluted samples can be 
subjected to analysis and several hundreds of scans can be accumulated to achieve the 
required detection limits. Detailed experimental conditions used in this thesis are 

given in the methods sections of Chapters 2-4, respectively. 

 

 Figure 1.6 | Theoretical peak 
capacities of common 
separation techniques and 
spectroscopic / spectrometric 
detectors. The maximum 
overall peak capacity in 
hyphenated setups results 
from the product of the two 
peak capacities from the 
separation and detection 
techniques. 

Adapted with permission from 
Hertkorn, N.; Ruecker, C.; Meringer, 
M.; Gugisch, R.; Frommberger, M.; 
Perdue, E.M.; Witt, M.; Schmitt-
Kopplin, P. Analytical and 
Bioanalytical Chemistry 2007, 389, 
1311–1327. Copyright 2007 
Springer. 

 

The complex data structure of broadband measurements requires advanced 

data post-processing, filtering, and formulae assignment strategies.[175,177,178] 
Subsequent visualization tools and data analysis helps to extract meaningful 
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information. Van Krevelen diagrams (Figure 1.7) and Kendrick mass defect plots are 
powerful tools in the visualization and interpretation of complex broadband spectra. 
They allow qualitative analysis of major compound classes, the identification of 

possible chemical transformations (e.g. dehydration, oxidation and methylation) and 
can be helpful in eliminating false formula assignments.[179–181] Molecular descriptors, 
such as the number of double-bond-equivalents (DBE, sum of rings and double bonds 
in a molecule), average carbon oxidation state (OSC), aromaticity index or its 

equivalent, which can be computed from the obtained molecular formulae, further 
support data interpretation.[182–184] 

The more complete the analysis of a (Maillard) reaction system is, the more 
precursor-product signal pairs can be assumed to be present in the spectral data. The 

mass difference between such two peaks represents the net mass change and can be 
translated into a net chemical transformation if the mass precision and accuracy is 
high enough. Hence, mass difference statistics and constructed graphs thereof can be 

used to study a sample in a reactivity-related context. Although computation is often 
challenging, several approaches have been developed to study mass differences on a 
large scale in non-targeted FT-ICR-MS datasets.[140] Mass differences between known 
and unknown MRPs further can help to decipher the “chemical dark matter”.[142,185]  

 

 

Figure 1.7 | Van Krevelen 
diagram illustrating the position 
of different compound classes 
relevant to the Maillard reaction. 
H/C versus O/C atomic ratios of 
around 7 500 CHNOS 
compounds taken from HMDB 
v4.0. Common positions of 
compound classes formed during 
the MR are highlighted: 
carbohydrates and derivatives 
(dark blue), amino acids and 
peptides (red), furans (light 
blue), and azoles and azines 
(green). 
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1.4.3 Tandem HILIC-RP LC-MS/MS 

Reaction products formed during the MR span a polarity gradient ranging from highly 
polar sugar precursors to very nonpolar MRPs mainly formed in the advanced and 
final stages (see also Chapter 1.1). To comprehensively analyze MRPs by 

chromatography, at least two independent chromatographic runs using stationary 
phases with different selectivity are required. Reversed-phase LC has proved itself as 
a robust standard method for the analysis of a wide range of rather nonpolar 
analytes.[186] By comparison, HILIC usually achieves better retention and separation 

of hydrophilic and ionic analytes.[187,188] However, two independent chromatographic 
runs are time-consuming and require stable samples that do not change in their 
composition between the two measurements. Additionally, alignment of unknown 

compounds, which show retention on both stationary phases, is challenging in non-
targeted screenings. Combination of two stationary phases in a single 
chromatographic setup is possible, either in two-dimensional (2D-LC) or one-

dimensional chromatography. The second dimension in comprehensive 2D-LC 
requires very fast separation, which is usually achieved by short columns and fast 
elution gradients. Consequently, the maximum separation efficiency usually can only 

be fully exploited for the column in the first dimension. By comparison, the 
combination of two columns in a one-dimensional system at best would double the 
peak capacity compared to single-column chromatography while retaining the full 

separation efficiency of both columns, respectively. To maximize compound coverage 
in food matrices, we developed a tandem HILIC-RP LC system, which combines HILIC 
and RP chromatography in a single chromatographic run.[189] The full record of the 

related publication can be found in Appendix A (Hemmler et al. 
Electrophoresis 2018, 39, 1645–1653). The presented method has been successfully 
applied to study MRPs as shown in Chapter 4. 

1.5 Motivation and aim of the thesis 

Reducing sugars and amino acids are essential molecular components for life. They 
are omnipresent molecules and occur spatially close to one another (e.g. in living cells). 

Therefore, it is obvious that the MR might play a role in virtually every biological 
system or any system originally derived from biological material. Nowadays, the 
important role of the MR in food products and under physiological conditions is well 

accepted. A very recent discussion even considers the MR and Maillard-type reactions 
to play a role in the formation of prebiotic molecules from simple carbonyl and amino 
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sources.[190] Howsoever, it is generally supposed that the MR leads to an extraordinary 
high chemical diversity and complexity, ultimately leading to thousands of different 
molecular structures. Even after more than 100 years studying the MR, the entire 

chemical network has not been fully resolved. Currently, compounds in the early 
phase of the MR, the ARPs or Heyns products, and stable end products (e.g. aroma-
active molecules) can be properly characterized. However, in the intermediate phase, 
comprehensive knowledge of chemical networks and interactions between the 

chemical compounds is missing, knowledge that would allow a better understanding 
of the whole reaction network. A deeper understanding of the pathways that lead to 
the formation of MRPs with key properties (e.g. antioxidants, toxic or aroma-active 

compounds) could lead to manipulation of the MR to deliver the desired compounds 
and eventually improve food quality or disease control. 

Although there is a lack of comprehensive databases that can be used to study 
the MR in holistic non-targeted approaches, in recent years, promising strategies have 

been developed, which allow the study of yet unknown molecules. It is of high 
importance to improve the understanding of the interplay of different intermediates 
and reaction products. Here, it is often not decisive to know every exact chemical 
structure at the beginning but, instead, studying the interconnectivity of features in 

the reaction cascade will eventually lead to a reduced but meaningful set of 
compounds, which can then be studied in more detail using targeted approaches. 
Especially the field of metabolomics seems to be a promising toolbox providing 

analytical strategies to comprehensively unravel MRPs on a molecular level. 

The outline of this thesis is summarized in Figure 1.8. In Chapter 2 
(Hemmler et al. Scientific Reports 2017, 7, 3227), we describe the gradual and 
thermal formation of MRPs in simple ribose-glycine model systems. Direct-infusion 

FT-ICR-MS fingerprinting was used to demonstrate the remarkable complexity and 
diversity of reaction products as well as the interconnectivity of chemical 
transformations in the overall reaction cascade. We then extended this initial study to 

multiple amino acid and sugar precursors (Chapter 3; Hemmler et al. Scientific 
Reports 2018, 8, 16879) in order to explore common and precursor-specific MRPs and 
reaction pathways. While the formation of MRPs upon thermal processing or long-
term storage has been known for a long time, the effect of different energy regimes 

on MRPs or AGEs is largely unknown. Encouraged by this, we studied the chemical 
changes of MRPs upon exposure to solar radiation (Chapter 4; Hemmler et al. 
Chemistry – A European Journal 2019, 25, 13208–13217), which is of special 

relevance in the shelf-life of foods and phototoxicity mechanisms sensitized by AGEs. 
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Figure 1.8 | Outline of the thesis. 
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Chapter 2 | 

Evolution of Complex Maillard Chemical 

Reactions, Resolved in Time 

In this study, we monitored the thermal formation of early ribose-glycine Maillard 
reaction products over time by ion cyclotron resonance mass spectrometry. Here, we 
considered sugar decomposition (caramelization) apart from compounds that could only 
be produced in the presence of the amino acid. More than 300 intermediates as a result 
of the two initial reactants were found after ten hours (100 °C) to participate in the 
interplay of the Maillard reaction cascade. Despite the large numerical variety, the 
majority of intermediates follow simple and repetitive reaction patterns. Dehydration, 
carbonyl cleavage, and redox reactions turned out to have a large impact on the diversity 
the Maillard reaction causes. Although the Amadori breakdown is considered as the main 
Maillard reaction pathway, other reactive intermediates, often of higher molecular weight 
than the Amadori rearrangement product, contribute to a large extent to the multitude of 
intermediates we observed. 

  This chapter has been published as Hemmler, D., Roullier-Gall, C., Marshall, J. W., 
Rychlik, M., Taylor, A. J. & Schmitt-Kopplin, P. Evolution of Complex Maillard 
Chemical Reactions, Resolved in Time. Scientific Reports 7, 3227 (2017). 

Reprint permitted under the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/). 

Candidate’s contributions: D.H. designed the research. D.H. performed the 
experiments and analyzed the data. D.H. prepared the figures. D.H. wrote and 
revised the manuscript. 
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2.1 Introduction 

For more than 100 years,[1] understanding the Maillard reaction (MR) has been of great 
interest in food science. The MR refers to a non-enzymatic reaction between reducing 

carbohydrates and amino compounds. It can be understood as a complex network of 
chemical reaction series, rather than a single reaction. Hundreds or even thousands of 
distinct Maillard reaction products (MRPs) are generated, in particular through 

thermal processing. Many of the molecules contribute significantly to the aroma, taste 
and color of food.[2] In 1953, Hodge divided the MR into three essential steps[16]: (i) In 
the initial phase the carbonyl moiety of a sugar condenses with an amino compound; 

(ii) the subsequent rearrangement and breakdown of the Amadori compound 
(intermediate phase) leads to a reaction cascade involving dehydration, deamination, 
Strecker degradation, and many other fragmentation steps[191]; and (iii) high-

molecular weight and colored compounds are produced from the low molecular 
weight intermediates.[16] In order to control the MR to produce desired molecules (e.g. 
flavors, antioxidants) and to avoid loss in nutritional value of food, it is essential to 

understand this entire chemical “collective”. 

Traditionally, MRPs are analyzed by targeted methods. However, in targeted 

approaches only a small set of known (or predicted) compounds are studied at the 
same time. The bulk of the many unknown compounds remain ignored. By 
comparison, non-targeted analytical methods aim to investigate the entire complexity 

of a sample and provide the opportunity to solve yet unanswered issues.[166] Ultrahigh-
resolution ion cyclotron resonance mass spectrometry (FT-ICR-MS) was recently used 
in several studies to fingerprint, classify and describe the chemical composition of 

several foods[192] and beverages.[193–195] Jeandet et al. identified 
5-hydroxymethylfurfural (HMF) and other caramelization markers by a combination 
of non-targeted FT-ICR-MS and NMR in 170-year-old champagne found in a 

shipwreck in the Baltic Sea.[139] Golon et al. reported a considerably higher number of 
resolved analytes in heated sucrose-amino acid mixtures analyzed by FT-ICR-MS 
compared to TOF-MS.[196] Despite the growing number of non-targeted approaches, 

the majority of MRPs, produced even when only one sugar is heated together with a 
single amino acid, still remain unknown. Despite decades of structural studies on the 
MR, a comprehensive picture of the composition of the reaction system and 
coherences between the intermediates has not been resolved. The aim of this study 

was to use non-targeted analysis and data visualization to deliver more insights into 
the overall chemical changes occurring in a ribose-glycine reaction. 
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2.2 Experimental procedures 

2.2.1 Maillard model systems 

D-(-)-Ribose (Rib, ≥ 99%) was purchased from Sigma-Aldrich (Steinheim, Germany). 
Glycine (Gly, ≥ 98.5%) was obtained from Merck (Darmstadt, Germany). Equimolar 

mixtures of ribose and glycine (0.1 M) were prepared in Milli-Q purified water 
(Millipore, Germany) immediately prior to thermal treatment. Samples were heated in 
a closed glass vial for two, four, six and ten hours (100 °C, waterbath). Additionally, 

blank samples containing only 0.1 M ribose or 0.1 M glycine were prepared. All 
experiments on Maillard model systems were carried out in triplicate (n = 3). 

2.2.2 Direct-infusion FT-ICR mass spectrometry 

Ultrahigh-resolution FT-ICR mass spectra were acquired with a 12 T Bruker Solarix 

mass spectrometer (Bruker Daltonics, Bremen, Germany) equipped with an 
APOLLO II electrospray source in negative ionization mode. For MS analysis the 
thermally processed Maillard model systems were diluted 1:500 (v/v) with methanol 

(LC-MS grade, Fluka, Germany). The diluted samples were infused into the 
electrospray ion source with a flow rate of 2 µL min-1. Settings for the ion source were: 
drying gas temperature 180 °C, drying gas flow 4.0 L min-1, capillary voltage 3 600 V. 

Spectra were first externally calibrated by ion clusters of arginine (57 nmol mL-1 in 
methanol). Next, internal calibration of each spectrum was conducted with a reference 
list including selected Maillard reaction markers and ubiquitous fatty acids. The 

spectra were acquired with a time-domain of 4 megawords and 300 scans were 
accumulated within a mass range of m/z 92 to 1 000. A resolving power of 400 000 at 
m/z 300 was achieved. Raw spectra were post-processed by Compass DataAnalysis 4.2 
(Bruker Daltonics, Bremen, Germany) and peaks with a signal-to-noise ratio (S/N) of 

at least 8 were exported to mass lists. 

2.2.3 Processing of FT-ICR-MS data 

All exported m/z features were aligned in a matrix containing averaged m/z-values 
(peak alignment window width: ± 1 ppm, Figure B.1 in Appendix Chapter 2) and 

corresponding peak intensities of all analyzed samples.[197] Molecular formulae were 
assigned to the exact m/z-values by mass difference network analysis using an 
in-house developed software tool.[198] For further processing, only those molecular 
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formulae were considered which were found in all three replicates of at least one 
sample. In total, 373 detected features could be assigned to distinct and unique 
molecular formulae. More than 90% of all assignments were found within an error 

range of ± 0.2 ppm (Figure B.2 in Appendix Chapter 2). All further calculations and 
filtering were done in Microsoft Excel 2010 and R Statistical Language 
(version 3.1.1).[199] 

2.2.4 Classification into reaction pools 

Molecular formulae were classified according to Yaylayan into three different reaction 

pools (Figure B.3 in Appendix Chapter 2):[159] (i) Maillard reaction products (MRPs, 
Table B.1 in Appendix Chapter 2), (ii) thermal induced carbohydrate degradation 
products, and (iii) amino acid degradation products. Ion signals which were found 

exclusively in all three replicates of the model systems but not in the blank samples 
(ribose and glycine heated alone) were classified as MRPs. Features also found in the 
ribose blank sample were classified as carbohydrate decomposition product. When 

signals were found in the model systems and both blank samples, they were 
considered to be contaminants. In total, eight different contaminants were detected 
known by us as trace contaminants omnipresent in solvents and sample preparation 

(Table B.2 in Appendix Chapter 2). Glycine degradation products could not be detected 
by our analytical platform. 

2.2.5 Average carbon oxidation state 

Carbon oxidation state of molecular formulae was calculated as suggested by Kroll et 

al. (2011):[183] 

𝑂𝑆𝐶
̅̅ ̅̅ ̅ = − ∑ 𝑂𝑆𝑖 

𝑛𝑖

𝑛𝐶
𝑖

 (2.1) 

 

in which OSc is determined by non-carbon atoms (H, O, and N) in the molecular 
formulae. The quotient ni/nc is the molar ratio of element i to carbon and OSi the 

oxidation state of element i set to +1, -2, and -3 for hydrogen, oxygen, and nitrogen, 
respectively. 
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2.3 Results and discussion 

2.3.1 Compositional characterization of ribose-glycine MRPs 

Here, an equimolar mixture of ribose and glycine was heated under the same 
conditions L. C. Maillard used in his original experiments in 1912 (100 °C, 

unbuffered).[1] We monitored the formation of MRPs over time in a non-targeted 
approach by FT-ICR-MS. Extracts of the model system were subjected to analysis 
using direct-infusion FT-ICR-MS and a vast and complex pool of hundreds of distinct 

ion signals was observed (Figure 2.1a). Starting with two initial reactants, the number 
of intermediates produced throughout the course of the MR increased with time. 
Reaction products were recorded using negative electrospray ionization to achieve 

higher selectivity for oxygen-rich analytes,[161] which are preferentially formed in the 
early MR. The instrument’s high resolving power (400 000 at m/z 300) and mass 
accuracy enabled the assignment of the individual mass peaks to their corresponding 

unique elemental compositions. According to Yaylayan’s classification approach,[159] 
three kinds of reactions can occur when a sugar is heated in the presence of amino 
acids: (i) Degradation of the Amadori rearrangement product (ARP), Maillard reaction; 

(ii) carbohydrate degradation, caramelization type reactions; and (iii) amino acid 
degradation; (detailed classification approach is described in Chapter 2.2.4). Formation 
of reactive intermediates which constantly feed the reaction pool, leads to an 

exponential increase in production of MRPs (Figure 2.1b). After ten hours, we found 
hundreds of distinct molecular formulae which were not produced when ribose or 
glycine were heated alone. The shape of the curve (Figure 2.1b) indicates that, even 
after ten hours, an end point of the reaction was not reached. By comparison, ribose 

caramelization (ribose heated alone; Figure 2.1b) led to a linear increase in the number 
of decomposition products but only a few tens of compounds were formed. Sugar 
decomposition is known to predominantly occur at high temperatures (>120 °C) or 

under strongly alkaline or acidic conditions[200] whereas the MR requires less 
energy.[9] Nevertheless, these ribose decomposition products (and some smaller ones 
outside our analytical window; <100 Da) may also be reactive intermediates which can 

contribute to the overall MR cascade. Most of the MRPs detected have a molecular 
mass below 400 Da. However, after two hours a large number of molecular formulae 
were found at a higher molecular weight than the initial ARP N-(1-deoxy-D-erythro-

2-pentulos-1-yl)glycine (structure 2 in Figure 2.2). Thus, MRPs are not only formed by 
degradation of the ARP into smaller molecules, also molecules of higher molecular 
weight are produced, which contribute to the diversity observed in the MR. 
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Figure 2.1 | Progression of reaction products in a ribose-glycine Maillard model system after 
thermal treatment at 100 °C for two, four, six, and ten hours. (a) Raw FT-ICR mass spectra 
with fixed peak intensity scale. (b) Classification of the detected signals into Maillard reaction 
products (square) and carbohydrate degradation products (circle). Glycine degradation 
products were not detected. 

Molecular formulae retrieved for MRPs (and ribose) were projected into 2D 

van Krevelen plots (Figure 2.2a-d).[179] After two hours, the compound pool was almost 
exclusively made up of MRPs containing one nitrogen atom (Figure 2.2e). After ten 
hours the number of detected CHNO and CHO compounds was 18 times as many as 

found after two hours (19 MRPs found after 2 h, 348 after 10 h). However, the 
formation of MRPs containing two nitrogen atoms showed a noticeably greater 
increase after six hours compared to MRPs containing only one or no nitrogen atoms. 
Starting with condensation of ribose (O/C: 1, H/C: 2) and glycine the MR begins in the 

top right corner of the van Krevelen diagrams. The initial condensation is followed by 
an extended series of dehydration reactions leading to MRPs with a higher degree of 
unsaturation and aromaticity (lower H/C and O/C ratios) as a function of time. After 

four hours, more than half of the MRPs produced were found in a very narrow range 
(1 ≤ H/C ≤ 1.5 and 0.35 ≤ O/C ≤ 0.65), so, although the number of MRPs produced is 
high, they are found in a very discrete chemical compositional space. Within the first 

four hours, we observed that extended series of dehydration reactions were the most 
dominant in the formation of nitrogen-containing (CHNO) species. Interestingly, 
when nitrogen-free (CHO) compounds were considered separately, dehydration 

reactions did not play a significant role in the first six hours, neither in Maillard 
reactions (Figure B.4 in Appendix Chapter 2) nor when ribose was heated alone. This 
leads us to propose that dehydration of the carbohydrate backbone is favored when 

the sugar is covalently bound to amino compounds. These nitrogen-free (CHO) MRPs 
detected in the first six hours all revealed an average carbon oxidation state[183] (OSC) 
higher than ribose (Figure B.4 in Appendix Chapter 2). Many of these intermediates 
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may be formed by oxidative cleavage of dicarbonyl structures.[31] By comparison, the 
predominant CHNO-containing MRPs in the first four hours mostly revealed an OSc 
similar to that of the ARP (Figure B.5 in Appendix Chapter 2). Consequently, reactions 

of other type than oxidation reactions (e.g. dehydration) predominate the formation 
of CHNO-MRPs at the beginning of the MR. After six hours, both oxidized and reduced 
CHNO species were also observed. After ten hours, nitrogen-free (CHO) intermediates 
also showed pronounced dehydration series (Figure B.4 in Appendix Chapter 2). By 

comparison, when ribose was heated alone, there was little evidence of dehydration 
reactions playing a meaningful role over the entire ten-hour cooking period. In this 
context, nitrogen-free (CHO) and nitrogen containing (CHNO) MRPs act very 

differently in their reactive behavior. 

 

Figure 2.2 | Compositional characteristics of MRPs and ribose. (a–d) Van Krevelen diagrams 
(H/C vs. O/C) were used to visualize the reaction progression. Features on imaginary lines 
with a slope of 2 indicate dehydration series, those on vertical and horizontal lines represent 
redox reaction series.[179] Selected known marker compounds illustrate the position in the 
diagrams depending on structural characteristics: ribose 1, Amadori product (ARP, 2), 
1-deoxypentosone 3, N-(carboxymethyl)glycine 4, N-(2-furanylmethylene)glycine 5, and 
furfural 6. (e) The bar chart illustrates the absolute number of assigned molecular formulae 
for each reaction time classified into compositional spaces (CHO, CHN1O, and CHN2O). 
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2.3.2 Time-resolved interplay between MRPs 

As all features which were detected after two, four, or six hours were still detectable 
in the samples heated for ten hours, the chemical pathways leading to these 
intermediates must be present in the mass spectra and can be characterized by 

studying the exact mass differences (MDs) between compounds which represent 
chemical transitions in the early stages of the MR such as dehydration, oxidation, 
etc.[16] This type of data analysis shows the chemical relationships between the 
compounds and probes the data in a more reactivity-related context. It was possible 

to connect 98% of the observed compounds (MRPs, carbohydrate decomposition 
products, and ribose) with just seven types of transformations. A network graph was 
constructed (Figure 2.3) where the nodes represent assigned molecular formulae 

which are connected to each other by accurate MDs representing possible chemical 
transformations. In fact, the network in Figure 2.3a offers a broad picture of simple 
and repetitive reaction series occurring in parallel. Moreover, the decomposition of 

the ARP can be completely followed as a time dependent pathway until the formation 
of the furfural and Strecker imine (Figure 2.3b). This confirms the comprehensive 
acquisition of early MRPs with the method applied. However, the ARP degradation as 

described in the Hodge scheme (Figure 2.3c) constitutes only a small subpart of our 
network. 

In Figure 2.4 we applied a modified Kendrick mass defect analysis[179] in order 
to visualize the role of dehydration reactions as well as the relationships between each 
other. At the beginning, dehydration series are connected to each other by simple 

carbohydrate type fragments of type Cc(H2O)n. After the initial ribose-glycine 
condensation, the ARP was formed and subsequently dehydrated. At the same time, 
we observed another glycation of the ARP by C5H10O5 leading probably to N,N-bis(1-

deoxy-D-erythro-2-pentulos-1-yl)-glycine. The formation of diketosamines has 
apparently been only reported for difructosamines. Mossine et al. showed that the 
degradation rate of difructosamines is much higher than for monofructosamines.[201] 

Consequently, the two further dehydration series (C+2 and C+3), detected after four 
hours, could arise from direct cleavage of dicarbonyl intermediates produced from the 
diketosamine. The amino intermediates formed from this reaction, potentially offer a 

new reducing end, which is able to undergo new glycine condensation, thus opening 
the CHN2O space, or aldol-type reactions with other carbonyl intermediates to extend 
the carbon backbone. Little is known about C-C bond formation in the MR. The 

elongation of carbohydrates by aldol-type reactions is still under debate. However, 
intermolecular C-C bond formation between ketones and aldehydes may be catalyzed 
by the action of amino acids.[202] Recently, Pfeiffer et al. reported an aldol-based 

polymerization of methylglyoxal produced during the decomposition of 
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3-deoxy-D-erythro-hexos-2-ulose leading to reactive aldehydes with extended carbon 
chains.[203] Additionally, oxidation of the ARP led to a further dehydration series (4 h, 
Figure 2.4). Both, fragmentation of the carbohydrate backbone and redox reactions, 

were found to be mainly responsible for the complete set of dehydration series found 
after ten hours. We found series ranging from ARP-C1 to ARP+C9 (Figure 2.4). It is 
worth noting that all series greater than ARP+C5 must involve the formation of new 
C-C bonds in at least one stage of the reaction cascade and not only a breakdown into 

smaller fragments. 

 

 

Figure 2.3 | Time-resolved 
coherences between MRPs. (a) 
Mass difference network of MRPs, 
carbohydrate decomposition 
products and the ribose precursor. 
98% of assigned ion signals 
(357/366) could be connected in the 
network by allowing only a set of 
seven simple transformations from 
the Hodge scheme: 2.01565 (2H), 
12.00000 (Strecker degradation, 
+H2O/−CH2O), 18.01057 (H2O, in 
bold), 43.98983 (CO2), 57.02146 
(glycine condensation), 75.03203 
(glycine addition), 150.05283 
(pentose addition). The 
transformations (edges) in the 
graph are undirected, reverse 
reactions are also possible. (b) The 
selection shows the coherences 
between observed molecular 
formulae as expected for the initial 
and intermediate phase by the 
reaction scheme (dashed box in c). 
(c) Fundamental Maillard reaction 
scheme adapted from Hodge.[16] 
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Figure 2.4 | Visualization of dehydration series by Kendrick mass defect (KMD) analysis.[179] 
Conversion of the IUPAC mass to a Kendrick mass scale (IUPAC × 18/18.01057) projects 
dehydration series onto horizontal lines. Only series including at least three intermediates 
(n ≥ 3) are shown. Most series can be formed from the ARP by condensation with carbohydrate 
type (CC(H2O)n) fragments (grey), redox reactions (green) or a combination of both. Formation 
of nitrogen-free compounds (blue) and MRPs containing two nitrogen atoms (orange) must 
involve further release or addition/condensation of glycine. 

2.4 Conclusions 

In summary, this study emphasized the complexity of hundreds of distinct early MRPs 

produced in a simple two reactant system. Although isomers could not be resolved by 
our methods, we achieved a comprehensive coverage of intermediates involved in the 
early Maillard reaction. Those intermediates can be formed within a network of 

parallel reactions following repetitive patterns. Among others, dehydration, 
fragmentation of the carbohydrate backbone and redox reactions turned out to have a 
large impact on the diversity. Not only decomposition of the ARP but also the 

formation of initial intermediates with higher molecular weight than the ARP is 
involved in the reaction cascade. Extending these experiments by multiple amino or 
carbohydrate sources as in the case of food products would certainly amplify the 
diversity to new dimensions reaching thousands of distinct compounds. 
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Chapter 3 | 

Insights into the Chemistry of Non-Enzymatic 

Browning Reactions in Different Ribose-Amino 

Acid Model Systems 

Reactions between sugars and amino acids in the Maillard reaction produce a multitude 
of compounds through interconnected chemical pathways. The course of the pathways 
changes depending on the nature of the amino acids and sugars as well as the processing 
conditions (e.g. temperature, water activity). Some partial pathways have been elucidated 
using labelled precursors but the process is very time intensive. Here, we use rapid, non-
targeted analysis with Fourier transform ion cyclotron resonance mass spectrometry 
(FT-ICR-MS) to deliver the molecular formulae and ion intensities of the compounds 
generated from reaction of four amino acids with ribose (10 h at 100 °C) to study the 
effect of amino acid side chains on the reaction pathways. Using van Krevelen diagrams, 
known chemical changes during the reaction (e.g. dehydration or decarboxylation) can 
be studied. Comparison of the data from the four amino acids studied, showed a common 
pathway, which involved 73 Maillard reaction products (MRPs) where the differences 
were due only to the nature of the amino acid side chain. From the more than 1 400 
different molecular formulae found, pathways unique to the amino acids were also 
identified and the order of reactivity was lysine > cysteine > isoleucine ≈ glycine. While 
unequivocal identification of the compounds cannot be achieved with FT-ICR-MS, 
applying known chemical transformations found in the Maillard reaction, not only 
identifies new and known pathways, but also integrates the MRPs into a general Maillard 
reaction scheme that better represents the totality of the Maillard reaction. 

  This chapter has been published as Hemmler, D., Roullier-Gall, C., Marshall, J. W., 
Rychlik, M., Taylor, A. J. & Schmitt-Kopplin, P. Insights into the Chemistry of Non-
Enzymatic Browning Reactions in Different Ribose-Amino Acid Model Systems. 
Scientific Reports 8, 16879 (2018). 
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3.1 Introduction 

Non-enzymatic browning between reducing carbohydrates and amines, also known 
as the Maillard reaction (MR), is of crucial importance in food science where it 
significantly contributes to taste, aroma and color.[2] Additionally, it is now established 

that the MR takes place in vivo under physiological conditions, where non-enzymatic 
reactions between carbohydrates and proteins lead to irreversible protein 
modifications associated with a wide range of diseases, such as diabetes 

mellitus.[2,204,205] The initial condensation between an amine compound (e.g. amino 
acid) and carbonyls leads to the relatively stable Amadori rearrangement product 
(ARP). Subsequent breakdown of the ARP (intermediate phase) initiates a flood of 

chemical reactions continuously producing new intermediates which are fed into the 
Maillard reaction pool. Many of the breakdown intermediates produced are highly 
reactive, such as reductones and other (di)carbonyl compounds,[16] which then may 

react to form new Maillard reaction products (MRPs), thus increasing the 
chemodiversity exponentially. Among many other factors, type and concentration of 
precursors, temperature, pH and time have a major impact on the type of reactions 

and intermediates as well as the end products produced. This makes the MR certainly 
one of the most complex reaction “collectives” which is able to produce thousands of 
distinct chemical compounds from only a few initial precursors. 

To date, detailed knowledge of reaction mechanisms has been achieved for the 
some specific steps of the MR, mainly from studies of sugar-amino acid model systems 

but no overall view of the reaction pathways has been published. By means of non-
targeted GC-MS methods, many volatile, often flavor-active molecules or precursors 
thereof, have been identified, and important formation pathways proposed.[89,206] By 

comparison, non-volatiles of the intermediate phase are still unknown to a large 
extent. The high diversity in chemical properties makes a simultaneous analysis 
especially challenging.[93,207] Although several reported methods have successfully 

separated and detected multiple reaction products, non-targeted analysis exploring 
the non-volatiles, produced throughout the course of the MR, are rare.[208] The large 
number of reaction products, reactive intermediates and transition species, often 

http://creativecommons.org/licenses/by/4.0/
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having very similar retention properties, do not allow sufficient isolation and structure 
elucidation of all of the compounds involved in the MR. Hence, most of the described 
analytical approaches focus on quantification of selected target molecules. For 

example, Davidek et al. proposed a derivatization-free anion exchange 
chromatography method for the simultaneous quantitation of sugar and amino acid 
precursors together with the Amadori rearrangement product (ARP) and three cyclic 
intermediates.[208] More recently, Katayama et al. developed an LC-MS/MS method for 

quantification of twenty fructose-derived ARPs.[209] 

Although mass spectrometry alone cannot provide sufficient structural 
information for unequivocal identification, it is an irreplaceable tool for the holistic 
analysis of complex samples on a molecular level. In recent years, ultrahigh-resolution 

Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR-MS) has 
prevailed as a method of choice in the compositional characterization of utmost 
complex samples in many scientific disciplines.[161,194,210] We have recently shown that 

direct-infusion FT-ICR-MS provides deep insights into initial and intermediate MRPs 
produced in a ribose-glycine Maillard model system. We found more than 300 distinct 
elemental compositions, produced in the ribose-glycine Maillard reaction cascade.[211] 
In the present study, we extend our experiment using multiple amino acid precursors. 

The aim is to demonstrate the chemodiversity in the molecular characteristics among 
different model systems on the level of accurate molecular formulae in order to 
generate new hypotheses, which could help to improve the understanding of the 

chemistry of MRPs and their formation processes. 

3.2 Experimental procedures 

3.2.1 Chemicals 

D-(-)-Ribose (Rib, 98%), L-lysine (Lys, ≥ 99%), L-cysteine (Cys, ≥ 97%), and L-isoleucine 
(Ile, 99%) were purchased from Sigma-Aldrich (Steinheim, Germany). Glycine (Gly, 
≥ 98.5%) was obtained from Merck (Darmstadt, Germany). 

3.2.2 Model systems 

Mixtures of ribose and amino acids (0.1 mol L-1 respectively) were prepared in Milli-Q 
purified water (Millipore, Germany) immediately prior to thermal treatment. 1 mL of 
each mixture was heated in 2 mL glass vials sealed with temperature and pressure 



Chapter 3 | Experimental procedures 

44 
 

resistant crimp caps to exclude additional air/gas exchange for two, four, six and ten 
hours in a boiling water bath (100 °C). For the identification of ribose and amino acid 
degradation products, blank samples containing 0.1 mol L-1 ribose or amino acid were 

prepared. All Maillard model systems were prepared and analyzed in triplicate. 

3.2.3 Direct-infusion FT-ICR mass spectrometry 

All samples were diluted 1:500 (v/v) with methanol (LC-MS grade, Fluka, Germany) 
and analyzed by direct-infusion FT-ICR-MS as recently described.[211] Direct-infusion 
FT-ICR mass spectra were acquired with a 12 Tesla Bruker Solarix FT-ICR mass 

spectrometer (Bruker Daltonics, Bremen, Germany). The mass analyzer was first 
calibrated by means of arginine ion clusters (57 nmol mL-1 in methanol). Next, raw 
spectra were further internally calibrated using a reference list including known 

Maillard reaction markers and ubiquitous fatty acids to achieve best possible mass 
accuracy and precision among the samples. Raw spectra were post-processed by 
Compass DataAnalysis 4.2 (Bruker Daltonics, Bremen, Germany) and peaks with a 

signal-to-noise ratio (S/N) of at least 8 were exported to mass lists. All exported 
features were aligned in a matrix containing averaged m/z-values (maximum peak 
alignment window width: ± 1 ppm) and corresponding peak intensities of all analyzed 

samples.[197] Only m/z features of monoisotopic candidates and features with feasible 
mass defect were retained in the matrix. Identification of heavy isotope candidates 
was performed as described elsewhere.[212] Remaining m/z-values were assigned to 

their unambiguous molecular formulae as recently described.[211] Chloride adducts 
[M+Cl]- were only retained in the final data matrix when no corresponding [M-H]- 
ion was found. In general, chloride adduct formation played only a minor role. In the 

ribose-lysine model systems 26 and in the ribose-cysteine model systems one [M+Cl]- 
adducts could be detected which were not recorded as [M-H]-. No such unique chloride 
adducts were found for ribose-glycine and ribose-isoleucine MRPs. 

3.2.4 UV-absorbance 

Samples were diluted 1:100 (v/v) with Milli-Q purified water (Millipore, Germany). 
Immediately after dilution, the absorbance at 294 nm was measured using a µQuant 
Spectrophotometer (Bio-Tek Instruments, USA). 
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3.2.5 Data analysis 

All further data processing was done in Microsoft Excel 2010 and R Statistical 
Language (version 3.4.1).[199] Only those molecular features, which were detected in 
all three replicates (S/N ≥ 8) of one sample group, were considered for further data 

analysis and interpretation. The number of double-bond equivalents (sum of rings and 
double bonds in a molecule) per carbon atom (DBE/C) can be calculated according to 
Eqn. 3.1 from the number of atoms (ni) and the valence (vi) of each element i. 

DBE/C =  
1 +

1
2

∑ ni(vi − 2)

nC
 (3.1) 

 

3.3 Results and discussion 

3.3.1 Reaction monitoring by direct-infusion FT-ICR mass 
spectrometry 

Four different amino acids (glycine, isoleucine, lysine, and cysteine) were reacted with 
ribose in equimolar (0.1 M) mixtures at 100 °C. We monitored the formation of 
intermediates and reaction products by direct-infusion FT-ICR-MS after a reaction 

time of two, four, six, and ten hours. In this fundamental proof-of-principle study, we 
used a well-known but uncontrolled reaction system (unbuffered solutions). The 
amino acids were chosen to cover a wide range of physicochemical properties. Ribose 
was selected as the major carbohydrate precursor to study because of its high 

reactivity among the common pentoses and hexoses.[213] 

Here, we focus on results obtained after negative electrospray (ESI(-)) 
ionization which allows detection of polar and oxygen-rich MRPs of the initial and 
intermediate phase of the MR. Hundreds of distinct ion signals could be recorded in 

each model system (Figure C.1a in Appendix Chapter 3). Comparing the four amino 
acids, lysine showed a considerably higher signal density after ten hours compared to 
the other amino acids. Most of the reaction products were found in a mass range 

between m/z 100 – 600. While the high resolving power (400 000 at m/z 300) allowed 
an unambiguous differentiation of the recorded ion signals, high mass accuracy and 
precision allowed us to assign detected m/z-values to their unambiguous molecular 

formulae. If only CcHhOo element compositions are considered it would be possible, 
with the achieved mass accuracy, to accurately assign molecular formulae using only 
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the exact ion masses. However, when non-oxygen heteroatoms, such as nitrogen or 
sulfur, are also taken into account, the number of possible solutions increases 
dramatically with the number of heteroatoms and ion mass.[175] Hence, we used a 

combination of compositional network-based formulae annotation and isotopic fine 
structure validation (Figure C.1b in Appendix Chapter 3) in order to eliminate false 
assignments.[178,198,214] After ten hours, we found in total 1 493 distinct molecular 
formulae among the four investigated model systems. More than 90% of all features 

were found within a maximum error of ± 0.2 ppm (99% with maximum error of 
± 0.5 ppm, Figure C.1c in Appendix Chapter 3). 

Here, we report only features, which were found in all three replicates. This 
guarantees highest accuracy and reproducibility of the discussed compounds. Spectra 

were always dominated by a few high-intensity principal components while the 
majority of produced compounds were found with considerably lower peak intensities 
(Figure C.1c in Appendix Chapter 3). Overall, we observed analytes in a range covering 

approximately four orders of magnitude in peak intensity. This intensity range, 
covered by the ICR mass analyzer, can also be interpreted as an approximation for the 
relative concentration range in which compounds occur in the MR. The similarity in 
chemical properties together with the complexity and high dynamic range in 

concentrations makes a simultaneous or comprehensive analysis with conventional 
analytical approaches, such as LC-MS, very challenging.[93,207] 

3.3.2 Formation of reaction products monitored over time 

With the help of blank samples (ribose and amino acids heated alone, respectively), 

the recorded reaction products were classified into thermally synthesized MRPs, sugar 
and amino acid degradation products according to the classification approach 
suggested by Yaylayan[159] and as recently described.[211] Most reaction products could 

be clearly assigned to MRPs, which require for their formation the presence of both, 
an amino acid and a sugar precursor. Among the tested amino acids, lysine produced 
most MRPs. After ten hours of thermal treatment, we could detect more than 700 

different molecular formulae assigned to MRPs. By comparison, for glycine, isoleucine 
and cysteine we found 300-400 MRPs, respectively. The order of MRPs produced after 
ten hours was lysine > cysteine > isoleucine ≈ glycine (Figure 3.1a). Lysine was also 

shown in many other studies to be the most reactive amino acid in Maillard model 
systems[83,160,215] and the key contributor to MRPs produced through protein glycation. 
Interestingly, cysteine and lysine both showed a high number of produced MRPs after 

heating the samples for only two hours. Compared to glycine and isoleucine, these 
amino acids have reactive functional side chains. It is very likely that the strong 
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nucleophilicity of the thiol side chain[216] leads to many of the observed MRPs 
produced in the ribose-cysteine model. Further, Munch et al. showed that, when the 
side chains were protected, the reactivity of N-terminal amino acids in dipeptides 

towards glucose and fructose addition is almost similar among the twenty 
proteinogenic amino acids.[217] Only cysteine revealed slightly lower reactivity. 
However, when the side chains were unprotected cysteine and lysine showed by far 
highest reactivity.[217] 

 

 

Figure 3.1 | Formation of MRPs 
and UV absorbing products. (a) 
Number of MRPs produced in 
four different ribose-amino acid 
model systems heated for two, 
four, six, and ten hours (100 °C). 
(b) Absorbance at 294 nm of 
ribose-amino acid models heated 
for ten hours (100 °C). Error bars 
indicate the standard deviation 
of the mean absorbance value 
(n = 3). 

 

 

A simple and fast method to assess the progress of Maillard reactions is to 

measure the degree of browning. In the intermediate stage, non-enzymatic browning 
leads to chromophores showing good absorbance at 294 nm while 420 nm indicates 
reaction products of the final stage.[97,218] Here, after ten hours, the order in degree of 

browning found at 294 nm was: lysine > isoleucine > glycine > cysteine as shown in 
Figure 3.1b. The same order was reported by Hwang et al. when they heated 
unbuffered amino acid – glucose mixtures for two hours at 130 °C.[219] For cysteine, 

we observed only a minor amount of browning over the entire reaction timescale. It 
has been reported in many studies that cysteine does not lead to extensively colored 
compounds, but rather suppresses the formation of chromophores. The suppressing 

effect of cysteine has so far been mostly explained by the formation of relatively stable 
thiazolidines[220] and its ability to effectively trap (di)carbonyls to form hemi- or 
thioacetals.[221] Although cysteine does not contribute to the characteristic browning 

in Maillard reactions, it is responsible for a huge diversity in reaction products as 
shown in our FT-ICR-MS data (Figure 3.1a). Furthermore, cysteine is known to 
produce many meat-like aroma compounds including S-containing heterocyclic 
molecules which are often formed from cysteine degradation products such as H2S or 

cysteamine.[4,222,223] However, non-volatile Maillard intermediates, which are 
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produced by cysteine, are largely unknown. With more than 400 MRPs observed in 
electrospray MS, we here report a large pool of chemical compounds which could act 
as non-volatile precursors in the formation of aromas. Moreover, although cysteine is 

often considered as relatively unreactive in the MR[220] we could show that it is 
responsible for a variety of non-volatile intermediates, consequently having quite a 
remarkable reactivity. 

Compared to the multitude of MRPs produced in the model systems, we 
observed only a few amino acid degradation products for lysine and cysteine (Figure 

C.2 in Appendix Chapter 3). No amino acid degradation products were observed for 
glycine and isoleucine in the covered mass range. Cysteine showed highest thermal 
instability resulting in 27 amino acid degradation products, which could be formed 

without the interaction with ribose. Some of those cysteine degradation products may 
also contribute to the total diversity in reaction products we observed in the ribose-
cysteine MR. The number of sugar degradation products observed in the model 

systems is very similar for glycine, isoleucine and lysine (16 ± 2; Figure C.2 in 
Appendix Chapter 3). However, in the cysteine model system, the number of ribose 
decomposition products produced was considerably smaller than for the other amino 
acids. After ten hours, we found only nine ribose degradation products in the ribose-

cysteine mixture. Thus, cysteine seems not only to suppress the browning in Maillard 
reactions but also has a suppressing effect on sugar decomposition. Sugar degradation 
products, such as furfural or dicarbonyls, significantly contribute to the degree of 

browning.[16] As a result, it can be assumed that suppression of sugar degradation 
products in cysteine-containing Maillard systems is a part of the suppression effect of 
cysteine on browning. 

Degradation of the ARP and hence the composition and number of formed 

MRPs strongly depends, among many other factors, on the reaction pH.[26,224] In our 
reaction systems, pH values dropped with increasing reaction time. After ten hours, 
the pH decreased by approximately 2-3 pH units compared to unheated model 

systems. Acidification has a significant impact on the availability of amino groups and, 
to a lesser degree, an effect on the acyclic form of the sugar precursor.[225] The relative 
proportion of unprotonated amino groups, which is essential for nucleophilic 
reactions in the initial phase of the MR, increases with increasing pH. Lysine showed 

a strong increase in the formation of MRPs within the first four hours (Figure 3.1a) 
which can be attributed to the availability of more amino groups in the early phase of 
the reaction. 
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3.3.3 Compositional characteristics of MRPs 

Among the many visualization tools used for high-resolution MS data, the van 
Krevelen diagram is a very valuable tool for the representation of hundreds or 
thousands of molecular compounds in a two-dimensional space.[179] The van Krevelen 

diagrams of the four investigated Maillard model systems show an extraordinary high 
molecular diversity in produced MRPs (Figure 3.2). Primarily, the amino acid precursor 
is responsible for the individual characteristics of the detected MRPs. By comparison, 
when six different sugars were heated together with glycine for 24 h, the element 

compositions were very similar among the different sugars (Figure C.3 in Appendix 
Chapter 3). Different sugar precursors mainly revealed differences in the number of 
produced MRPs (ribose > arabinose > fructose ≈ xylose > galactose > glucose) but no 

substantial differences in their characteristic positions in the van Krevelen diagrams 
could be observed. Specifically, the sugar reactivity order can be attributed to a 
combination of factors, such as the proportion of free carbonyls in the sugar 

precursor[226,227] and faster reaction rates of pentoses than hexoses.[228] 

 

Figure 3.2 | Compositional characterization of MRPs. (a-d) Van Krevelen diagrams (H/C vs. 
O/C atomic ratios) of four ribose-amino acid model systems heated for ten hours at 100 °C. 
Scaling of points is according to their relative peak intensity in the mass spectra. Color 
gradient according to the degree in unsaturation (number of double bond equivalents per 
carbon atom (DBE/C)). 
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Interestingly, when comparing the molecular formulae of all four ribose-
amino acid model systems, there was no single molecular formula that was common 
to all four samples among the >1 000 MRPs identified. This demonstrates how difficult 

it is to find general Maillard reaction markers, which are independent of the amino 
acid and sugar precursors. It is worth noting, that ESI(-) analysis mainly targets 
oxygen-rich and polar MRPs of the initial and intermediate phase. In later stages of 
the MR an increasing similarity in chemical structures, e.g. after Strecker degradation 

can be expected. By comparison, molecular formulae retrieved for the different sugar-
glycine model systems showed more similarity. After 24 h, 88%, 95%, 75%, and 78% of 
all observed MRPs in the arabinose- and xylose-, galactose-, and fructose-glycine 

mixtures were also found in the ribose-glycine mixture, respectively. Only the 
glucose-glycine model showed a smaller number of common formulae (45%) which is 
mainly because of the lower reactivity of glucose (Figure C.3 in Appendix Chapter 3). 

After 24 h we observed only a few initial MRPs formed in the glucose-glycine model. 
A longer reaction time might be required to initiate fragmentation of the sugar 
backbone and may increase the molecular formulae intersect. Although chemical 

information obtained from direct-infusion FT-ICR-MS is restricted to accurate 
molecular formulae, the high proportion of common formulae between the different 
sugar systems indicates that different sugar precursors react to form similar or even 

identical MRPs. The many cleavage reactions might easily convert hexose-derived 
MRPs into smaller derivatives, which can also be formed directly from smaller 
carbohydrate precursors. 

Compared to the glycine and cysteine mixtures, isoleucine and lysine showed 
a large number of MRPs with high H/C and low O/C ratios (aliphatic area, Figure 3.2). 

The aliphatic parts of the side chains of isoleucine and lysine are mainly responsible 
for these specific molecular characteristics. However, the van Krevelen diagrams do 
not show a shift of all produced MRPs of the isoleucine and lysine models towards 

higher aliphaticity. We rather found a widespread distribution of MRPs over a large 
part of the van Krevelen space including also many unsaturated compounds (low H/C 
and O/C ratios, high DBE/C) similar to the MRPs produced in the ribose-glycine model 

system. Compounds with such low H/C ratios cannot contain original or intact lysine 
or isoleucine residues. More precisely, they must be produced either (i) by elimination 
of the amino acid side chain in one step of the reaction cascade, or (ii) by Maillard-

type condensations of small amine intermediates with carbonyls. Indeed, 90% of the 
detected lysine-MRPs containing only one nitrogen atom showed H/C and O/C ratios 
not exceeding 1.5 and 0.6, respectively. Consequently, a part of the amino acid’s side 

chain must have been eliminated during the reaction. Enaminols and amino ketones 
formed during the Strecker degradation (Scheme C.1 in Appendix Chapter 3) could be 
an important class of compounds, which contain less aliphatic parts than the original 
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amino acid and hence, would fit in the van Krevelen space of such low H/C and O/C 
ratios. 

Fundamentally, the contribution of MRPs of higher unsaturation increases 
with reaction time in all four model systems (Figure 3.3a). However, glycine showed 
the highest tendency to form unsaturated compounds, followed by isoleucine and 

lysine. Cysteine showed only a very slow decrease in H/C and O/C ratios over time 
(Figure 3.3a). This could be due to a much faster degradation of the ribose-glycine 
ARP. After ten hours, the relative intensities of the glycine-ARP decreased by 66% 

compared to the relative intensity observed after two hours. The degradation rates for 
the ARPs formed by the other amino acids were significantly lower (Figure 3.3a). 
Extrapolation of the regression lines in Figure 3.3a would lead to an intersection in an 

area of low H/C and O/C atomic ratios. There, highly unsaturated compounds, such 
as heterocycles like furfural, pyrazine, or pyrrole derivatives are found. Although 
these compounds are not detectable by ESI(-) the intersection represents an area 

where final products of the Maillard reaction (volatiles and polymer-type melanoidins) 
can be expected, including common MRPs, which can be produced by various amino 
acids. For example, Strecker degraded amino acids have been shown in the reaction 
with carbonyls to produce common pyrazine derivatives.[92,229] 

 

Figure 3.3 | Changes in unsaturation over time and characteristics of compositional spaces. (a) 
Progression of H/C and O/C atomic ratios over time for ribose-glycine (dark grey), ribose-
isoleucine (grey), ribose-lysine (white) and ribose-cysteine (red) MRPs. Points represent 
intensity weighted mean values of the H/C and O/C ratios, respectively. Linear regression 
lines visualize the direction of MRPs moving with increasing reaction time. (b) Absolute 
number of MRPs depicted for different chemical spaces. 
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We further divided and characterized the MRPs by their compositional spaces 
(Figure 3.3b). Based on the amino acid precursor, glycine, isoleucine, and lysine can 
only produce MRPs containing carbon, hydrogen, oxygen, and nitrogen, thus 

compounds of the CHO and CHNO space. On the contrary, cysteine can additionally 
produce sulfur-containing MRPs (CHOS and CHNOS space). After ten hours, 89% of 
all detected MRPs (1 268/1 431) contained at least one nitrogen atom (CHNO or 
CHNOS space, Figure 3.3b). Most of the N-containing MRPs in the cysteine Maillard 

reaction also contained sulfur. Only 12 sulfur-free but nitrogen containing MRPs could 
be identified contributing < 1% to the total peak intensity. Thus, release of the cysteine 
side chain (e.g. by Strecker degradation) seems to have less impact than side chain 

elimination for example in the lysine Maillard reaction. We found 346 different 
molecular formulae in the ribose-lysine MR, accounting for 20% of the relative peak 
intensity, containing an odd number of nitrogen atoms (Figure C.4 in Appendix 

Chapter 3) indicating fragmentation of the amino acid in any step of the reaction 
progress. We also noticed significant differences in produced nitrogen-free (CHO) 
compounds among the four model systems (Figure 3.3b). The number of different 

CHO-compounds was 34, 39, 130, and 5 for glycine, isoleucine, lysine, and cysteine, 
respectively. This again demonstrates the strong ability of cysteine to trap free 
carbonyl compounds. 

3.3.4 General Maillard reaction scheme 

Next, we analyzed the MRPs based on their carbon backbone (Figure 3.4). We found 
for all model systems highest intensities for the carbon chain lengths which result 
from the reaction of one molecule of ribose with one molecule of amino acid (glycine: 

C7, isoleucine/lysine: C11, and cysteine: C8) indicating that the formation and direct 
degradation pathway of the ARP contributes most to the formation of MRPs. 
Furthermore, much higher intensity contributions, divergent from an assumed normal 

distribution, were found for several carbon chain lengths: the reaction of two 
molecules of ribose with one amino acid molecule (glycine: C12, isoleucine/lysine: C16, 
and cysteine: C13) accounted for 16% to the total ribose-glycine MR intensity. 

Additionally, we found higher intensities for ribose + amino acid + C2 (or 2 ribose + 
amino acid – C3) in the glycine, isoleucine, and lysine models (Figure 3.4a-c) as well 
as for ribose + amino acid + C3 (or 2 ribose + amino acid – C2) in the ribose-cysteine 
model (Figure 3.4d). The latter observation revealed that approx. half of the produced 

MRPs with C11 contained two nitrogen atoms. In the other model systems (glycine, 
isoleucine, and lysine), MRPs resulting from the reaction of one molecule ribose with 
two molecules of amino acid did not contribute significantly to the total intensity. We 
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assume that the C11 reaction products containing two nitrogen atoms found in the 
cysteine model arise from the reaction of earlier formed cystine and ribose or the 
oxidation of C8-MRPs with another molecule of cysteine under formation of a disulfide 

link. This also explains the higher intensity contribution found for C16 in the ribose-
cysteine samples. 

Most of the MRPs bearing the discussed carbon chain lengths turned out to 
follow identical reactivity patterns and have compositional similarities. All MRPs, 
which were found in at least three out of the four model systems, heated for ten hours, 

followed identical reactivity rules and had the same core composition, are summarized 
in Figure 3.5 (see also Table C.1-Table C.4 in Appendix Chapter 3). We found more 
than 70 different molecular compositions (molecular formulae) which only differ in 

the amino acid side chain. In sum, they explained 45%, 73%, 55%, and 46% of the total 
peak intensity found for the ribose-glycine, -isoleucine, -lysine, and -cysteine MRPs, 
respectively. The candidates can be further subdivided into four pathways of similar 

assembly. First, the reaction between one molecule of ribose and an amino acid 
molecule builds the Amadori product formation and degradation scheme (Figure 3.5a). 
The ARP then may react with a second molecule of ribose leading to highly reactive 
diketosamines (Figure 3.5b). Diketosamines, such as N,N-bis(1-deoxy-D-erythro-2-

pentulos-1-yl)-glycine, are assumed to decompose much faster than the initial ARP[201] 
and may thereby subsequently undergo C2- and C3-cleavage reactions (Figure 3.5c-d). 

 

Figure 3.4 | Number of carbon atoms in MRPs. Relative peak intensities classified by the 
number of carbon atoms of thermally synthesized (10 h, 100 °C) (a) ribose-glycine, (b) ribose-
isoleucine, (c) ribose-lysine, and (d) ribose-cysteine MRPs. 
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Figure 3.5 | General Maillard reaction product formation and degradation pathways. Maillard 
reaction products with identical element core compositions detected (S/N ratio ≥ 8) in at least 
three of the four investigated Maillard model systems revealed identical reaction behavior 
following a well-defined series of dehydration and redox reactions. The scheme could be sub-
divided into four pathways of similar assembly: (a) ARP formation and degradation, (b) 
diketosamine degradation, (c-d) C2- and C3-cleavage. Molecular formulae shown have the 
same core composition but differ in the amino acid residues (-R). Embedded bar charts 
illustrate the relative peak intensity contributions after ten hours. 
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Figure 3.5 (continued) | General Maillard reaction product formation and degradation 
pathways. Maillard reaction products with identical element core compositions detected (S/N 
ratio ≥ 8) in at least three of the four investigated Maillard model systems revealed identical 
reaction behavior following a well-defined series of dehydration and redox reactions. The 
scheme could be sub-divided into four pathways of similar assembly: (a) ARP formation and 
degradation, (b) diketosamine degradation, (c-d) C2- and C3-cleavage. Molecular formulae 
shown have the same core composition but differ in the amino acid residues (-R). Embedded 
bar charts illustrate the relative peak intensity contributions after ten hours. 
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Figure 3.5 (continued) | General Maillard reaction product formation and degradation 
pathways. Maillard reaction products with identical element core compositions detected (S/N 
ratio ≥ 8) in at least three of the four investigated Maillard model systems revealed identical 
reaction behavior following a well-defined series of dehydration and redox reactions. The 
scheme could be sub-divided into four pathways of similar assembly: (a) ARP formation and 
degradation, (b) diketosamine degradation, (c-d) C2- and C3-cleavage. Molecular formulae 
shown have the same core composition but differ in the amino acid residues (-R). Embedded 
bar charts illustrate the relative peak intensity contributions after ten hours. 
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Figure 3.5 (continued) | General Maillard reaction product formation and degradation 
pathways. Maillard reaction products with identical element core compositions detected (S/N 
ratio ≥ 8) in at least three of the four investigated Maillard model systems revealed identical 
reaction behavior following a well-defined series of dehydration and redox reactions. The 
scheme could be sub-divided into four pathways of similar assembly: (a) ARP formation and 
degradation, (b) diketosamine degradation, (c-d) C2- and C3-cleavage. Molecular formulae 
shown have the same core composition but differ in the amino acid residues (-R). Embedded 
bar charts illustrate the relative peak intensity contributions after ten hours. 

Each of the reaction schemes in Figure 3.5 comprises of a series of dehydration 

reactions. Additionally, several redox reactions may arise from the dehydrated 
intermediates. Carbonyls produced during dehydration can rapidly interconvert to 
enaminol and endiol structures which are known to undergo reversible redox 

behavior.[230] As for most of the intermediates in the dehydration series, both reduced 
and oxidized compounds were found; it is very likely, that behind each of the 73 
“general” MR compounds several different chemical isomers are conceivable. 

Although the relative intensities of the oxidized and reduced MRPs were always lower 
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than those depicted as dehydration products, it is possible that oxidation products 
especially, act as important intermediates in the dehydration process. Oxidation of 
hydroxyl groups could lead to carbonyls acting as targets for intramolecular 

nucleophilic additions with subsequent dehydration, finally, increasing the 
dehydration reaction rates. 

ARP formation and degradation scheme (Figure 3.5a): With exception of 
the isoleucine-ARP, all ARPs were observed as base peaks in the respective mass 
spectra. With increasing reaction time, we observed up to three ARP-dehydration 

products. Relative intensities of the ARP-dehydration products decreased with 
increasing dehydration progress. However, intensities of the ARP-3⋅H2O were again 
higher than for the ARP-2⋅H2O indicating a more stable molecule such as the 

substituted 2-formyl-1-pyrrole-1-acetate as shown in Figure 3.5a. 2-Formyl-1-pyrrole-
1-acetate derivatives could be isolated when xylose was heated with glycine[231] and 
isoleucine.[17] Higher relative peak intensities (>30%) were observed for the cysteine- 

and lysine-ARPs as compared to the glycine- and isoleucine-ARPs. This shows that 
the initial condensation rates of cysteine and lysine are, due to the reactive side chain, 
higher than for glycine and isoleucine which is in agreement with the findings of 
Munch et al.[217] 

Diketosamine degradation scheme (Figure 3.5b): While ribose-glycine 

MRPs accounted for only 20% of the total intensity in the Amadori degradation 
pathway MRPs in the diketosamine degradation scheme were found to explain up to 
three times more of the total intensity than the other amino acids. This could be due 

to steric hindrance caused by the bulky isoleucine residue or intramolecular 
cyclization through the nucleophilic lysine and cysteine residues hindering further 
carbonyl condensation. The starting point of the diketosamine degradation pathway 

results from the addition of the ARP (C7H12NO6-R) to a second ribose molecule. In 
total, we found six possible dehydration products which could arise from this initial 
addition reaction. However, the structural variety of molecules is expected to be even 

higher than in the Amadori degradation pathway. Several combining possibilities exist 
which could lead to stable molecules involved in this pathway. It is worth noting, that 
there is no evidence for a complete series of successive dehydration events actually 
taking place. The pathways must rather be understood as a conceptual summary of 

dominating and regular patterns we observed between the identified molecular 
formulae. For instance, it is also conceivable that the last dehydration product in 
Figure 3.5b (C12H10NO5-R) results from a condensation reaction between the 

substituted 2-formyl-1-pyrrole-1-acetate (C7H6NO3-R in Figure 3.5a) and norfuraneol 
as shown by Ledl and Severin.[231] 
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C2- and C3- cleavage schemes (Figure 3.5c-d): The C2- and C3-cleavage 
pathways arise most likely from α- and β-dicarbonyl cleavage of intermediates from 
the diketosamine degradation pathway (Figure 3.5b). Different cleavage mechanisms 

can be taken into account to explain the resulting molecular compositions of the 
pathways in Figure 3.5c-d, such as retro-aldolization[26] or many other putative or 
proven (di)carbonyl cleavage mechanisms. For example, in a C2-cleavage reaction, 
C2H4O2, acetic or glycolic acid could be possible by-products. For glycine, isoleucine, 

and lysine C3-cleavage reactions seem to be preferred relative to C2-cleavage, which 
is exemplified by the higher peak intensities. By comparison, cysteine derived MRPs 
showed similar or slightly higher intensities explained by the C2-pathway. 

Interestingly, late dehydration products and the linked oxidized and reduced MRPs in 
Figure 3.5b-d could not be detected in the ribose-cysteine samples indicating a 
different reactivity of cysteine MRPs in the final steps of the chemical pathways. 

Cysteine is known to react somewhat differently compared to other amino acids. It 
can be assumed that the strong ability of the cysteine side chain to undergo redox 
reactions is in competition with redox activities on the carbohydrate backbone. This 

can explain lower intensities of ribose-cysteine MRPs and the different reactivity 
particularly in steps involving oxidation or reducing steps. 

3.4 Conclusions 

In the present fundamental study, we showed that non-volatile initial and 
intermediate MRPs can be comprehensively analyzed using direct-infusion 
FT-ICR-MS, hence, bypassing the restricted selectivity of LC-based methods and 

finally delivering accurate molecular formulae for the entire reaction products. Here, 
we mainly compared four ribose-amino acid Maillard model systems using amino 
acids with very different side chains (glycine, isoleucine, lysine, and cysteine). 

Depending on the amino acid precursor, we observed wide disparity in the absolute 
number and compositional characteristics of produced MRPs. The order of reactivity 
we found after heating the model systems for ten hours at 100 °C was: ribose-lysine 

> -cysteine > -isoleucine ≈ -glycine. While the amino acid precursors are responsible 
for the molecular characteristics of MRPs, sugar precursors drive the reaction rates. 
Even though cysteine is often considered as relatively unreactive in the Maillard 

reaction, surprisingly, it produced more than 400 distinct MRPs. Many of those MRPs 
are apparently produced through condensation reactions between the nucleophilic 
thiol residue and carbonyls as well as oxidative formation of disulfide links resulting 
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in reaction products, which, in this way, cannot be produced by any other 
proteinogenic amino acid. Further studies in a more complex environment, such as 
mixtures of several amino acids or protein hydrolysates, may help to better understand 

the particular role of cysteine derived MRPs and the ability of thiols to effectively 
suppress browning. 

Although we could not detect a single molecular formula, apart from ribose 
degradation products, which was found in all four model systems, more than 70 MRPs 
were identified that followed similar reactivity behavior. These “general” MRPs have 

identical element core compositions differing only in the amino acid side chain and 
could be further classified into Amadori product degradation, diketosamine 
degradation and two different carbonyl cleavage pathways. To date, little is known 

about the role of diketosamines in the MR. However, based on our findings, we can 
conclude that the early formation and subsequent degradation of diketosamines 
contribute to a large extend to the overall MRPs. Mechanistic studies should be 

performed in order to fully understand exact reaction routes and rates between the 
MRPs in the proposed degradation pathways. Furthermore, it is yet unclear whether 
other reaction conditions (e.g. pH, temperature, water content), which are relevant 
under physiological conditions or in food samples, would lead to similar ARP 

degradation behavior. Hence, further studies are required, which specifically 
investigate the formation of MRPs under the reaction conditions of interest. 
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Chapter 4 | 

Sunlight Selectively Modifies Maillard Reaction 

Products in a Wide Array of Chemical Reactions 

We report the photochemical transformation of Maillard reaction products (MRPs) under 
simulated sunlight into mostly unexplored photoproducts. Non-enzymatic glycation of 
amino acids leads to a heterogeneous class of intermediates with extreme chemical 
diversity, which is of particular relevance in processed and stored food products as well 
as in diabetic and age-related protein damage. We here reacted three amino acids (lysine, 
arginine, and histidine) with ribose at 100 °C for ten hours. Exposing these model systems 
to simulated sunlight led to a fast decay of MRPs. We studied the photo-degradation of 
MRPs and the formation of new compounds by fluorescence spectroscopy and non-
targeted (ultra)high-resolution mass spectrometry. Photoreactions showed strong 
selectivity towards the degradation of electron-rich aromatic heterocycles, such as 
pyrroles and pyrimidines. Our data show that oxidative cleavage mechanisms dominate 
the formation of photoproducts. The photochemical transformations differed 
fundamentally from “traditional” thermal Maillard reactions and indicated a high amino 
acid specificity. 

  This chapter has been published as Hemmler, D., Gonsior, M., Powers, L. C., 
Marshall, J. W., Rychlik, M., Taylor, A. J. & Schmitt-Kopplin, P. Simulated Sunlight 
Selectively Modifies Maillard Reaction Products in a Wide Array of Chemical 
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4.1 Introduction 

Non-enzymatic browning reactions have been of great interest in food science and 
health. In food products, reactions between amino acids and carbonyl moieties 

(Maillard reaction, MR) are the main contributors to flavor and color formation.[2,40] 
Under physiological conditions, non-enzymatic glycation leads to irreversible protein 
damage (by formation of advanced glycation end products (AGEs)), associated with a 

wide range of diseases.[204] Non-enzymatic browning leads to a heterogeneous class of 
compounds including chromophores and fluorophores that absorb and fluoresce in 
the ultraviolet (UV) and visible (Vis) spectral range. Aromatic and often heterocyclic 

colored compounds are formed mainly in the final phase of the MR by a series of 
condensation reactions, many of which are only partly understood.[67,152,232] 

During their shelf life, food products are often unavoidably exposed to 
sunlight. In a similar way, AGEs, e.g. in eye lenses or skin, continuously experience 
solar exposure. Chromophores formed as part of the advanced glycation have been 

suggested as possible photosensitizers producing reactive oxygen species (ROS), 
which lead to age-related protein photodamage. Major targets for photooxidation 
reactions in proteins are aromatic amino acids (tryptophan (Trp), tyrosine (Tyr), and 

phenylalanine (Phe)) as well as histidine (His), cysteine (Cys) and methionine (Met) 
residues.[233] The amino acids lysine and arginine, which are of greatest relevance in 
non-enzymatic glycation reactions on proteins, do not show significant absorption at 

>230 nm[234] and photooxidation on these amino acids has only been observed at high 
pH values for their unprotonated species.[235] Increased levels of AGE photosensitizers 
have been found in aged and diabetic lenses[236,237] as well as on long-lived skin 

proteins.[238] It is well accepted that the predominating mechanism involves the AGE 
sensitized formation of ROS, such as singlet oxygen (1O2), superoxide anion radicals 
(•O2-) and hydroxyl radicals (•OH).[239–241] Further, Wondrak and co-workers showed 

that AGEs can act as photosensitizers to DNA damage. Besides reactions of ROS, they 
also proposed other photosensitization reactions involved in phototoxicity 
mechanisms.[242] 

Because of the chemical nature of reducing sugars, the initial condensation 
with amine compounds and subsequent downstream reactions lead to a wide range of 

compounds with carbonyl functional groups, including dicarbonyl moieties and 
α-hydroxy ketones.[40,243] When irradiated with UV-B light, carbonyl functional groups 
can form acyl radicals in aqueous solutions, predominantly by Norrish-type-I 

photofragmentation reactions.[244–246] The α-cleavage and subsequent decarbonylation 
is about an order of magnitude faster for α-hydroxy ketones compared to their alkyl 
counterparts.[245] Although the nature of compound classes formed during the MR 
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suggests a strong photochemical reactivity, to date, the effect of solar radiation on the 
direct chemical alteration of MRPs is only partially explored. Bohart and Carson were 
the first to report decolorization in glucose-glycine Maillard model systems when they 

were exposed to illumination under oxygen in the laboratory.[247] Later, Kessel and co-
workers showed that UV-A radiation readily degrades purified argpyrimidine.[248] 

Here we report photochemical effects on MRPs using holistic non-targeted 
analysis. More precisely, we exposed reaction products, initially formed by heating 
different amino acid-ribose mixtures at 100 °C for ten hours, to a simulated solar 

spectrum. Chemical changes were analyzed by optical spectroscopy and (ultra)high 
resolution mass spectrometry. We focus on three different amino acids (lysine, 
arginine, and histidine), the MRPs of which provide abundant chromophores. While 

lysine and arginine are the main contributors to non-enzymatic glycation reactions in 
foods and on proteins under physiological conditions, histidine is among the major 
protein residues for ROS driven cellular photodamage. Ribose has been chosen 

because of its high reactivity, readily leading to a large number of MRPs upon thermal 
processing. 

4.2 Experimental procedures 

4.2.1 Chemicals and reagents 

L-Arginine (≥98%), L-asparagine (>99%), L-histidine (98%), L-lysine (>98%), and 
D-(-)-ribose (98%) were purchased from Sigma-Aldrich (Steinheim, Germany). Urea 
(100%) was obtained from Beckmann Coulter (Krefeld, Germany). LC-MS grade 

methanol and acetonitrile were purchased from Merck (Darmstadt, Germany). Formic 
acid (LC-MS grade) and ammonium formate (10 M stock solution) were obtained from 
Sigma-Aldrich (Steinheim, Germany). MilliQ-purified water (18.2 MΩ; Millipore, 

Germany) was used throughout the experiments. 

4.2.2 Maillard model systems 

Equimolar mixtures of ribose and amino acids (0.1 mol L-1 respectively) were prepared 
in MilliQ-purified water. 1 mL of each mixture was heated in closed glass vials as 

recently described at 100 °C for ten hours.[211] Model systems were stored at -20 °C 
until usage. 
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4.2.3 Irradiation experiments 

All Maillard model systems were diluted 1:800 (v/v) with MilliQ-purified water prior 
to irradiation. Aliquots of the model systems were irradiated in a custom-built 
photolysis system, as described in detail elsewhere.[249,250] Irradiation experiments 

were performed for 20 h with a 1 000 W Xe arc lamp equipped with an air mass filter 
(AM 1.5). Before each irradiation experiment, the lamp intensity was controlled to 
ensure that the irradiated sample receives a radiation dose, which is equivalent to the 
sun at Earth’s surface (45° north, midsummer, at noon). The temperature was 

controlled at 25 °C using Peltier units and a circulating water bath. The pH value was 
monitored throughout the irradiation process (Table D.1 in Appendix Chapter 4). 

For subsequent Fourier transform ion cyclotron resonance mass spectrometry 
(FT-ICR-MS) and liquid chromatography-mass spectrometry (LC-MS/MS) 

experiments, larger sample amounts were irradiated, with the same dilution as above 
(1:800 (v/v)), in quartz vessels in a Suntest CPS system (Heraeus, Hanau, Germany) 
equipped with an NXE xenon lamp (Atlas Material Testing Technology, Gelnhausen, 

Germany) for four and eight hours. The temperature was maintained at 25 °C using 
an air conditioning unit and the pH was recorded before and after irradiation (Table 
D.2 in Appendix Chapter 4), respectively. Additionally, control samples in lightproof 

vessels were placed under the xenon lamp. All samples were irradiated in two 
independent experiments (n = 2). 

4.2.4 Excitation emission matrix fluorescence 

Online EEM measurements during the irradiation were performed every 20 min using 
a 4 × 10 mm flow cell and an Aqualog spectrofluorometer (Horiba Instruments, New 

Jersey, USA). Excitation ranged from 230 to 600 nm and emission was recorded 
between 211 to 617 nm. All fluorescence spectra were corrected for scatter and inner 
filter effects. Normalization to a 1 mg L-1 quinine sulfate standard (Starna reference 

material RM-QS00, 1.28 × 10-6 mol L-1) was used to express all fluorescence intensities 
in quinine sulfate units (ppm). Independently for each irradiated model system, 
Parallel factor analysis (PARAFAC) models were built using the drEEM toolbox for 

MATLAB.[251] The data best fitted four-component PARAFAC models, which were 
split-half validated, explaining 99.8%, 99.8%, and 99.7% of the spectral variance in the 
ribose-lysine, -arginine, and -histidine model system, respectively. 
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4.2.5 FT-ICR-MS analysis 

All irradiated Maillard model systems were further diluted with methanol to achieve 
a final dilution of 1:2 500 (v/v) immediately prior to FT-ICR-MS analysis. Each sample 
was analyzed in three independent injections (n = 2 × 3 = 6 MS measurements). Direct-

infusion FT-ICR mass spectra were acquired with a 12 T Bruker Solarix mass 
spectrometer (Bruker Daltonics, Bremen, Germany). Samples were infused with a flow 
rate of 2 µL min-1 into an APOLLO II electrospray source operated in negative 
ionization mode. Ion source settings and spectra calibration were the same as recently 

described.[211] Spectra were acquired with a time-domain of 4 megawords and 300 
scans were accumulated within a mass range of m/z 123 to 1 000. 

Peaks with a signal-to-noise ratio of at least eight were exported to mass lists. 
Data prefiltering was used to remove FT artifacts,[177] features with unusual mass 

defects and 13C isotope signals. Peaks were then aligned into a matrix containing 
averaged m/z-values and corresponding peak intensities allowing a maximum 
alignment window of 1 ppm.[197] Only those m/z-values were retained in the matrix, 

which were reproducibly found in all three replicate injections of at least one sample. 
Zero values in the matrix then were replaced by the recorded absolute intensity values 
found in the raw spectra at that m/z-value, respectively. Finally, molecular formulae 

were computed for all averaged m/z-values as recently described.[252] 

4.2.6 Tandem HILIC-RP LC-MS/MS 

16 mL aliquots of the irradiated samples were lyophilized until dryness and 
immediately reconstituted in 200 µL of an aqueous solution containing 2% acetonitrile 
prior to LC-MS/MS analysis. Instrumental setup and chromatographic conditions were 

the same as recently described.[189] Each sample was injected and analyzed in 
triplicate. The MS data were recorded with a high resolution Bruker maXis qTOF-MS 
equipped with an APOLLO II electrospray ion source (Bruker Daltonics, Bremen, 

Germany), which was operated in electrospray positive mode to achieve maximum 
compound coverage.[189] Precursor and product ion scans were recorded in a mass 
range from m/z 50 – 1 500 with a scanning rate of 5 Hz. For data-dependent 

fragmentation, after each precursor scan, the two most abundant precursors were 
isolated and subjected to collision induced fragmentation. Maximum coverage of 
MS/MS data was achieved by excluding precursor masses from fragmentation after 

three successful MS/MS spectra for five minutes. The collision energy was set to 35 eV. 
All mass spectra were internally calibrated by infusing a tuning mix solution (Agilent 
Technologies, Waldbronn, Germany) prior to each chromatographic run. 
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Raw data were post-processed using the XCMS R package (version 3.2.0).[253] 
Chromatographic features were detected by the centWave algorithm[254] using an 
expected approximate peak width in the range from 10 – 80 s and a maximum 

tolerated m/z deviation of 10 ppm. Retention time alignment was done with the 
Orbiwarp algorithm[255] as integrated in XCMS. Peaks within and between samples 
then were grouped into chromatographic features (retention time–m/z-pairs) based 
on time dimension densities.[253] In the obtained matrix, only those features were 

retained, which were reproducibly detected in all three replicate injections of at least 
one sample. 

4.2.7 Data analysis 

All further statistical analysis and filtering was done in R Statistical Language and 

Microsoft Excel 2016. All p-values were calculated based on heteroscedastic Student’s 
t-Tests. The number of double bond equivalents per carbon atom (DBE/C) and average 
carbon oxidation state (OSC) was computed as recently described.[211,252] 

4.3 Results and discussion 

4.3.1 Effect of simulated solar irradiation on absorption and 
fluorescent properties of MRPs 

Excitation emission matrix measurements of MRPs and during photo-

degradation experiments. After an induction period, heating reducing sugars in the 
presence of amino acids leads to the formation of chromophores and fluorophores.[256] 
Among the proteinogenic amino acids, especially those with basic functional side 

chains show significant color formation in unbuffered solutions while not being 
affected by amino acid autofluorescence.[257] After heating three different model 
systems (ribose-lysine, ribose-arginine, and ribose-histidine) for ten hours at 100 °C 
excitation-emission-matrices (EEM) were constructed from fluorescence 

measurements (Figure 4.1a-c). Fluorescence intensities and excitation/emission 
wavelengths strongly depended on the amino acid precursor. Interestingly, ribose-
histidine showed the most complex fluorescence behavior with at least two major 

emitting regions indicating multiple chemical structures and moieties participating in 
the overall fluorescence behavior. In the ribose-lysine and -arginine model systems 
we observed dominating fluorescence peaks with emission maxima at 440 nm 
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(excitation: ≤ 245 nm and 350 nm) and 400 nm (excitation: ≤ 245 nm and 320 nm), 
respectively. Only a few fluorescent MRPs have been previously fully characterized. 
Most of them were isolated from model systems containing the amino acids lysine and 

arginine.[258] Many of the studied fluorescent MRPs are involved in the crosslinking of 
proteins and are used as important markers in the formation of AGEs. Pentodilysine 
(LM-1), a fluorescent molecule cross-linking lysine residues, has excitation/emission 
wavelengths that would match the dominating fluorescence peak in the ribose-lysine 

model-system (Figure 4.1a).[259,260] In a similar way, argpyrimidine shows 
excitation/emission corresponding to the major peak found in the ribose-arginine 
model system (Figure 4.1b).[151] While pentodilysine can be formed directly from ribose 

and lysine, argpyrimidine is formed from arginine and methylglyoxal.[151,260] 
Fluorophores formed in the Maillard reaction by other amino acids than lysine and 
arginine have received only minor attention[258] even though some studies support 

that fluorescent MRPs may be related to the formation of brown pigments.[257] 

 

Figure 4.1 | Photolytic degradation of MRPs in three model systems (ribose-lysine, -arginine, 
and –histidine) heated for ten hours at 100 °C. Excitation-emission-matrices retrieved from 
diluted model systems (1:800 v/v in H2O) (a-c) before irradiation and (d-f) after solar irradiation 
for 8 h. (g-i) Changes in fluorescence intensity after an irradiation time of 8 h. All fluorescence 
intensity values are expressed in quinine sulfate units (ppm). 
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The same model systems (ribose-lysine, -arginine, and –histidine) were then 
exposed to solar irradiation to initiate photo-decomposition (e.g. photobleaching and 
photo-transformations). Upon solar irradiation, we observed a fast decay in 

fluorescence intensities in all model systems (Figure 4.1d-i). Besides the decrease in 
fluorescence, however, the EEM maps in Figure 4.1g-i also indicate formation of new 
fluorescent compounds, which were formed during the photolysis or which have been 
quenched by other compounds prior to irradiation. PARAFAC was used to decompose 

fluorescence spectra into distinct statistical components.[251] For all three model 
systems, four component PARAFAC models could be developed and split-half 
validated. Besides the above-mentioned characteristic spectral regions, the PARAFAC 

models give evidence for the existence of additional fluorophores, even though with 
lower quantum yields (Table 4.1 and Figure 4.2). For all model systems, three 
components were retrieved which showed a decrease in fluorescence and one 

fluorescent component which increased over time, respectively. These components 
(Lys: C2, Arg: C2, His: C1) show very different excitation/emission positions and 
different Stoke’s shifts between the model systems indicating different chemical 

structures and fluorescent moieties, respectively. In the ribose-lysine model system, 
the increase of C2 showed remarkable correlation to the decreasing fluorescence of 
C3 and C4. Hence, C2 may be formed by photochemical reactions of C3 and/or C4, or 

these fluorophores may have quenched the fluorescence of C2 before irradiation. A 
similar correlation could be found for C2 and C3/C4 in the ribose-arginine reaction 
system. Very similar fluorescence peaks further indicate the possibility of similar 

substructures (fluorophoric groups) between C4 of the ribose-lysine and C4 of the 
ribose-arginine systems. In general, the photo kinetics derived from the PARAFAC 
components are very similar between the lysine and arginine reaction systems. By 

comparison, fluorophores degraded and potentially formed in the ribose-histidine 
model system behaved differently. For example, the increasing component (C1) 
showed a nearly linear increase in fluorescence over the entire irradiation period 

indicating zero order photochemical synthesis. 
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Table 4.1 | Fluorescence local maxima obtained by EEM-PARAFAC analysis. 

Component Lysine Arginine Histidine 

C1: Ex | Em 350 | 440 nm 320 | 400 nm 265 | 365 nm 

C2: Ex | Em 270 | 430 nm 295 | 350 nm 330 | 420 nm 

C3: Ex | Em 330 | 395 nm 355 | 430 nm 245 | 470 nm 

380 | 470 nm 

C4: Ex | Em 240 | 485 nm 

395 | 485 nm 

245 | 480 nm 

395 | 480 nm 

325 | 370 nm 

 

 

Figure 4.2 | Four component EEM-PARAFAC models obtained from EEM measurements. (a) 
Ribose-lysine, (b) ribose-arginine, and (c) ribose-histidine model systems. All model systems 
were irradiated for 20 h. EEM spectra were recorded every 20 min. 
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Absorbance measurements. After heating the ribose-amino acid mixtures 
for ten hours at 100 °C, we found maximum absorbance at 265 nm in the ribose-lysine 
and –histidine mixture (Figure 4.3). The arginine reaction system showed maximum 

absorbance < 240 nm but indicated a second maximum at about 300 nm. Irradiation of 
the samples led to an exponential decrease in absorbance with maximum decrease 
found at 336 nm, 327 nm, and 294 nm for the ribose-lysine, -arginine, and -histidine 
model system, respectively (Figure 4.3). The discrete maxima indicate a selectivity of 

photochemical reactions rather than random degradation of all chromophores 
absorbing in the irradiated energy range. A red-shifted shoulder in Figure 4.3c (ribose-
histidine model system) indicated an underlying curve with a second maximum 

decrease in absorbance at approx. 340 nm, which was in the range found for the 
ribose-lysine and ribose-arginine model systems, and could represent degradation 
reactions on chromophoric groups, similar to those in the lysine and arginine systems. 

The relative degradation rates of the two maxima found at 294 nm and 340 nm in the 
ribose-histidine model system were different. Especially at the beginning of the 
irradiation process, degradation rates at 340 nm were faster than for chromophores 

showing greatest changes at 294 nm (Figure 4.3c). This suggests at least two different 
groups of chromophores and potentially different degradation mechanisms. 

4.3.2 Holistic characterization of photosensitive MRPs 

We additionally irradiated larger amounts of sample in a suntester solar-simulation 

system equipped with a xenon arc lamp, also simulating the solar spectrum. 
Irradiation was performed for four and eight hours while the temperature was 
maintained at 25 °C. Control samples, which were protected from light exposure, were 

also placed in the suntester system for four and eight hours. Subsequently, we 
analyzed the samples by direct-infusion FT-ICR-MS and Tandem HILIC-RP 
LC-MS/MS, which combines hydrophilic interaction chromatography (HILIC) and 

reversed-phase (RP) liquid chromatography (LC) in a single chromatographic run.[189] 
Direct-Infusion FT-ICR-MS allows a highly sensitive and holistic non-targeted 
screening of complex samples on the level of accurate molecular formulae.[211] To 

provide further data for comparison, LC-MS/MS was used to monitor irradiation 
effects for specific candidate compounds and to study effects on the chemical 
structures. Principal component analysis (PCA) of the obtained FT-ICR-MS raw data 
could clearly separate irradiated model systems from controls on PC1 (exemplarily 

shown for the ribose-histidine model in Figure D.1 in Appendix Chapter 4). Samples 
irradiated for four hours could also be distinguished from samples exposed to sunlight 
for eight hours by PC2. Moreover, we could not observe a difference between the 
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control samples kept for four and eight hours in the suntester (while protected from 
light exposure) and freshly prepared model systems. This indicates that no significant 
thermal or time effects on the formation of new MRPs took place during irradiation 

experiments. 

 

 

Figure 4.3 | Changes in the 
absorption spectra upon 
irradiation. Differential 
absorbance spectra of (a) ribose-
lysine, (b) ribose-arginine, and 
(c) ribose-histidine model 
systems irradiated for eight 
hours. UV/Vis spectra were 
recorded every 20 minutes 
simultaneously with EEMs 
presented above. Embedded 
black curves represent UV/Vis 
absorption spectra of 
unirradiated model systems 
(10 h, 100 °C), respectively. 
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Photochemical degradation of MRPs. Using FT-ICR-MS, we could detect 
1 446, 1 945, and 2 066 monoisotopic signals in unirradiated ribose-histidine, -lysine, 
and -arginine model systems (thermally formed reaction products and precursor 

molecules), respectively. Upon solar irradiation, we observed the largest changes in 
the ribose-histidine model system. Here, 391 elemental compositions (27%) showed a 
significant decrease in peak intensities after an irradiation time of eight hours (p < 0.01 
and log2FC < -1 in both replicate experiments) (Figure 4.4). By comparison, in ribose-

lysine and –arginine model systems irradiation led to 42 (2.2%) and 88 (4.3%) elemental 
compositions, which showed a significant decrease in ion intensities (Figure D.2 and 
Figure D.3 in Appendix Chapter 4). 

Photooxidation of MRPs by singlet oxygen. Histidine residues are well 

known to easily undergo photooxidation reactions.[233,261,262] However, direct light 
absorption by the imidazole function is not the major mechanism.[262] In oxygen-rich 
atmospheres histidine photooxidation mainly occurs via Type II photo reactions.[263] 

In a Type II reaction, the energy absorbed by a sensitizer is transferred onto ground 
state molecular oxygen to produce singlet oxygen (1O2) and to a lesser extent other 
ROS.[241] Singlet oxygen then may form unstable endoperoxide intermediates on 
imidazole residues, which further decompose into a complex mixture of as yet mostly 

unknown products.[264,265] Among the proteinogenic amino acids, only Trp, Tyr, Phe, 
His, Cys, and Met show noteworthy rate constants in the reaction with 1O2 with the 
highest values found for histidine oxidation,[266,267] which might explain the greater 

number of photolabile MRPs in the ribose-histidine model compared to the two other 
model systems investigated. Nevertheless, formation of 1O2, and subsequent reactions 
of MRPs with 1O2 may also play a role in the ribose-lysine and arginine model systems, 

particularly due to photosensitizers that can be produced in the course of the MR. We 
could detect significantly elevated levels of urea and asparagine in the irradiated 
histidine model systems (Figure D.4 in Appendix Chapter 4), which are formed in the 

decomposition of histidine via 1O2.[265,268] Assuming that urea and asparagine are 
exclusively formed from photooxidation reactions, quantification (by LC-MS) of the 
formed urea and asparagine, suggested up to 0.06 – 0.09% and 0.002% of the initial 

histidine amount being transferred into urea and asparagine, respectively (Figure D.4 
in Appendix Chapter 4). While urea can also be formed by α-NH2-substituted 
histidines, asparagine can only be formed by degradation of the free amino acid.[265] 
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Figure 4.4 | Effect of solar irradiation on elemental compositions of ribose-histidine MRPs. 
Model systems were irradiated for eight hours and compared to unirradiated control samples. 
Irradiation experiments were performed in duplicate. Each sample then was analyzed by 
FT-ICR-MS in triplicate injections (N = 2 × 3). Peak intensities of all features found in 
irradiated samples were compared to the same features in the unirradiated control samples 
by Student’s t-Test (n = 3): Features, which showed a significant decrease in peak intensities 
in both independent irradiation experiments are colored in blue. Features, which showed a 
significant increase or were newly formed upon irradiation are highlighted in red, respectively. 
(a) Volcano plot. (b) Number of molecular formulae showing significant changes in peak 
intensities. (c) Van Krevelen diagram of all significantly affected molecular formulae. Pie 
charts illustrate the reduced occurrence of nitrogen-free (CHO) MRPs in photochemical 
reactions. Black pie chart represents elemental compositions, which did not show a significant 
change in peak intensities upon irradiation. 
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Several studies showed that rate constants for 1O2-photoxygenation reactions 
on α-NH2-substituted histidines are in the same order of magnitude as for the free 
amino acid indicating that the major target for photooxidation is the imidazole group 

of histidine.[265,269,270] Notwithstanding this, many of the compositions that remained 
unchanged after irradiation, such as the Amadori rearrangement product (ARP) and 
other MRPs of the initial and intermediate phase (Figure 4.5), also contain intact 
histidine residues. Furthermore, when screening for imidazole fragments in MS/MS 

data, we could not observe a preferred degradation selectivity when MRPs contained 
intact imidazole groups (Figure D.5 in Appendix Chapter 4). The MS/MS spectra 
further revealed that most of the molecules formed upon irradiation still contained 

intact imidazole functions (Figure D.5 in Appendix Chapter 4). Conclusively, 
imidazoles cannot be the dominating targets for photooxidation reactions but the 
nature of substituents at the α-NH2 position seems to play a decisive role in the 

reactivity towards photons. It has been shown that the pH in aqueous solutions 
strongly affects the 1O2 oxygenation of histidine residues, indicating that oxygenation 
mainly occurs on unprotonated imidazole residues.[271,272] The initial pH of the 

histidine model systems used in this study was equal to the pKa value of the histidine 
side chain (pH 6). Within eight hours of irradiation, the pH value had dropped 
exponentially to about pH 5.5 (Table D.1 and Table D.2 in Appendix Chapter 4). 

Consequently, the amount of unprotonated imidazoles in the model systems strongly 
decreased and it is conceivable that other moieties predominate in the photochemical 
degradation of histidine derived MRPs. 

 

 

Figure 4.5 | Van Krevelen 
diagram of all molecular 
formulae reproducibly found in 
two independent replicate 
experiments (each analyzed in 
triplicate) after heating a ribose-
histidine model system for ten 
hours at 100 °C. Color indicates 
the number of nitrogen atoms in 
the formulae. Scaling is relative 
to the average peak intensity 
recorded by FT-ICR-MS. 
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Photochemical selectivity. Interestingly, molecular formulae of the 
photochemically degraded species cover a discrete area in the van Krevelen space 
(Figure 4.4c; Figure D.2c and Figure D.3c in Appendix Chapter 4). The majority of 

degraded compounds have small H/C and O/C ratios, which are characteristic of 
unsaturated and aromatic compounds. In all model systems, most of the 
photochemically degraded compounds were characterized by an O/C-ratio ≤ 0.5 and 
an H/C-ratio ≤ 1.5. Even though the different amino acids led to the formation of very 

different, largely amino acid specific MRPs (Figure D.6 in Appendix Chapter 4), this 
“photolabile area” was the same for all model systems. In the photolabile area, we 
reproducibly found 617, 611, and 851 molecular formulae, accounting for 34%, 21% and 

57% of the total peak intensity, in the ribose-lysine, -arginine, and -histidine model 
systems, respectively. This somewhat higher number and higher molar amounts 
(estimated as relative peak intensities) found in the ribose-histidine MR may explain 

to a certain extent the higher number of degraded MRPs found in the histidine MR. 

Several studies reported significantly greater antioxidant activity of MRPs 
formed from histidine compared to other amino acids.[273,274] Indeed, antioxidants 
exhibit compositional characteristics (H/C and O/C-ratios; Figure D.7 in Appendix 
Chapter 4) similar to the compounds found in the photolabile area shown in Figure 

4.4. Hence, increased active oxygen and radical scavenging activity[275,276] found for 
these MRPs may also play a role in the photochemical selectivity and the greater 
number of photo-modified MRPs in the histidine model system. 

Only a few AGE markers, which can be formed in the ribose-lysine 

and -arginine MR, have been described previously.[12] We could identify seven 
compounds in our LC-MS/MS data (Figure 4.6), and we used fragmentation spectra to 
substantiate chemical structures (Figure D.8 and Figure D.9 in Appendix Chapter 4). 

Among the seven identified candidates, only formyline[153] and argpyrimidine[151] 
showed significant degradation (log2FC < -1 and p < 0.01, Student’s t-Test (n = 3)) after 
an irradiation time of eight hours in both irradiation experiments. Heterocyclic 

aromatic groups (pyrrole and pyrimidine) characterize these markers. In the two 
imidazole derivatives, GOLD and MOLD,[277] both nitrogen atoms are substituted 
leading to a positive charge and therefore a reduced electron density in the aromatic 
ring structure, similar to protonated histidine residues. This indicates a selectivity of 

photochemical degradation reactions, towards the degradation of electron-rich 
aromatic heterocycles, which are preferentially formed in the final phase of the MR 
and which are often responsible for the characteristic browning (melanoidins).[2,16] 
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Figure 4.6 | LC-MS/MS analysis 
of known AGEs and MRPs that 
can be formed in the ribose-
lysine and arginine Maillard 
reaction, respectively. Log2 fold 
changes represent the changes in 
peak intensities between 
irradiated (8 h) and unirradiated 
control samples. Two 
independent irradiation 
experiments (experiment A: dark 
grey, experiment B: grey) were 
carried out. Each experiment was 
analyzed in triplicate injections 
by LC-MS/MS. 

 

 

Photo-induced formation of MRPs. In all model systems, we found far 
more compounds, which were produced upon solar-simulated irradiation than MRPs 

that were degraded. More precisely, analysis of the ribose-histidine model system 
showed 1 178 compounds after irradiation, which significantly increased in their ion 
intensities (log2FC > 1, p < 0.01, Student’s t-Test (n = 3)) or were newly formed (Figure 

4.4). By comparison, the ribose-lysine and arginine model systems showed 167 and 
525 elemental compositions increasing in intensity after an irradiation time of eight 
hours, respectively (Figure D.2 and Figure D.3 in Appendix Chapter 4). Compared to 

the degraded MRPs, the photochemically formed products showed a clear shift 
towards higher O/C-ratios indicating that oxidation reactions are involved in the 
photochemical modification of MRPs. While most of the photooxidation products can 

be formed by successive oxidation of double bonds (O/C > 0.5 and H/C ≤ 1.5), we also 
found a considerable number of photoproducts with an H/C-ratio greater than 1.5 
(Figure 4.4c). These reaction products might be formed by disproportionation 

reactions or by reactions on carbonyl groups, such as hydroxyl carbonyls or 
deoxyosones, with nucleophilic components of the system. Many of the degraded 
MRPs in the photolabile area may also serve as good scavengers for (hydroxy)acyl 

radicals formed by Norrish-type reactions during the irradiation process.[244] In 
general, these type of photoproducts have similar elemental compositions as thermally 
formed MRPs found in the initial and intermediate phase of the MR (Figure 4.5). 
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We further studied the behavior of different compositional descriptors, which 
can be retrieved from the computed molecular formulae (Figure 4.7; Figure D.10 and 
Figure D.11 in Appendix Chapter 4). Interestingly, all model systems showed similar 

behavior, which can be summarized as follows: 

(i) MRPs with a greater number of carbon atoms preferably undergo 

photolytic reactions. By comparison, photochemical products tend to be smaller 
molecules with a reduced number of carbon atoms (Figure 4.7a-b), indicating that 
cleavage mechanisms are likely to be involved in photochemical reactions on MRPs. 

(ii) Upon photolytic reactions, the number of oxygen atoms per molecule 
increased on average by 1.5 oxygen atoms per molecule (Figure 4.7c). Together with 

the increase in the average carbon oxidation state (Figure 4.7f), it can be concluded 
that exogenous ROS, such as 1O2 or hydroxyl radicals, must play a key role in the 
photochemical reaction mechanisms. 

(iii) Photosensitive MRPs have a higher number of double bond equivalents 

(sum of double bonds and rings) per carbon atom (DBE/C) than MRPs that are stable 
towards light exposure (Figure 4.7e). However, we could not observe a noticeable 
difference between the DBE/C-values of the degraded and the photochemically 
produced compounds. For example, after cleavage of a carbon-carbon double bond 

each of the two carbon atoms must still contain a double bond to maintain the DBE/C 
value. Because the average carbon oxidation state of the photolysis products tends to 
have higher values than that of the other MRPs, it is likely that double bonds undergo 

photooxidative cleavage reactions leading to the formation of carbonyl moieties such 
as aldehydes or carboxylic acids. A decrease of the pH-value during the irradiation 
experiments (Table D.1 and Table D.2 in Appendix Chapter 4) further supports the 

formation of carboxylic acids in the course of photolysis. 

(iv) Photolabile MRPs tend to be nitrogen-rich compounds (Figure 4.7d). When 
irradiated, the number of nitrogen atoms in the reaction products decreased. This 
substantiates photochemical targets, such as nitrogen containing heterocyclic 

structures or Schiff bases that might undergo oxidative degradation similar to the 
Karstens and Rossbach mechanism.[278] 



Chapter 4 | Results and discussion 

78 
 

 

 Figure 4.7 | Overview of 
compositional descriptors 
retrieved for the ribose-histidine 
model system after molecular 
formulae computation from 
FT-ICR-MS data. Bar charts are 
grouped into features, which 
showed a significant decrease 
(blue; log2FC < -1 and p < 0.01, 
Student’s t-Test (n = 3)) and 
significant increase (red; 
log2FC > 1 and p < 0.01, Student’s 
t-Test (n = 3)) in peak intensities 
in both independent irradiation 
experiments, respectively. 
Features that did not show a 
significant change in peak 
intensities after an irradiation 
time of eight hours are colored in 
black. Represented descriptors 
are (a) number of carbon atoms 
per formula, (b) measured m/z-
values, (c) number of oxygen 
atoms per formula, (d) number of 
nitrogen atoms per formula, (e) 
average number of double bond 
equivalents per carbon atom, 
and (f) average carbon oxidation 
state. 

 

Amino acid-specific photochemical reactions and their orthogonality 
to thermal reactions. Non-targeted analysis aims to comprehensively investigate a 
sample’s chemical composition. Although we are unlikely to be able to resolve and 
detect the entire chemistry of very complex samples, we can potentially find many 

precursor-product pairs in the mass spectra obtained from non-targeted experiments 
of reaction systems. The mass difference between a potential reaction precursor and 
product can provide information about their net chemical transformation.[212,279] Even 

though not all mass differences correspond to a real chemical transformation, they 
can provide useful information about the compositional connectivity between the 
observed reaction products.[161] We computed pairwise all mass differences between 

all monoisotopic ions observed in the FT-ICR mass spectra and used their relative 
incidences to elucidate meaningful mass differences (Figure 4.8). For example, an 
incidence rate of 54%, as found for the mass difference 18.010565 Da (compositional 

equivalent: ± H2O) in the unirradiated ribose-histidine model system (Figure 4.8), 
means that 54% of all monoisotopic ion signals in the spectra can be connected to 
another signal by this mass difference and suggests (de)hydration reactions. 
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Figure 4.8 | Pairwise comparison of mass difference incidences. Incidence rates were computed 
from all recorded mass differences in the mass spectra of thermally synthesized MRPs (left 
panel) and photochemically synthesized products (right panel). The top ten of the most 
frequently occurring mass differences were assigned to their element compositional 
equivalents representing possible net chemical transformations. Incidences represent the 
relative probability by which a monoisotopic signal in the mass spectrum can be linked to 
another monoisotopic signal with a given mass difference mdi. 
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Pairwise comparison of the different unirradiated control model systems 
showed good correlation of mass differences, especially those with high incidence 
rates, indicating very similar chemical reactions in the thermal formation of MRPs. 

These mass differences involved chemical transformations, such as (de)hydration 
(± H2O) and oxidation/reduction (± O), which are known to play a crucial role in the 
thermal synthesis of MRPs. This data agrees with our recent study, which showed that 
different amino acid precursors follow consistent reactivity behavior, even though the 

different amino acid precursors lead to very different chemical compositions.[252] By 
comparison, when comparing mass differences, which were exclusively found 
between degraded MRPs (“photo-precursors”) and compounds formed upon 

irradiation (“photoproducts”) we received a completely different picture (Figure 4.8). 
Firstly, compared to the thermally formed MRPs, we observed poor correlation of 
reactivity patterns between the different model systems, indicating photochemical 

reactions of MRPs are very specific to the parent amino acids. Secondly, net chemical 
transformations that are dominating the MR in thermal processing seem to play only 
a minor role in the photochemical reactions of the MRPs. It is worth noting, that 

intermediate reactions, which do not lead to stable molecules that can be detected by 
MS, are not considered with this approach. Conclusively, while major chemical 
reactions in the thermal synthesis of MRPs are very consistent and independent of the 

amino acid precursor, the same systems show strong amino acid specificity in the 
photochemical degradation of MRPs. 

4.4 Conclusions 

We studied the effects of solar-simulated radiation on the modification of MRPs, 
formed in a typical non-enzymatic browning reaction at moderate temperature 
(100 °C). Upon photon absorption, hundreds of MRPs readily underwent degradation 

reactions leading to a complex mixture of newly formed photoproducts. Our data 
provides evidence for a strong selectivity of photo-degradation reactions, mainly 
towards electron-rich and nitrogen-containing heterocycles, which are preferentially 

formed in the advanced and final phase of the Maillard reaction. Photoreactions on 
these structures break down the molecules into smaller but strongly oxidized 
compounds. While the “traditional” (thermal) synthesis of amino acid glycation 

products follows general chemical reactions, such as dehydration, carbonyl cleavage 
and redox reactions, photoreactions are a lot more diverse and show strong amino 
acid specificity. This fundamental study is of special importance in the shelf-life of 
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foods, phototoxicity mechanisms in diabetic and aged tissues and may, under certain 
conditions, also play a role in prebiotic molecular synthesis. Lack of current 
comprehensive database information on MRPs and photochemical products did not 

allow identification of most of the structures, but also suggests a great pool of as yet 
unexplored chemical compounds, which need detailed characterization in future 
studies. Studies on purified reaction products may help to understand some specific 
photo-degradation mechanisms. However, it must be taken into consideration that 

many of the formed photoproducts are likely to be produced only in a complex 
interplay of reactive intermediates and products. Hence, further improvements in 
holistic approaches are required to gain better understanding. 
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Chapter 5 | 

Concluding Discussion and Outlook 

The presented thesis reports on the non-targeted monitoring of Maillard reaction 
products (MRPs) in sugar-amino acid model systems. Analytical methods, data 
analysis, and visualization strategies were developed and implemented to 

comprehensively study MRPs and their chemical interplay in the entire reaction 
network. (Ultra)high-resolution mass spectrometry methods in combination with 
complementary optical spectroscopy proved to be excellent tools to investigate the 

formation and subsequent degradation of reaction intermediates and products under 
thermal (Chapter 2-3) and photochemical conditions (Chapter 4). The approaches used 
were able to resolve and monitor hundreds of MRPs simultaneously on a molecular 

level. To understand this entire chemical “collective” is of great importance and the 
fundamental prerequisite to control the Maillard reaction (MR) towards the formation 
of desired reaction products. Data analysis and visualization tools, such as van 

Krevelen diagrams, mass difference (MD) analysis, reaction network graphs, and 
Kendrick mass defect analysis were decisive to decipher compositional characteristics 
and probe samples in a reactivity-related context. 

Even very simple model systems, containing only one sugar and one amino 
acid precursor, were able to produce several hundreds of reaction products. In all 

model systems studied, by far the most intermediates and reaction products could be 
formed only by the interaction of sugars and amino acids. By comparison, at the 
moderate reaction conditions used (100 °C in unbuffered model systems), sugar and 

amino acid degradation products only played a minor role. Despite the large number 
of different reaction products recorded in the model systems, most of these can be 
formed by very simple chemical transformations, including dehydration, carbonyl 

cleavage, and redox reactions. The resulting interconnected reaction network 
ultimately leads to an extraordinarily high chemical diversity and complexity. We 
could discover such general reactions not only in ribose-glycine mixtures but also 

when different amino acid precursors were used in the model systems. This allowed a 
general reaction scheme to be conceptualized, which involves more than 70 MRPs of 
general composition, which only differ in the amino acids’ side chain and eventually 
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expands known reaction pathways. In addition to Amadori products, other 
compounds, especially diketosamines, seem to play a crucial role in the early MR and 
significantly contribute to the diversity in reaction products. However, it must be 

pointed out that diketosamines and their direct degradation products are to be 
expected in significantly lower concentrations. This may also be the reason why these 
intermediates have, so far, received only little attention. In general, amino acid 
precursors were mainly responsible for the chemical diversity observed while 

different sugar precursors mainly had an influence on the reaction rates but led to 
similar or even identical MRPs. As expected,[280] the reactivity of pentoses was higher 
compared to hexoses, which was reflected in a noticeably larger number of reaction 

products. Likewise, the proportion of free carbonyl groups in the sugar precursors had 
an influence on the reactivity. More precisely, ribose was more reactive than arabinose 
and xylose. However, the findings from the comparison of different amino acids were 

surprising. Above all, cysteine, contrary to our expectations, showed a very high 
reactivity and eventually led to more reaction products than other amino acids, 
including glycine and isoleucine. 

One of the most obvious characteristics of the MR is the formation of 
chromophores and fluorophores. Such subunits make MRPs potential targets for 

photochemical reactions. Irradiation of heated sugar-amino acid mixtures with 
simulated sunlight resulted in a rapid degradation of multiple MRPs. Nitrogen-
containing and electron-rich heterocycles were preferentially degraded, whereas early 

MRPs showed high stability towards the exposed radiation. The data also showed that 
the formation of reactive oxygen species played a significant role in degradation 
reactions. Exogenous oxygen initiated oxidative cleavage reactions and ultimately 

cleaved photolabile MRPs into a large number of yet unexplored photoproducts. While 
reactions in thermal Maillard systems are largely independent of the precursor 
molecules, photochemical reactions showed a much higher amino acid specificity and 

differed fundamentally from “classical” Maillard transformations. 

The presented analytical and data science approaches build a solid basis for 
future non-targeted and holistic studies on the MR. While the approaches used in this 
work mainly aimed to holistically explore the composition of reaction products on a 
molecular level, future work should also include characterization of chemical 

structures and elucidation of exact reaction mechanisms. It is clear that the high 
complexity and similarity in physicochemical properties make it impossible to 
elucidate structures of all intermediates and reaction products formed, even if only 

simple model systems are considered. Isolation of multiple MRPs is very time-
consuming and it must be assumed that isolation of the many unstable compounds is 
impossible. Hence, it would be more efficient to focus on reasonably stable and/or key 

intermediates (e.g. diketosamines). Mass difference analysis as presented in Chapter 2 
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is a promising tool to identify such key intermediates. Connecting mass spectral 
features with exact MDs, corresponding to relevant chemical transformations, 
eventually leads to reaction networks where key intermediates are represented as 

highly connected nodes. These intermediates can be considered as secondary 
precursors for many of the downstream reaction products. A promising analytical 
setup for the isolation of MRPs was presented in the Appendix of Chapter 1. 

Studying chemical (degradation) mechanisms based on purified or 
synthesized MRPs would allow a more precise understanding of specific reaction 

mechanisms under both, thermal and photochemical conditions.[9] However, when 
studied individually and isolated from other MRPs in the reaction pool, such an 
approach only allows us to gain insights into linear downstream reactions while the 

interplay with other MRPs and the role in the entire reaction cascade remains 
overlooked. A more promising approach would be to study degradation mechanisms 
using isotopically labeled MRPs. The use of isotopically enriched (secondary) 

precursors or solvents in model systems is a powerful way to trace back the atoms to 
their original position in the parent molecule.[26,95] Model systems using labeled 
components in combination with mass spectrometry or nuclear magnetic resonance 
spectroscopy became the most successful approaches in studying underlying reaction 

mechanisms.[281] For example, synthesis of fully labeled key intermediates can be 
achieved in model systems followed by targeted isolation and purification. In a carbon 
module labeling (CAMOLA) approach,[281] these intermediates can then be spiked into 

model systems containing differentially labeled precursors or precursors with natural 
isotope abundances, which can decipher direct degradation products from those which 
are interconnected to other components in the reaction pool. 

In this fundamental work, we used throughout the experiments unbuffered 

aqueous model systems, which allowed straightforward analysis by direct-infusion 
mass spectrometry without an additional cleanup step. Nevertheless, it is well known 
that other reaction conditions, such as pH, temperature and water activity, have a 

great influence on the type and concentrations of MRPs formed (see also Chapter 1.2). 
Especially with regard to application-oriented issues, such as the formation of MRPs 
under food-relevant conditions, it would be of great value to know the effects of 
various factors on the entire reaction process. In an experimental design, studying 

multiple factors at once, response models for all detected MRPs can be computed.[282] 
These models would allow the effects of different reaction conditions on hundreds of 
MRPs in the same time to be studied. Such models would be of great importance to 

efficiently reduce unwanted reaction products while maintaining desired MRPs. 

The presented results showed large differences in the formation of nitrogen-
free (CHO) compounds. For example, only 1% of the detected compounds in a ribose-
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cysteine system were CHO compounds, while ribose-lysine systems produced 18% of 
such CHO compounds. However, in all model systems studied, most of the observed 
MRPs contained nitrogen originating from the amino acid precursor, respectively. The 

exact reasons for the different proportions in CHO compounds remain largely unclear. 
Reactive dicarbonyls are considered as key components in the intermediate phase of 
the MR (see also Chapter 1.1.2). Interestingly, most of the known dicarbonyl structures 
(e.g. deoxyosones, glyoxal, or methylglyoxal) can be formed independently of the type 

of amino acid. By comparison, amino acid specific dicarbonyls and hence nitrogen-
containing dicarbonyls are largely unknown. It is clear that in a complex interplay of 
multiple amine sources, higher concentrations for those reaction products can be 

expected, which are formed independently of a specific nitrogen source. However, the 
sum of many trace-level and amino acid specific dicarbonyls may significantly impact 
subsequent dicarbonyl-triggered reactions (e.g. protein crosslinking). It would 

therefore be of great value to evaluate the amount and type of nitrogen-containing 
dicarbonyls. Efficient trapping reagents, such as o-phenylenediamine, readily allow to 
transfer these reactive intermediates into stable derivatives,[283] which can be 

comprehensively analyzed using the here presented methods. 

Cysteine is known to react somewhat differently compared to other amino 

acids. The reduced formation of colored compounds during the MR has often been 
explained by the formation of stable thiazolidines during the initial condensation 
reaction and by the ability of cysteine to efficiently trap dicarbonyl structures.[220,221] 

On the one hand, the data presented here clearly indicate that cysteine readily forms 
a multitude of reaction products. On the other hand, different behavior was also 
observed in our results, especially in the later steps of the advanced phase (see also 

Chapter 3.3.4). Further research is needed to exactly understand the mechanism of 
action of cysteine and other thiols in the early stages of the reaction cascade. 

Comprehensive analysis of MRPs and AGEs in real samples, such as food 
extracts or biological material, is still a major challenge. Due to the current lack of 

comprehensive MS/MS databases, standard-free identification of MRPs or AGEs in 
high-throughput screenings is largely impossible. Although, in recent years, in silico 
prediction of MS fragmentation patterns has made huge progress in metabolomics,[284] 
the high similarity in chemical structures and substructures of MRPs does not 

currently allow accurate structure assignments. A possibility to overcome these 
limitations would be to build a database that contains experimental MS/MS data by 
analyzing various model systems, which were produced from multiple carbonyl and 

amine precursors, respectively. Although most of the chemical structures of the 
features in such a database will remain unknown, the database can be used to identify 
MRPs and their potential precursors in real samples. Then, selected MRP candidates 

can be specifically synthesized in model experiments, which provide a well-controlled 
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and less complex environment and therefore would allow better structure elucidation 
and confirmation. The tandem LC setup presented in the Appendix of Chapter 1 is an 
ideal platform for such an approach. In non-targeted screenings, it can resolve 

hundreds of MRPs in model systems. Data-dependent acquisition can be used to 
subject most of the recorded precursor ions to automated MS/MS experiments, which 
would build the core of the database. 

Another future approach that may help to identify possible MRPs in real 
samples benefits from the high mass accuracy provided by ultrahigh-resolution mass 

spectrometers and the fact that different reaction precursors in the MR go through the 
same reaction pathways: Each compound i in a complex sample containing N 
compounds is represented in a mass spectrum by its accurate mass. Each of the N 

compounds can also be described by a vector of N-1 MDs, which represents all exact 
mass spacings between compound i and all other N-1 compounds in the spectrum. In 
a similar way, each MRP of the general Maillard reaction scheme, presented in 

Chapter 3.3.4, can be described by a vector of MDs relative to the other MRPs in the 
scheme. Such a vector (e.g. the vector that describes the interconnectivity of the 
Amadori product in the general pathway), can be used in an inverse approach to 
identify possible and unexpected MRPs (e.g. Amadori products) in real samples. This 

approach assumes that, regardless of the type of precursor molecules, general reaction 
pathways take place. If a compound in the real sample shows a high overlap to the 
theoretical MD-vector, this compound is more likely to be an MRP than compounds, 

which do not match the pattern of the template vector. By comparison, searching mass 
spectra of real samples for theoretical m/z-values of all possible MRPs would go along 
with searching for an immense number of theoretical m/z-values if all possible amine-

sugar combinations were taken into account. In any case, such an approach would 
drastically increase false discovery rates, which are assumed to be much lower if 
instead multiple values (a vector approach) are used. 
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A Appendix Chapter 1: Tandem HILIC-RP Liquid 
Chromatography for Increased Polarity Coverage 
in Food Analysis 

Comprehensive non-targeted analysis of food products normally requires two 
complementary chromatographic runs to achieve maximum compound coverage. In this 
study, we present a sensitive tandem-LC method, which combines RP and HILIC 
separation in a single run. The setup consists of a C18 trap column and two subsequently 
coupled analytical columns (HILIC and C18) which are operated in parallel. First, 
hydrophobic compounds are retained on the RP trap column while rather hydrophilic 
compounds are directly transferred onto a HILIC phase. Next, the pre-fractionated 
sample composition is analyzed by HILIC or RP chromatography, respectively. The 
presented setup allows individual and independent gradient elution as well as interfacing 
with mass spectrometry. The performance of the method has been proven by means of 
food relevant standards and analysis of complex food samples (e.g. red wine, meat 
extract). The simple and robust setup provides high flexibility in the selection of column 
combinations and does not require sophisticated instrumental setups or software. The 
method significantly increases the covered polarity range compared to classical one-
dimensional chromatography. Our results indicate that tandem-LC is a valuable and 
universal tool in the non-targeted screening of various types of complex food samples. 

  This chapter has been published as Hemmler, D., Heinzmann, S. S., Wöhr, K., 
Schmitt-Kopplin, P. & Witting, M. Tandem HILIC-RP liquid chromatography for 
increased polarity coverage in food analysis. Electrophoresis 39, 1645–1653 (2018). 

Reprinted with permission. Copyright 2018 Wiley-VCH. 

Candidate’s contributions: D.H. designed the research. D.H. performed the 
experiments and analyzed the data. D.H. prepared the figures. D.H. wrote and 
revised the manuscript. 
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A.1 Introduction 

The integration of biotic and abiotic processes makes foods very complex chemical 
systems. For example, the chemical complexity of wine combines biochemical impacts, 

such as plant, microorganism and secondary metabolisms, with environmental and 
viticultural impacts.[193,285] Typical small molecular constituents of wine are primary 
metabolites (e.g. carbohydrates, organic acids, lipids, and amino acids) and 

phytochemicals (e.g. phenols, lignans, sterols, and alkaloids).[286,287] It is assumed that 
secondary metabolism leads to more than 200 000 natural products present in the plant 
kingdom.[288] Although application of metabolomics tools to food fingerprinting has 

rapidly emerged in recent years, only a small number of these compounds have been 
identified and listed in databases. Liquid chromatography coupled to high-resolution 
mass spectrometry (LC-MS) has prevailed as an excellent method in 

metabolomics.[166,289] However, when aiming to identify as many compounds as 
possible, selection of an appropriate stationary phase is difficult because of a wide 
range of chemical and physical properties (e.g. polarity, pKa) of the metabolites.[166,290] 

Arubulu et al. have recently shown for red wine samples that a maximum metabolite 
coverage requires reversed-phase (RP) and hydrophilic liquid interaction 
chromatography (HILIC). While organic acids and carbohydrates were preferentially 

retained on the HILIC column, for most other compound classes no preferred 
separation phase could be found.[286] Two independent chromatographic runs, 
however, are time consuming and require larger sample amounts. Additionally, 
accurate alignment of unknown compounds that show retention on multiple 

stationary phases, such as RP and HILIC, is a challenging task. 

To overcome these limitations, several setups have been developed which 
combine RP chromatography and HILIC in a single run. A first type of setup uses serial 
coupling of HILIC and RP columns.[291–296] Greco et al. showed an increased polarity 

range covered when a zwitterionic HILIC column was serially coupled to a C18 RP 
column in the analysis of phenolic compounds.[291] However, serial coupling of 
columns does not allow independent gradient elution[297] and restricts the selection of 

columns due to an increase in back pressure. Good summaries of serial couplings have 
recently been published in comprehensive reviews by Haggarty and Burgess[298] and 
Alvarez-Segura et al.[299] The second type of setup (tandem LC) uses first a trap column 
to divide the sample composition into hydrophilic and hydrophobic compounds. The 

pre-fractionated sample can then be analyzed on two different stationary phases (e.g. 
HILIC and RP). Due to the pre-fractionation step, analytes are separated either on the 
HILIC or on the RP column using independent gradient elution.[297,300] Pyke et al. 

recently reported a tandem method, which combines aqueous normal phase (ANP) 
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chromatography with RP separation for the analysis of urine metabolites.[297] They 
showed that the number of detected compounds using the tandem method is 
comparable to results when the same sample was analyzed in two independent 

chromatographic runs. 

The aim of this study was to develop a HILIC-RP tandem coupling which 

allows analysis of highly polar to nonpolar food constituents in a single 
chromatographic run. Online pre-fractionation of the sample composition and 
subsequent analysis on two orthogonal stationary phases enhances the covered 

polarity range compared to traditional one-dimensional LC systems. Compared to 
serial couplings the here presented setup can be operated with individual gradients 
and bypasses limitations due to an increased column backpressure. By means of a 

second switching valve effluates of the two analytical columns enter the mass 
spectrometer individually, thus, avoiding possible loss in ionization efficiency. 

A.2 Experimental procedures 

A.2.1 Reagents 

LC-MS grade methanol and acetonitrile (ACN) were purchased from Merck 
(Darmstadt, Germany). Formic acid (LC-MS grade) and ammonium formate (10 M 
stock solution) were obtained from Sigma-Aldrich (Steinheim, Germany). MilliQ-

purified water (18.2 MΩ; Millipore, Germany) was used throughout the experiments. 

A.2.2 Reference standards 

Reference standards L-Alanine (99%), L-arginine (≥98%), L-asparagine monohydrate 
(>99%), L-aspartic acid (>98%), p-cresol (analytical standard), L-cysteine (>98%), 

D-(-)-fructose (>99%), fumaric acid (>99%), D-(+)-glucose (>99.5%), L-glutamic acid 
(>99%), L-glutamine (>99%), glycine (>99%), L-histidine (98%), L-isoleucine (99%), 
L-leucine (>99.5%), L-lysine (>98%), L-(-)-malic acid (>99.5%), L-methionine (>98%), 

myricetin (≥98%), L-phenylalanine (99%), L-proline (>99%), pyrocatechol (>99%), 
quercetin (≥95%), D-(-)-ribose (98%), L-serine (99%), succinic acid (≥99%), sucrose 
(>99.5%), syringic acid (analytical standard), L-threonine (>98%), D-(+)-trehalose 

dihydrate (>99%), L-tyrosine (>99%), and L-valine (>98%) were obtained from Sigma-
Aldrich (Steinheim, Germany). Malvin chloride (Rotichrom® HPLC) was purchased 
from Roth (Karlsruhe, Germany) and malvidine chloride was purchased from Biomol 



Appendix A | Experimental procedures 

92 
 

(Hamburg, Germany). Individual stock solutions (1 mg mL-1) were prepared of each 
reference standard. Amino acid standards were dissolved in methanol/water (1:1) v/v, 
sugar and dicarboxylic acids were dissolved in water, and phenolic compounds were 

dissolved in methanol, respectively. Stock solutions were diluted with water/ACN 
(98:2) v/v prior to injection. Concentration of the injected standards was 20 µg mL-1 
(amino acids: 10 µg mL-1), respectively. 

A.2.3 Sample preparation 

Red wine. A wine sample from the grape variety “Lemberger” with an alcohol content 

of 13.0% was diluted (1:5) v/v with water/ACN (98:2) v/v prior to injection. 

Meat extract. 5 g minced beef were extracted in a blender with 30 mL 
methanol/water/hexane (1:1:1) v/v/v for 2.5 min. After centrifugation, 1 mL of the clear 
methanol/water-phase was vacuum dried and reconstituted in water/ACN (98:2) v/v 

before injection. 

Brewed coffee (Italian espresso). 10 g freshly grinded coffee beans (100% Arabica 

beans) were brewed with 30 mL hot water. After centrifugation, the supernatant was 
diluted 1:10 with water/ACN (98:2) v/v. 

Prior to each food sample, blank samples (water/ACN (98:2) v/v) were analyzed in 
order to subtract impurities and chemical noise from the sample results. Only features 

were reported which were exclusively found in food samples but not in the blank 
chromatograms. 

A.2.4 Instrumental setup 

Chromatographic analysis was carried out on a Thermo Scientific Dionex Ultimate 
3000 system (Dreieich, Germany) equipped with two vacuum degassers, dual gradient 

pump (P1 and P2), a temperature controlled autosampler (AS), a thermostat-controlled 
column oven containing two 10-port 2-position valves, and a variable wavelength 
detector (UV). The autosampler temperature was set to 5 °C. Column temperature was 

maintained at 40 °C. Connections were made using stainless-steel Viper capillaries 
(180 µm ID; Thermo Scientific, Dreieich, Germany) with shortest possible lengths. A 
Kinetex C18 column (2.1 × 30 mm, 2.6 µm; Phenomenex, Aschaffenburg, Germany) 

was used for trapping hydrophobic analytes. For chromatographic separations, a 
ZIC-cHILIC column (2.1 × 100 mm, 3 µm, Merck, Darmstadt, Germany) and a Kinetex 
C18 column (2.1 × 100 mm, 2.6 µm, Phenomenex, Aschaffenburg, Germany) were 

used. Samples and blanks were injected in the LC flow stream via full-loop-injection 
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(20 µL). The LC system was coupled to a Bruker maXis qTOF-MS equipped with an 
APOLLO II electrospray ion source (Bruker Daltonics, Bremen, Germany). Detection 
was run in both electrospray modes (ESI(-) and ESI(+)). Source settings in ESI(-) mode 

were: nebulizer pressure = 2 bar, dry gas flow = 10 L min-1, dry gas 
temperature = 200 °C, capillary voltage = 4.0 kV, end plate offset = -500 V, mass 
range = 50 – 1 500 m/z. Source settings in ESI(+) mode were: nebulizer 
pressure = 2 bar, dry gas flow = 10 L min-1, dry gas temperature = 200 °C, capillary 

voltage = 4.5 kV, end plate offset = +500 V, mass range = 50 – 1 500 m/z. The time-of-
flight mass analyzer was calibrated by means of a commercial ESI Low Concentration 
Tune Mix (Agilent Technologies, Waldbronn, Germany). Additionally, prior to each 

chromatographic run, the same calibrants were injected for internal recalibration of 
each analyzed sample. 

A.2.5 Chromatographic conditions 

The RP mobile phase (P1) was a composition of 0.1% formic acid (solvent P1-A) and 

ACN + 0.1% formic acid (solvent P1-B). The HILIC mobile phase (P2) was a mixture of 
5 mM ammonium formate/ACN (95:5) v/v (eluent P2-A) and ACN (eluent P2-B). 
Trapping phase (0-5 min) was run with isocratic conditions while RP and HILIC 

separations were run in gradient mode as shown in Table A.1. Columns were re-
equilibrated for 15 min after each chromatographic run to reach initial conditions. 

A.2.6 Data processing 

Raw data were post-processed with Genedata Expressionist for MS 11.0 (Genedata, 

Basel, Switzerland). After chromatogram smoothing and noise subtraction, mass 
spectra were internally calibrated. For internal calibration, the same Tune Mix as 
above was injected prior to each sample injection. Next, retention times were aligned 

to correct for shifts between chromatograms. Peak picking was done based on a 
curvature-based algorithm and heavy isotopes were identified and removed. The final 
data matrix consists of grouped chromatographic features (aligned m/z-values and 

retention times) and peak intensities. Original values, such as retention times and m/z-
values were retained in the matrix and used for method validation purposes. All 
further data processing and statistics were done in Microsoft Excel 2016 and R 

Statistical Language (version 3.4.1).[199] 
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Table A.1 | Chromatographic conditions of the tandem HILIC-RP coupling 

  Pump 1 (P1) Pump 2 (P2) Valve 
position 

 Time 
(min) 

%B Flow 
(µL/min) 

%B Flow 
(µL/min) 

Left | right 

Trap. 0.0 2.5 50 100.0 350 1_2 | 1_2 

 5.0 ↓ ↓ ↓ 350 1_2 | 1_2 

HILIC 5.1 ↓ 50 100.0 400 1_2 | 10_1 

 18.0 ↓ ↓ 40.0 ↓ ↓ 

 24.0 ↓ ↓ 40.0 400 ↓ 

 24.9 ↓ 400 ↓ ↓ 1_2 | 10_1 

RP 25.0 ↓ ↓ ↓ ↓ 10_1 | 10_1 

 26.0 2.5 ↓ 90.0 200 ↓ 

 40.0 100.0 ↓ ↓ ↓ ↓ 

 45.0 100.0 ↓ ↓ ↓ ↓ 

Equil. 48.0 2.5 ↓ ↓ ↓ ↓ 

 60.0 2.5 400 90.0 200 10_1 | 10_1 

A.3 Results and discussion 

A.3.1 Principle setup 

The here introduced tandem LC system is build up of a short C18 RP-column (trap 
column) and two analytical separation columns (zwitterionic HILIC and C18 RP). 
HILIC phases are known to retain hydrophilic compounds (e.g. carbohydrates, amino 

acids) while RP columns have a complementary retention preference for nonpolar 
substances. In addition, Chalcraft et al. showed that the combination of HILIC and RP 
columns provides maximum orthogonality.[293] The system consists of three major 

steps: (i) loading/trapping phase (0-5 min), (ii) HILIC (5-25 min) and, (ii) RP separation 
(25–45 min). In a first step (0-5 min, Figure A.1a), the sample composition is passed 
through the trap column in isocratic mode. While hydrophobic analytes are retained 

on the C18 trap column more hydrophilic compounds are directly passed onto a HILIC 
phase. A T-piece and addition of high organic mobile phase ensures the immediate 
binding of hydrophilic analytes on the HILIC column. The combined eluent 
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composition during the trapping step at the HILIC column is 87.8% at a total flow rate 
of 400 µL min-1. A trapping time of five minutes (50 µL min-1 flow rate) was found to 
be sufficient to remove most disturbing salts and other sample components, which 

cannot be separated neither by HILIC nor by RP. Two 10-port valves allow subsequent 
and independent chromatographic runs of the divided sample composition. First, 
compounds retained on the HILIC phase are separated running a linear gradient (5-
25 min, Figure A.1b and Table A.1). In this time, the composition of the pump 1 flow 

(passes trap column and RP separation column) is hold at initial conditions. We could 
not observe considerable band broadening when the flow of P1 was kept at initial 
conditions during HILIC separation. After the HILIC separation, analytes trapped on 

the C18 trap column are consecutively separated by a linear gradient (25–45 min, 
Figure A.1c and Table A.1) by the two C18 RP columns. At the end of each run, the 
system is re-equilibrated to reach initial conditions. This type of instrumental setup 

allows two independent chromatographic runs, after dividing the analytes of a sample 
into a hydrophobic and hydrophilic part during the trapping phase, on two different 
analytical columns. By comparison, Pyke et al. used only one valve to switch between 

the three steps.[297] In their setup, effluates of the HILIC and RP column were 
continuously recombined by a T-piece before entering the detector. By using a second 
valve, it was possible to transfer the column effluates individually into the mass 

spectrometer. Hence, conditions in the ion source are the same as in single one-
dimensional LC and loss in ionization efficiency can be avoided. 

A.3.2 Analysis of food-relevant reference standards 

A selection of 34 food-relevant reference standards was analyzed with the HILIC-RP 

tandem coupling method as described above (chromatographic conditions are given 
in Table A.1). Standards included amino acids, carbohydrates, small dicarboxylic acids, 
and phenolic compounds covering a logP range from -3.5 to 2.1. Amino acids were 

injected with a concentration of 10 µg mL-1. All other standards were analyzed with a 
concentration of 20 µg mL-1, respectively. As shown in Figure A.2a rather hydrophilic 
compounds (amino acids, sugars, and dicarboxylates) were directly transferred onto 

the HILIC column during the loading phase and subsequently separated by HILIC. It 
is worth noting that succinate and ribose showed only weak retention on the HILIC 
phase and thus eluted already at the end of the trapping phase. By comparison, with 
except of pyrocatechol, all tested phenolic compounds were retained on the C18 trap 

column and consequently separated in the RP part. Although not all standards 
revealed baseline separated peaks, mass selective detection was able to resolve all 
tested standards with exception of isoleucine and leucine. 
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Figure A.1 | Configuration of the tandem HILIC-RP system. (a) Pre-fractionation of the sample 
in a first loading (trapping) step (0–5 min) into hydrophobic and hydrophilic compounds. 
Addition of high organic mobile phase via pump 2 and a T-piece ensures retention of 
hydrophilic compounds on the HILIC column. (b) Independent gradient elution of hydrophilic 
components retained on the HILIC column (5–25 min). (c) Independent gradient elution of 
hydrophobic components trapped on the RP column (25–45 min). 
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Figure A.2 | (a) Analysis of 34 food relevant reference standards including amino acids, mono- 
and disaccharides, dicarboxylic acids, and phenols. (b) Influence of the acetonitrile content in 
the eluent composition during the loading step (0–5 min) on the distribution of red wine 
components onto the HILIC or RP stationary phase. Bar charts illustrate the number of 
detected features (S/N > 3) in the three sections of the chromatogram, respectively. Error bars 
indicate the standard deviation of the mean (n = 3). 
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A.3.3 Online pre-fractionation of sample components (loading step) 

The eluent composition during the trapping phase is crucial for the partitioning of 
sample analytes between the two analytical columns. The high chemical 
diversity[287,301] and the simple and loss-free sample preparation (dilution) make wine 

an ideal food representative in the development and validation of non-targeted 
methods. Figure A.2b shows chromatograms of a red wine sample analyzed by three 
different eluent compositions during the trapping phase (0–5 min). Increasing the 
organic content of the eluent of P1 increases also the organic content of the combined 

eluent composition at the HILIC phase, thus, enhances the retention of more 
hydrophilic compounds on the HILIC column. Increasing the organic content of P1, 
however, counteracts with the capability of retaining hydrophobic compounds on the 

C18 trap column. Most equal distribution of analytes was achieved when the organic 
content was kept at a minimum (2.5% ACN, Figure A.2b). Increasing the ACN content 
of P1 reduced the number of analytes retained on the trap column dramatically. The 

number of features (S/N > 3) detected in ESI(-) after RP separation is halved when the 
ACN content of P1 is increased from 2.5% to 10%. Here, a feature is an analytical signal 
characterized by a unique retention time and ion mass.[166,302] When using a P1-ACN 

content of 2.5% 463 ± 6 features could be detected after RP separation compared to 
230 ± 2 at P1=10% ACN. Although the total number of detected features was very 
similar (1 180 at P1=2.5% ACN, 1 131 at P1=10% ACN) an uneven distribution of the 

analytes increases the number of co-eluting compounds, thus, complicating 
subsequent detection, e.g. by an increased chance of ion suppression in mass 
spectrometry. Moreover, when using a low ACN concentration during the trapping 

period, the number of weakly resolved signals in the first five minutes can be 
minimized. In this region of the chromatogram highest effects of ion suppression must 
be expected.[293] Signals eluting during the first five minutes result from compounds 

that are not or only weakly retained on the C18 trap column and the HILIC column. 
A P1-ACN content of 25% was found to be already high enough to minimize wine 
analytes retained on the trap column to less than 10% (37 ± 5 detected features) 

compared to P1=2.5% ACN (463 ± 6). 

A.3.4 Non-targeted analysis of red wines 

Next, we analyzed a red wine sample (1:5 dilution, v/v) in n = 9 replicate measurements 
with the optimized conditions as described before. Using both electrospray modes, 

ESI(-) and ESI(+), in total 4 400 different features were found in all nine replicate 
measurements but not in blank samples, respectively (Figure A.3a-c). Only 255 
features, having the same neutral monoisotopic mass (± 10 ppm) and retention time 
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(± 0.3 min) could be detected likewise in both ionization modes (Figure A.3c). 147 of 
the features found in both ionization modes could be separated by RP chromatography 
compared to 101 features separated by HILIC. Overall, in ESI(+) mode we could detect 

approx. twice the number of features as compared to ESI(-). However, the number of 
features was 1.7 and 2.4 times higher in ESI(+) after HILIC and RP separation, 
respectively. The different factors could arise from the type of compounds separated 
by the two stationary phases and the eluent composition. Here, we used in both 

electrospray modes addition of 0.1% formic acid to the RP eluent which is known to 
enhance MS response in positive ionization mode. By comparison, the HILIC 
separation was performed using an almost neutral eluent composition of 5 mM 

ammonium formate and ACN. 

Precision of the method. The precision of retention times was evaluated by 
injection of n = 9 replicates of a red wine sample. The relative standard deviation 
(RSD) was <2% for all 4 400 detected features derived from the original retention times 

(none-aligned retention times). This is in good agreement with other dual-column 
methods.[293,297] Additionally, the majority (>98%) of detected features showed a 
random distribution of retention time values among the nine replicates and none of 
the retention times showed a relative deviation greater 3% from its mean, respectively 

(Figure A.3d). In general, features detected during the RP separation revealed slightly 
better run-to-run repeatability than those detected during the HILIC separation. 

Retention characteristics of the stationary phase. We searched for 
possible compound classes in FooDB (http://foodb.ca, release: 06/29/2017) to gain more 

information about the retention behavior of the two columns. Database searches were 
done only based on the experimental monoisotopic mass (± 10 ppm) and multiple 
annotations were allowed. This results in a list of possible compound annotations and 

the corresponding compound classes. Although this approach does not provide 
unambiguous identifications, it gives valuable information about the distribution of 
compound classes between the two columns. Most of the putatively metabolites found 

in the database belong to compound classes that are known for their relevance in wine 
(Figure A.4). The majority of compounds separated by the RP column were assigned 
as phenylpropanoids, polyketides, lipids and lipid-like molecules (68% of database 
findings) indicating especially a strong selectivity of the RP column for flavonoids. 

The number of possibly detected flavonoids was slightly higher in positive ionization 
(Figure A.4b), even though in most studies ESI(-) is the method of choice for the 
analysis of these type of compounds.[303,304] On the one hand, it must be noted that we 

used addition of 0.1% formic acid consistently in both ionization modes for the RP 
mobile phase which could play a role in the preferred ionization efficiency in ESI(+). 
On the other hand, however, quite a remarkable number of flavonoids, such as 

anthocyanins, per se are positively charged. 
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Figure A.3 | Non-target analysis of a red wine sample by tandem HILIC-RP chromatography. 
(a-b) Retention time versus m/z-value plots of processed results obtained in electrospray 
negative (ESI(−)) and positive (ESI(+)) mode, respectively. Each dot represents an analytical 
signal (feature) colored according to the observed peak intensity. (c) Comparison of detected 
features in ESI(+) and ESI(−) mode. (d) Relative deviation of the retention times of all detected 
features from the mean for nine replicate measurements detected during HILIC (left) and RP 
separation (right); ESI(+) = red; ESI(−) = blue. 

While rather hydrophobic compounds showed a clear preference for the RP 

column, HILIC revealed stronger retention selectivity for polar compounds, such as 
carbohydrates and organic acids (Figure A.4). Interestingly, we observed a clear 
difference in selectivity of the ionization modes for the number of carbohydrates and 

organic acids putatively annotated in the database. Negative ionization mode could 
reveal more carbohydrates while carboxylic acids were preferentially detected by 
ESI(+). Further subdivision revealed that carboxylic acid derivatives detected in ESI(+) 

were exclusively annotated as amino acids or peptides. By comparison, around 30% of 
annotated carboxylic acid derivatives found in ESI(-) were mono-, or oligo-
carboxylates (17/56) while the remaining 70% were amino acids and peptides (39/56). 
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Figure A.4 | Selectivity of the two analytical columns used in the tandem LC system and 
selectivity of ionization modes for food relevant compound classes. (a) Pie charts illustrating 
the preferred selectivity of the HILIC and RP column. (b) Sub-classification of major 
compound classes. 

A.3.5 Application to other food samples 

We applied the above-described HILIC-RP tandem method to the non-targeted 
analysis of additional food samples. In this proof-of-concept test, we measured a beef 
meat extract and a diluted Italian espresso (coffee extract). After chromatographic 

separation, food components were recorded by MS in ESI(+) mode. Both samples 
showed a comparable number of recorded features (Table A.2 and Figure A.5). The 
total number of detected features was 1 633 and 1 797 found in the meat extract and 



Appendix A | Results and discussion 

102 
 

brewed coffee, respectively. Similar to the results we obtained for the red wine sample, 
in both samples approx. 50% of the features were recorded after HILIC separation 
indicating an equal distribution of sample compounds. Hence, the method presented 

here is not limited to the analysis of wine samples. It rather can be used as a routine 
platform in the non-target screening of different food samples. 

Table A.2 | Number of features (retention time–m/z-pairs) detected in a beef meat extract 
and brewed coffee by ESI(+)-MS. 

Sample Total number 
of features 

Trapping 
(0-5 min) 

HILIC 
(5-25 min) 

RP 
(25-45 min) 

Beef meat 
extract 

1 633 109 875 649 

Coffee 

extract 

1 797 216 936 645 

 

The same database search as described above revealed that most of the 

features detected in the meat extract could be attributed to lipid- and organic acid 
derivatives, including amino acids and peptides (Figure A.6). Although fatty acids 
were partially removed in the sample preparation, more than 70% of database findings 

of those compounds retained on the RP column were lipid-type molecules. Main 
compound classes found for coffee metabolites were lipid-like molecules, benzenoids, 
phenylpropanoids, phenylketides, and heterocyclic compounds (e.g. furans, pyrans 

and pyrazines; Figure A.6). 
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Figure A.5 | Non-target analysis of a (a) beef meat extract and (b) coffee extract by tandem 
HILIC-RP chromatography, respectively. Retention time versus m/z-value plots of processed 
results obtained in electrospray positive (ESI(+)) mode. Each dot represents an analytical 
signal (feature) colored according to the observed peak intensity. 

 

Figure A.6 | Selectivity of the two analytical columns used in the tandem LC system for food 
relevant compound classes. Compound classes were obtained from searching possible 
metabolites in FooDB database (http://foodb.ca, release: 06/29/2017) based on the 
experimental mass (± 10 ppm). Pie charts illustrating the preferred selectivity of the HILIC and 
RP column for a measured meat and coffee extract. 
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A.4 Conclusions 

The presented HILIC-RP tandem coupling allows sensitive and precise analysis of food 
metabolites covering a large polarity range in a single chromatographic run. We 

showed that the combination of two columns with high orthogonality (HILIC and RP) 
increases the polarity range covered from highly polar (e.g. carbohydrates, oligo-
carboxylic acids) to nonpolar compounds (e.g. flavonoids) which is of particular 

importance in comprehensive non-targeted studies. Analysis of a red wine sample 
revealed more than 4 000 features detected by high-resolution MS. Although we 
mainly used a red wine sample for method development and validation, the potential 

of this method in the application to other types of food samples has been proven. 
Moreover, there is no reason to be restricted to foods. We believe that this method is 
valuable for the analysis of small molecules (metabolites) in a wide range of different 

sample matrices. 

Dual-column tandem chromatography does not require complicated 

instrumentation and software setups, such as in comprehensive 2D-LC. Compared to 
serial couplings individual gradients for each separation column can be used 
independently. In theory, there is no limitation in the types of columns, which are 

connected in the system. When the aim is to measure as many compounds as possible 
in a single run, columns of highest possible orthogonality (complementary columns) 
should be favored. Nevertheless, combination of less complementary columns could 

have also specific advantages. For example, coupling of two RP columns with different 
surface chemistries (e.g. Phenyl/C18 or C8/C18) could enhance the total peak capacity, 
selectivity and separation efficiency specifically for hydrophobic compound classes 

(e.g. lipids and lipid-type molecules) compared to single column LC. Depending on the 
sample extraction, in some cases it could be useful to change the order of the two 
columns. Sample extracts containing high amounts of organic solvent (e.g. after 

protein precipitation) could benefit from a reversed column order and a hydrophilic 
trap column. Optimization regarding high-throughput and run-time reduction was 
not the aim of this study. Further method development is needed to reduce sections in 

the chromatogram of poor peak capacity. Additionally, the use of columns with 
smaller particles (UPLC) may further reduce the overall run time. 
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B Appendix Chapter 2 

B.1 Processing of FT-ICR-MS data 

 

 

Figure B.1 | Peak alignment 
based on experimental 
m/z-values with maximum of 1 
ppm alignment window. Violin 
plots illustrate the quality of the 
alignment. Violins are 
horizontally divided into 25%, 
50%, and 75% quantiles. 
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Figure B.2 | Error plot retrieved 
after molecular formula 
assignment. More than 90% of all 
molecular formulae were found 
within an error range of 
+/- 200 ppb, more than 75% 
within +/- 100 ppb. 
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B.2 Classification into reaction pools 

 

 

Figure B.3 | Classification of a 
ribose-glycine model system 
(10 h) into reaction pools 
according to the approach of 
Yaylayan.[159] 
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B.3 Assigned molecular formulae 

Table B.1 | List of assigned molecular formulae classified as Maillard reaction products and 
ribose. 

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h)  

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h) 

1 116.03530 -0.17 C4H7NO3 6 
 

34 191.05611 -0.01 C7H12O6 10 

2 132.03022 -0.09 C4H7NO4 6 
 

35 192.05137 0.02 C6H11NO6 10 

3 135.02989 -0.09 C4H8O5 2 
 

36 192.06663 0.05 C10H11NO3 6 

4 140.03530 -0.11 C6H7NO3 10 
 

37 194.04589 0.01 C9H9NO4 4 

5 144.03023 -0.04 C5H7NO4 10 
 

38 196.02515 0.00 C8H7NO5 10 

6 145.01425 -0.01 C5H6O5 10 
 

39 196.06154 0.02 C9H11NO4 4 

7 146.04588 -0.01 C5H9NO4 2 
 

40 197.05678 -0.01 C8H10N2O4 6 

8 149.04555 0.02 C5H10O5 2 
 

41 198.04081 0.04 C8H9NO5 6 

9 152.03532 0.00 C7H7NO3 6 
 

42 198.07718 -0.02 C9H13NO4 6 

10 156.03024 0.01 C6H7NO4 10 
 

43 199.03605 0.00 C7H8N2O5 10 

11 158.04588 0.01 C6H9NO4 6 
 

44 200.05644 -0.02 C8H11NO5 6 

12 161.04556 0.04 C6H10O5 10 
 

45 201.04047 0.03 C8H10O6 10 

13 166.05097 -0.01 C8H9NO3 10 
 

46 202.03571 -0.04 C7H9NO6 6 

14 168.03024 0.04 C7H7NO4 4 
 

47 202.07210 0.03 C8H13NO5 10 

15 168.06663 0.05 C8H11NO3 6 
 

48 203.05611 -0.04 C8H12O6 10 

16 170.04590 0.07 C7H9NO4 4 
 

49 204.05136 0.00 C7H11NO6 2 

17 172.02515 0.03 C6H7NO5 10 
 

50 206.04585 -0.15 C10H9NO4 10 

18 172.06155 0.08 C7H11NO4 10 
 

51 206.06701 -0.02 C7H13NO6 2 

19 174.04081 0.08 C6H9NO5 6 
 

52 207.05103 0.00 C7H12O7 6 

20 176.05646 0.04 C6H11NO5 10 
 

53 208.06153 -0.04 C10H11NO4 6 

21 177.04047 0.03 C6H10O6 6 
 

54 209.05680 0.07 C9H10N2O4 10 

22 180.06662 0.03 C9H11NO3 10 
 

55 210.04079 -0.02 C9H9NO5 4 

23 181.06187 0.02 C8H10N2O3 10 
 

56 210.07718 -0.03 C10H13NO4 10 

24 182.04589 0.04 C8H9NO4 6 
 

57 211.07243 -0.01 C9H12N2O4 10 

25 184.02516 0.06 C7H7NO5 2 
 

58 212.05645 0.01 C9H11NO5 2 

26 184.06154 0.03 C8H11NO4 6 
 

59 214.03570 -0.05 C8H9NO6 6 

27 185.04556 0.04 C8H10O5 10 
 

60 215.05612 0.04 C9H12O6 10 

28 186.04081 0.04 C7H9NO5 4 
 

61 216.05136 -0.02 C8H11NO6 6 

29 186.07719 0.05 C8H13NO4 10 
 

62 216.08776 0.04 C9H15NO5 10 

30 188.02007 0.02 C6H7NO6 6 
 

63 217.04662 0.04 C7H10N2O6 10 

31 188.05645 0.03 C7H11NO5 2 
 

64 218.03063 -0.01 C7H9NO7 10 

32 189.04046 -0.02 C7H10O6 10 
 

65 218.06701 -0.02 C8H13NO6 2 

33 190.07207 -0.13 C7H13NO5 10 
 

66 219.05103 0.00 C8H12O7 6 

Time: Reaction time when MRP was detected (SN >= 8) for the first time. 
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Table B.1 (continued) | List of assigned molecular formulae classified as Maillard reaction 
products and ribose. 

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h)  

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h) 

67 220.04627 -0.02 C7H11NO7 10 
 

102 245.06667 -0.04 C10H14O7 10 

68 220.06151 -0.09 C11H11NO4 10 
 

103 245.07792 0.02 C9H14N2O6 6 

69 220.08266 -0.01 C8H15NO6 6 
 

104 246.06193 0.02 C9H13NO7 10 

70 222.04079 -0.02 C10H9NO5 10 
 

105 246.09835 0.15 C10H17NO6 10 

71 222.06192 -0.02 C7H13NO7 6 
 

106 248.05645 0.01 C12H11NO5 10 

72 222.07718 -0.01 C11H13NO4 10 
 

107 248.07758 0.01 C9H15NO7 4 

73 224.05645 0.01 C10H11NO5 4 
 

108 249.06160 0.02 C9H14O8 10 

74 224.07758 -0.01 C7H15NO7 2 
 

109 249.08809 0.02 C12H14N2O4 10 

75 225.05170 0.03 C9H10N2O5 10 
 

110 250.07212 0.08 C12H13NO5 10 

76 226.03571 -0.01 C9H9NO6 10 
 

111 250.09323 0.01 C9H17NO7 2 

77 226.07209 -0.02 C10H13NO5 4 
 

112 251.06734 -0.01 C11H12N2O5 10 

78 227.05609 -0.11 C10H12O6 10 
 

113 252.05135 -0.04 C11H11NO6 6 

79 227.06735 0.02 C9H12N2O5 10 
 

114 252.07249 -0.03 C8H15NO8 4 

80 228.05136 -0.01 C9H11NO6 4 
 

115 252.08775 0.01 C12H15NO5 6 

81 228.08775 -0.01 C10H15NO5 6 
 

116 253.05651 0.00 C8H14O9 6 

82 230.06701 0.01 C9H13NO6 4 
 

117 253.08299 -0.02 C11H14N2O5 10 

83 231.05103 -0.01 C9H12O7 10 
 

118 254.06702 0.01 C11H13NO6 4 

84 232.04628 -0.01 C8H11NO7 10 
 

119 255.05102 -0.04 C11H12O7 10 

85 233.06667 -0.05 C9H14O7 10 
 

120 256.04627 -0.02 C10H11NO7 10 

86 234.06193 -0.01 C8H13NO7 6 
 

121 256.08267 0.01 C11H15NO6 4 

87 236.05644 -0.02 C11H11NO5 10 
 

122 257.06668 0.02 C11H14O7 10 

88 236.07758 0.00 C8H15NO7 6 
 

123 257.07792 0.04 C10H14N2O6 6 

89 237.05169 -0.02 C10H10N2O5 10 
 

124 258.06194 0.05 C10H13NO7 6 

90 237.08805 -0.14 C11H14N2O4 10 
 

125 258.09831 0.00 C11H17NO6 2 

91 238.03571 -0.01 C10H9NO6 10 
 

126 259.04594 -0.02 C10H12O8 10 

92 238.07209 -0.02 C11H13NO5 4 
 

127 259.05717 -0.02 C9H12N2O7 10 

93 240.05136 -0.01 C10H11NO6 6 
 

128 260.05646 0.03 C13H11NO5 10 

94 240.08775 0.01 C11H15NO5 6 
 

129 260.07758 0.02 C10H15NO7 4 

95 241.04663 0.09 C9H10N2O6 10 
 

130 262.05686 0.05 C9H13NO8 10 

96 241.08300 0.00 C10H14N2O5 10 
 

131 262.07209 -0.02 C13H13NO5 10 

97 242.06702 0.01 C10H13NO6 2 
 

132 262.09322 -0.02 C10H17NO7 10 

98 243.05103 -0.01 C10H12O7 10 
 

133 263.06737 0.07 C12H12N2O5 10 

99 243.06227 0.04 C9H12N2O6 10 
 

134 264.05137 0.03 C12H11NO6 10 

100 244.04628 0.02 C9H11NO7 10 
 

135 264.07245 -0.16 C9H15NO8 10 

101 244.08266 -0.01 C10H15NO6 6 
 

136 264.08774 -0.02 C13H15NO5 10 

Time: Reaction time when MRP was detected (SN >= 8) for the first time.  
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Table B.1 (continued) | List of assigned molecular formulae classified as Maillard reaction 
products and ribose. 

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h)  

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h) 

137 265.08300 0.02 C12H14N2O5 6  172 285.07284 0.05 C11H14N2O7 10 

138 266.06702 0.04 C12H13NO6 6  173 285.08273 0.02 C9H18O10 6 

139 266.08814 0.01 C9H17NO8 4  174 285.10922 0.02 C12H18N2O6 10 

140 266.10338 -0.07 C13H17NO5 10  175 286.05685 0.02 C11H13NO8 10 

141 267.07215 -0.03 C9H16O9 6  176 286.09324 0.05 C12H17NO7 6 

142 267.09865 0.02 C12H16N2O5 10  177 287.08846 -0.05 C11H16N2O7 10 

143 268.04627 -0.04 C11H11NO7 10  178 288.07250 0.04 C11H15NO8 6 

144 268.08266 -0.01 C12H15NO6 4  179 288.10887 -0.02 C12H19NO7 10 

145 269.07793 0.05 C11H14N2O6 6  180 289.08299 -0.01 C14H14N2O5 10 

146 270.06193 0.02 C11H13NO7 4  181 290.06701 -0.02 C14H13NO6 10 

147 270.09832 0.03 C12H17NO6 10  182 290.08815 0.02 C11H17NO8 6 

148 272.07758 0.01 C11H15NO7 4  183 291.06227 0.04 C13H12N2O6 10 

149 273.06158 -0.05 C11H14O8 10  184 292.08266 -0.02 C14H15NO6 10 

150 273.07283 0.02 C10H14N2O7 10  185 293.07790 -0.03 C13H14N2O6 10 

151 274.05688 0.12 C10H13NO8 10  186 293.11428 -0.05 C14H18N2O5 10 

152 274.07209 -0.02 C14H13NO5 10  187 294.06193 0.01 C13H13NO7 10 

153 274.09325 0.08 C11H17NO7 6  188 294.08306 0.02 C10H17NO9 6 

154 275.07724 -0.03 C11H16O8 10  189 294.09833 0.07 C14H17NO6 10 

155 277.05649 -0.09 C10H14O9 10  190 295.05717 -0.02 C12H12N2O7 10 

156 277.08297 -0.08 C13H14N2O5 10  191 295.06707 -0.02 C10H16O10 6 

157 277.11939 0.01 C14H18N2O4 10  192 295.09358 0.05 C13H16N2O6 6 

158 278.06700 -0.04 C13H13NO6 6  193 296.07756 -0.05 C13H15NO7 6 

159 278.08815 0.01 C10H17NO8 2  194 296.09869 -0.05 C10H19NO9 10 

160 279.06227 0.03 C12H12N2O6 10  195 297.07282 -0.02 C12H14N2O7 10 

161 279.09864 -0.01 C13H16N2O5 10  196 297.10920 -0.04 C13H18N2O6 10 

162 280.04628 0.01 C12H11NO7 10  197 298.05683 -0.03 C12H13NO8 6 

163 280.08267 0.02 C13H15NO6 6  198 298.09323 0.01 C13H17NO7 4 

164 280.10378 -0.05 C10H19NO8 10  199 299.08847 -0.02 C12H16N2O7 4 

165 281.03029 -0.02 C12H10O8 10  200 300.07249 -0.02 C12H15NO8 4 

166 281.07792 0.04 C12H14N2O6 6  201 300.10888 -0.01 C13H19NO7 10 

167 282.06193 0.01 C12H13NO7 6  202 301.08299 -0.04 C15H14N2O5 6 

168 282.08307 0.04 C9H17NO9 10  203 301.10412 -0.01 C12H18N2O7 10 

169 282.09831 -0.01 C13H17NO6 10  204 302.06701 -0.02 C15H13NO6 10 

170 283.09355 -0.04 C12H16N2O6 10  205 302.08814 -0.03 C12H17NO8 2 

171 285.03645 0.04 C10H10N2O8 10  206 303.08338 -0.03 C11H16N2O8 4 

Time: Reaction time when MRP was detected (SN >= 8) for the first time.  
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Table B.1 (continued) | List of assigned molecular formulae classified as Maillard reaction 
products and ribose. 

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h)  

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h) 

207 304.08266 -0.02 C15H15NO6 10  242 321.07281 -0.05 C14H14N2O7 10 

208 304.10377 -0.08 C12H19NO8 10  243 321.10919 -0.08 C15H18N2O6 6 

209 305.11430 0.02 C15H18N2O5 10  244 322.07794 -0.09 C11H17NO10 10 

210 306.06190 -0.08 C14H13NO7 10  245 322.09322 -0.03 C15H17NO7 6 

211 306.08305 -0.03 C11H17NO9 6  246 322.11437 0.02 C12H21NO9 10 

212 306.09833 0.04 C15H17NO6 10  247 323.08845 -0.08 C14H16N2O7 6 

213 307.06708 0.02 C11H16O10 10  248 324.07246 -0.12 C14H15NO8 10 

214 307.09356 -0.01 C14H16N2O6 6  249 324.10885 -0.10 C15H19NO7 10 

215 308.07758 -0.01 C14H15NO7 6  250 325.10411 -0.04 C14H18N2O7 6 

216 308.09869 -0.05 C11H19NO9 10  251 326.08814 -0.02 C14H17NO8 10 

217 309.06158 -0.06 C14H14O8 10  252 327.08336 -0.09 C13H16N2O8 10 

218 309.07282 -0.03 C13H14N2O7 10  253 328.06740 -0.03 C13H15NO9 10 

219 309.10922 0.01 C14H18N2O6 6  254 329.09902 -0.05 C13H18N2O8 10 

220 310.05683 -0.05 C13H13NO8 10  255 330.08305 -0.02 C13H17NO9 10 

221 310.09321 -0.06 C14H17NO7 6  256 330.11942 -0.07 C14H21NO8 10 

222 311.08848 0.02 C13H16N2O7 10  257 331.07821 -0.31 C12H16N2O9 10 

223 311.09837 -0.01 C11H20O10 10  258 331.09352 -0.14 C16H16N2O6 10 

224 312.07250 0.01 C13H15NO8 10  259 332.07753 -0.14 C16H15NO7 10 

225 312.10887 -0.04 C14H19NO7 10  260 332.09868 -0.10 C13H19NO9 10 

226 313.10412 -0.03 C13H18N2O7 10  261 333.07282 -0.01 C15H14N2O7 10 

227 314.08811 -0.11 C13H17NO8 6  262 333.10920 -0.05 C16H18N2O6 10 

228 315.08336 -0.11 C12H16N2O8 10  263 334.07794 -0.09 C12H17NO10 6 

229 315.09326 -0.09 C10H20O11 10  264 334.09322 -0.04 C16H17NO7 10 

230 315.09861 -0.13 C16H16N2O5 10  265 334.11436 0.02 C13H21NO9 10 

231 316.06743 0.06 C12H15NO9 10  266 335.08844 -0.12 C15H16N2O7 10 

232 316.08264 -0.07 C16H15NO6 10  267 336.07246 -0.09 C15H15NO8 10 

233 316.10378 -0.04 C13H19NO8 4  268 336.09356 -0.20 C12H19NO10 6 

234 317.07789 -0.07 C15H14N2O6 10  269 336.10883 -0.14 C16H19NO7 10 

235 317.08778 -0.10 C13H18O9 10  270 337.06772 -0.08 C14H14N2O8 6 

236 317.09901 -0.09 C12H18N2O8 6  271 337.10411 -0.06 C15H18N2O7 6 

237 317.11431 0.03 C16H18N2O5 10  272 338.08812 -0.06 C15H17NO8 10 

238 318.08306 0.01 C12H17NO9 4  273 338.10924 -0.11 C12H21NO10 2 

239 318.09833 0.04 C16H17NO6 10  274 339.08336 -0.10 C14H16N2O8 10 

240 319.09355 -0.05 C15H16N2O6 10  275 339.10447 -0.15 C11H20N2O10 10 

241 320.09869 -0.05 C12H19NO9 2  276 339.11974 -0.11 C15H20N2O7 10 

Time: Reaction time when MRP was detected (SN >= 8) for the first time. 
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Table B.1 (continued) | List of assigned molecular formulae classified as Maillard reaction 
products and ribose. 

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h)  

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h) 

277 340.10376 -0.11 C15H19NO8 10  312 364.12480 -0.33 C14H23NO10 10 

278 341.09903 -0.05 C14H18N2O8 10  313 365.09897 -0.20 C16H18N2O8 10 

279 342.08303 -0.08 C14H17NO9 10  314 366.08296 -0.26 C16H17NO9 10 

280 342.11942 -0.08 C15H21NO8 10  315 367.11463 -0.17 C16H20N2O8 10 

281 343.09353 -0.10 C17H16N2O6 10  316 368.09863 -0.22 C16H19NO9 10 

282 344.09866 -0.14 C14H19NO9 6  317 368.11975 -0.24 C13H23NO11 2 

283 345.10918 -0.09 C17H18N2O6 10  318 369.09386 -0.26 C15H18N2O9 10 

284 346.09318 -0.13 C17H17NO7 10  319 369.13029 -0.13 C16H22N2O8 10 

285 346.11431 -0.14 C14H21NO9 10  320 370.11426 -0.27 C16H21NO9 10 

286 347.08846 -0.04 C16H16N2O7 10  321 371.10954 -0.19 C15H20N2O9 10 

287 347.12482 -0.12 C17H20N2O6 10  322 373.10409 -0.10 C18H18N2O7 10 

288 348.07247 -0.08 C16H15NO8 10  323 373.14048 -0.08 C19H22N2O6 10 

289 348.09360 -0.06 C13H19NO10 10  324 374.10918 -0.26 C15H21NO10 10 

290 348.12996 -0.14 C14H23NO9 10  325 375.10447 -0.15 C14H20N2O10 6 

291 349.10411 -0.05 C16H18N2O7 10  326 375.11970 -0.20 C18H20N2O7 10 

292 350.08806 -0.23 C16H17NO8 10  327 376.12486 -0.17 C15H23NO10 6 

293 350.10921 -0.19 C13H21NO10 10  328 377.09895 -0.25 C17H18N2O8 10 

294 351.08338 -0.03 C15H16N2O8 10  329 377.13532 -0.29 C18H22N2O7 10 

295 352.10373 -0.19 C16H19NO8 10  330 379.11463 -0.17 C17H20N2O8 10 

296 353.09902 -0.06 C15H18N2O8 10  331 380.09860 -0.29 C17H19NO9 10 

297 353.13536 -0.19 C16H22N2O7 10  332 381.09384 -0.31 C16H18N2O9 10 

298 354.08300 -0.17 C15H17NO9 10  333 381.13025 -0.25 C17H22N2O8 10 

299 354.10415 -0.12 C12H21NO11 10  334 383.10947 -0.36 C16H20N2O9 10 

300 354.11935 -0.26 C16H21NO8 10  335 387.11966 -0.30 C19H20N2O7 10 

301 355.11461 -0.22 C15H20N2O8 10  336 389.09890 -0.37 C18H18N2O8 10 

302 356.09863 -0.22 C15H19NO9 10  337 391.11462 -0.19 C18H20N2O8 10 

303 356.11979 -0.14 C12H23NO11 2  338 392.11976 -0.19 C15H23NO11 10 

304 357.09387 -0.24 C14H18N2O9 10  339 395.10936 -0.62 C17H20N2O9 10 

305 358.11430 -0.15 C15H21NO9 10  340 395.13063 -0.26 C14H24N2O11 10 

306 359.08850 0.05 C17H16N2O7 10  341 403.11454 -0.38 C19H20N2O8 10 

307 359.10955 -0.16 C14H20N2O9 10  342 404.11979 -0.13 C16H23NO11 10 

308 359.12485 -0.04 C18H20N2O6 10  343 407.10949 -0.29 C18H20N2O9 10 

309 360.09356 -0.19 C14H19NO10 10  344 408.15097 -0.41 C16H27NO11 10 

310 362.10922 -0.16 C14H21NO10 2  345 409.12510 -0.38 C18H22N2O9 10 

311 364.10376 -0.10 C17H19NO8 10  346 417.13024 -0.25 C20H22N2O8 10 

Time: Reaction time when MRP was detected (SN >= 8) for the first time. 
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Table B.1 (continued) | List of assigned molecular formulae classified as Maillard reaction 
products and ribose. 

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h)  

Peak 
no. m/z 

Error 
(ppm) 

Molecular 
formula 
(neutral) 

Time 
(h) 

347 419.13064 -0.23 C16H24N2O11 10  349 435.14070 -0.47 C20H24N2O9 10 

348 434.13025 -0.35 C17H25NO12 10       

Time: Reaction time when MRP was detected (SN >= 8) for the first time. 

 

Table B.2 | List of detected contaminants. 

m/z 
Error 
(ppm) 

Molecular 
formula 
(neutral) Source 

255.23296 0.02 C16H32O2 Fatty acid 16:0 

265.14791 0.02 C12H26O4S Alkyl sulfate 

281.24861 0.03 C18H34O2 Fatty acid 18:1 

283.26426 0.02 C18H36O2 Fatty acid 18:0 

293.1792 -0.02 C14H30O4S Alkyl sulfate 

297.15299 0.01 C16H26O3S Benzenesulfonic acid 

311.16863 -0.02 C17H28O3S Benzenesulfonic acid 

325.18428 -0.03 C18H30O3S Benzenesulfonic acid 
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B.4 Average carbon oxidation state 

 

 

Figure B.4 | Van Krevelen 
diagrams (H/C vs. O/C) for 
nitrogen-free MRPs detected 
after six (top) and ten hours 
(bottom). Color code illustrates 
the average carbon oxidation 
state (OSC). Bubble size is scaled 
to relative peak intensity. 
C3H6O4 (probably glyceric acid) 
was only detected in the 
Maillard model systems after six 
hours. However, it could also be 
produced when ribose was 
heated alone for ten hours. 
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Figure B.5 | Van Krevelen diagrams (H/C vs. O/C) for nitrogen-containing MRPs detected at 
four different reaction times (two, four, six, and ten hours). Color code illustrates the average 
carbon oxidation state (OSC). Bubble size is scaled to relative peak intensity. 
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C Appendix Chapter 3 

C.1 Direct-infusion FT-ICR mass spectra 

 

Figure C.1 | Direct-infusion FT-ICR-MS spectra. (a) Raw spectra of four different ribose-amino 
acid model systems heated for ten hours (100 °C). Red diamonds indicate the position of the 
Amadori rearrangement products in the mass spectra. (b) Isotopic fine structure validation of 
the ribose-cysteine Amadori product ion (C8H14NO6S-) by means of the exact masses and 
relative abundances of nine isotope signals. (c) Mass accuracy and peak intensity of 1 493 
monoisotopic peaks assigned to their molecular formulae. 
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C.2 Classification of reaction products 

Molecular formulae were classified according to Yaylayan into three different reaction 
product pools:[159] (i) Maillard reaction products (MRPs), (ii) thermal induced 

carbohydrate degradation products, and (iii) amino acid degradation products. Ion 
signals, which were found exclusively in all three replicates of the model systems but 
not in the blank samples (ribose and amino acids heated alone) were classified as 

MRPs. Features also found in the ribose blank sample were classified as carbohydrate 
decomposition products. Those features, which were found in the model systems and 
the amino acid blank sample, were classified as amino acid decomposition products. 

 

Figure C.2 | Classification of detected reaction products as Maillard reaction products (MRPs), 
carbohydrate and amino acid degradation products. 
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C.3 Consideration of different sugar precursors 

 

Figure C.3 | Van Krevelen diagrams of MRPs found in (a-c) three different pentose-glycine and 
(d-f) three hexose-glycine Maillard reaction model systems heated for 24 h at 100 °C. 
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C.4 Formation of enaminols and amino ketones 

 

Scheme C.1 | Strecker degradation in the Maillard reaction. Enaminols and amino ketones 
formed in the Strecker degradation of amino acids by dicarbonyls could be a class of 
compounds with low H/C and O/C ratios as observed in the lysine and isoleucine Maillard 
reaction. 

C.5 Compositional characterization of MRPs 

 

Figure C.4 | Relative peak intensities explained by MRPs classified by the number of nitrogen 
atoms in the molecular formulae of model systems heated for ten hours (100 °C). 
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C.6 General formation and degradation pathways of MRPs 

Table C.1 | Ribose-glycine derived Maillard reaction products, which appear in the "general" 
Maillard reaction products formation and degradation pathways shown in Figure 3.5; (n.d.) 
not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-
glycine m/z (avg.) 

error 
(ppm) 2 h 4 h 6 h 10 h 

C7H12NO6 - R C7H13NO6 206.067007 -0.029 0.4091 ± 
0.0098 

0.3096 ± 
0.0159 

0.1929 ± 
0.0144 

0.1168 ± 
0.0103 

C7H14NO7 - R C7H15NO7 224.077577 -0.003 0.2573 ± 
0.0105 

0.1622 ± 
0.0043 

0.1075 ± 
0.0036 

0.0758 ± 
0.0049 

C7H6NO4 - R C7H7NO4 168.030239 0.036 n.d. 0.0083 ± 
0.0005 

0.0101 ± 
0.0011 

0.0107 ± 
0.0004 

C7H6NO3 - R C7H7NO3 152.035318 -0.003 n.d. n.d. 0.0034 ± 
0.0002 

0.0040 ± 
0.0003 

C7H10NO5 - R C7H11NO5 188.056450 0.008 0.0110 ± 
0.0000 

0.0106 ± 
0.0008 

0.0095 ± 
0.0009 

0.0065 ± 
0.0000 

C7H6NO5 - R C7H7NO5 184.025158 0.056 0.0054 ± 
0.0007 

0.0100 ± 
0.0009 

0.0140 ± 
0.0018 

0.0138 ± 
0.0010 

C7H8NO4 - R C7H9NO4 170.045892 0.053 n.d. 0.0060 ± 
0.0004 

0.0048 ± 
0.0003 

0.0052 ± 
0.0001 

C7H10NO6 - R C7H11NO6 204.051363 0.001 0.0055 ± 
0.0010 

0.0078 ± 
0.0011 

0.0080 ± 
0.0012 

0.0047 ± 
0.0001 

C7H12NO7 - R C7H13NO7 222.061924 -0.019 n.d. n.d. 0.0034 ± 
0.0008 

0.0028 ± 
0.0002 

C7H8NO5 - R C7H9NO5 186.040806 0.040 n.d. 0.0044 ± 
0.0004 

0.0046 ± 
0.0002 

0.0031 ± 
0.0002 

C7H10NO4 - R C7H11NO4 172.061541 0.048 n.d. n.d. n.d. 0.0014 ± 
0.0001 

C7H8NO6 - R C7H9NO6 202.035705 -0.040 n.d. n.d. 0.0020 ± 
0.0002 

0.0013 ± 
0.0001 

C7H10NO7 - R C7H11NO7 220.046274 -0.018 n.d. n.d. n.d. 0.0009 ± 
0.0001 

C7H12NO5 - R C7H13NO5 190.072082 -0.084 n.d. n.d. n.d. 0.0006 ± 
0.0000 

C7H4NO4 - R C7H5NO4 n.d. n.d. n.d. n.d. n.d. n.d. 

C7H8NO3 - R C7H9NO3 n.d. n.d. n.d. n.d. n.d. n.d. 

C12H18NO9 - R C12H19NO9 320.098692 -0.052 0.0287 ± 
0.0015 

0.0442 ± 
0.0009 

0.0431 ± 
0.0033 

0.0411 ± 
0.0008 

C12H14NO8 - R C12H15NO8 300.072498 0.018 n.d. 0.0157 ± 
0.0008 

0.0240 ± 
0.0018 

0.0247 ± 
0.0020 

C12H16NO8 - R C12H17NO8 302.088135 -0.025 0.0127 ± 
0.0018 

0.0203 ± 
0.0012 

0.0180 ± 
0.0006 

0.0154 ± 
0.0004 

C12H22NO11 - R C12H23NO11 356.119789 -0.138 0.0543 ± 
0.0035 

0.0372 ± 
0.0023 

0.0213 ± 
0.0020 

0.0139 ± 
0.0015 

C12H16NO9 - R C12H17NO9 318.083061 0.009 n.d. 0.0067 ± 
0.0009 

0.0087 ± 
0.0008 

0.0100 ± 
0.0001 

C12H20NO10 - R C12H21NO10 338.109237 -0.107 0.0248 ± 
0.0157 

0.0168 ± 
0.0201 

0.0057 ± 
0.0013 

0.0062 ± 
0.0046 

C12H14NO6 - R C12H15NO6 268.082673 0.037 n.d. 0.0049 ± 
0.0007 

0.0051 ± 
0.0002 

0.0054 ± 
0.0003 

C12H12NO6 - R C12H13NO6 266.067022 0.033 n.d. n.d. 0.0040 ± 
0.0002 

0.0054 ± 
0.0004 

C12H12NO7 - R C12H13NO7 282.061931 0.009 n.d. n.d. 0.0048 ± 
0.0006 

0.0048 ± 
0.0002 

C12H16NO10 - R C12H17NO10 334.077944 -0.086 n.d. n.d. 0.0039 ± 
0.0010 

0.0041 ± 
0.0001 

C12H16NO7 - R C12H17NO7 286.093228 -0.002 n.d. n.d. 0.0032 ± 
0.0007 

0.0035 ± 
0.0001 
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Table C.1 (continued) | Ribose-glycine derived Maillard reaction products, which appear in 
the "general" Maillard reaction products formation and degradation pathways shown in 
Figure 3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-
glycine m/z (avg.) 

error 
(ppm) 2 h 4 h 6 h 10 h 

C12H12NO8 - R C12H13NO8 298.056833 -0.033 n.d. n.d. 0.0035 ± 
0.0006 

0.0027 ± 
0.0001 

C12H14NO5 - R C12H15NO5 252.087752 0.016 n.d. n.d. 0.0024 ± 
0.0003 

0.0026 ± 
0.0001 

C12H20NO9 - R C12H21NO9 322.114365 0.022 n.d. n.d. n.d. 0.0019 ± 
0.0000 

C12H18NO10 - R C12H19NO10 336.093557 -0.196 n.d. n.d. 0.0025 ± 
0.0003 

0.0018 ± 
0.0001 

C12H12NO5 - R C12H13NO5 250.072107 0.037 n.d. n.d. n.d. 0.0018 ± 
0.0001 

C12H14NO9 - R C12H15NO9 316.067426 0.057 n.d. n.d. n.d. 0.0017 ± 
0.0001 

C12H16NO6 - R C12H17NO6 270.098322 0.031 n.d. n.d. n.d. 0.0016 ± 
0.0000 

C12H10NO5 - R C12H11NO5 248.056447 -0.005 n.d. n.d. n.d. 0.0015 ± 
0.0001 

C12H10NO6 - R C12H11NO6 264.051353 -0.038 n.d. n.d. n.d. 0.0015 ± 
0.0001 

C12H18NO8 - R C12H19NO8 304.103791 -0.006 n.d. n.d. n.d. 0.0012 ± 
0.0003 

C10H12NO6 - R C10H13NO6 242.067014 0.003 0.0077 ± 
0.0011 

0.0144 ± 
0.0004 

0.0144 ± 
0.0006 

0.0103 ± 
0.0003 

C10H12NO5 - R C10H13NO5 226.072077 -0.094 n.d. 0.0126 ± 
0.0007 

0.0142 ± 
0.0005 

0.0099 ± 
0.0002 

C10H10NO5 - R C10H11NO5 224.056419 -0.129 n.d. 0.0048 ± 
0.0006 

0.0049 ± 
0.0004 

0.0042 ± 
0.0003 

C10H14NO7 - R C10H15NO7 260.077585 0.026 n.d. 0.0045 ± 
0.0002 

0.0043 ± 
0.0001 

0.0032 ± 
0.0000 

C10H10NO6 - R C10H11NO6 240.051366 0.013 n.d. n.d. 0.0037 ± 
0.0004 

0.0030 ± 
0.0001 

C10H16NO9 - R C10H17NO9 294.083063 0.018 n.d. n.d. 0.0031 ± 
0.0005 

0.0027 ± 
0.0001 

C10H12NO7 - R C10H13NO7 258.061938 0.038 n.d. n.d. 0.0032 ± 
0.0006 

0.0026 ± 
0.0002 

C10H14NO5 - R C10H15NO5 228.087729 -0.083 n.d. n.d. 0.0025 ± 
0.0005 

0.0025 ± 
0.0002 

C10H14NO6 - R C10H15NO6 244.082659 -0.018 n.d. n.d. 0.0028 ± 
0.0003 

0.0024 ± 
0.0001 

C10H16NO8 - R C10H17NO8 278.088150 0.027 0.0056 ± 
0.0017 

n.d. 0.0028 ± 
0.0008 

0.0017 ± 
0.0003 

C10H12NO4 - R C10H13NO4 210.077175 -0.037 n.d. n.d. n.d. 0.0016 ± 
0.0001 

C10H16NO7 - R C10H17NO7 262.093232 0.016 n.d. n.d. n.d. 0.0011 ± 
0.0001 

C10H18NO9 - R C10H19NO9 296.098694 -0.046 n.d. n.d. n.d. 0.0010 ± 
0.0001 

C10H8NO5 - R C10H9NO5 222.040775 -0.102 n.d. n.d. n.d. 0.0010 ± 
0.0000 

C10H8NO6 - R C10H9NO6 238.035718 0.022 n.d. n.d. n.d. 0.0009 ± 
0.0001 

C10H18NO8 - R C10H19NO8 280.103780 -0.046 n.d. n.d. n.d. 0.0009 ± 
0.0001 

C10H12NO8 - R C10H13NO8 274.056877 0.123 n.d. n.d. n.d. 0.0009 ± 
0.0001 

C10H16NO6 - R C10H17NO6 246.098312 -0.004 n.d. n.d. n.d. 0.0008 ± 
0.0001 

C10H14NO8 - R C10H15NO8 n.d. n.d. n.d. n.d. n.d. n.d. 
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Table C.1 (continued) | Ribose-glycine derived Maillard reaction products, which appear in 
the "general" Maillard reaction products formation and degradation pathways shown in 
Figure 3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-
glycine m/z (avg.) 

error 
(ppm) 2 h 4 h 6 h 10 h 

C9H16NO8 - R C9H17NO8 266.088145 0.006 n.d. 0.0081 ± 
0.0009 

0.0060 ± 
0.0006 

0.0049 ± 
0.0004 

C9H12NO8 - R C9H13NO8 262.056857 0.052 n.d. n.d. n.d. 0.0007 ± 
0.0001 

C9H14NO8 - R C9H15NO8 264.072450 -0.163 n.d. n.d. n.d. 0.0007 ± 
0.0001 

C9H16NO7 - R C9H17NO7 250.093235 0.026 0.0486 ± 
0.0027 

0.0347 ± 
0.0059 

0.0227 ± 
0.0025 

0.0058 ± 
0.0007 

C9H14NO7 - R C9H15NO7 248.077580 0.008 n.d. 0.0042 ± 
0.0005 

0.0024 ± 
0.0003 

0.0015 ± 
0.0001 

C9H12NO7 - R C9H13NO7 246.061933 0.022 n.d. n.d. n.d. 0.0012 ± 
0.0001 

C9H10NO7 - R C9H11NO7 244.046283 0.022 n.d. n.d. n.d. 0.0010 ± 
0.0001 

C9H12NO6 - R C9H13NO6 230.066995 -0.076 n.d. 0.0051 ± 
0.0010 

0.0048 ± 
0.0005 

0.0032 ± 
0.0002 

C9H10NO6 - R C9H11NO6 228.051337 -0.113 n.d. 0.0059 ± 
0.0012 

0.0054 ± 
0.0002 

0.0031 ± 
0.0002 

C9H8NO6 - R C9H9NO6 226.035710 -0.013 n.d. n.d. n.d. 0.0007 ± 
0.0001 

C9H10NO5 - R C9H11NO5 212.056446 -0.011 0.0794 ± 
0.0048 

0.1106 ± 
0.0022 

0.0907 ± 
0.0044 

0.0664 ± 
0.0050 

C9H8NO5 - R C9H9NO5 210.040793 -0.026 n.d. 0.0053 ± 
0.0004 

0.0079 ± 
0.0004 

0.0064 ± 
0.0003 

C9H12NO5 - R C9H13NO5 n.d. n.d. n.d. n.d. n.d. n.d. 

C9H8NO4 - R C9H9NO4 194.045881 -0.010 n.d. 0.0071 ± 
0.0010 

0.0056 ± 
0.0003 

0.0047 ± 
0.0003 

C9H10NO4 - R C9H11NO4 196.061525 -0.041 n.d. 0.0041 ± 
0.0003 

0.0031 ± 
0.0001 

0.0030 ± 
0.0002 

C9H12NO4 - R C9H13NO4 198.077179 -0.018 n.d. n.d. 0.0022 ± 
0.0002 

0.0021 ± 
0.0001 
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Table C.2 | Ribose-isoleucine derived Maillard reaction products, which appear in the 
"general" Maillard reaction products formation and degradation pathways shown in Figure 
3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-

isoleucine m/z (avg.) 
error 
(ppm) 2 h 4 h 6 h 10 h 

C7H12NO6 – R C11H21NO6 262.129606 -0.028 0.1929 ± 
0.0051 

0.1830 ± 
0.0019 

0.1591 ± 
0.0012 

0.1304 ± 
0.0006 

C7H14NO7 – R C11H23NO7 280.140171 -0.026 0.7262 ± 
0.0045 

0.6436 ± 
0.0035 

0.5611 ± 
0.0055 

0.4913 ± 
0.0062 

C7H6NO4 – R C11H15NO4 224.092808 -0.112 n.d. 0.0063 ± 
0.0003 

0.0099 ± 
0.0003 

0.0135 ± 
0.0003 

C7H6NO3 – R C11H15NO3 208.097909 -0.042 0.0028 ± 
0.0003 

0.0071 ± 
0.0002 

0.0124 ± 
0.0002 

0.0210 ± 
0.0011 

C7H10NO5 – R C11H19NO5 244.119044 -0.016 0.0069 ± 
0.0005 

0.0069 ± 
0.0002 

0.0063 ± 
0.0001 

0.0058 ± 
0.0001 

C7H6NO5 – R C11H15NO5 240.087744 -0.018 n.d. 0.0021 ± 
0.0002 

0.0031 ± 
0.0002 

0.0042 ± 
0.0001 

C7H8NO4 – R C11H17NO4 226.108455 -0.126 0.0083 ± 
0.0005 

0.0075 ± 
0.0002 

0.0069 ± 
0.0001 

0.0083 ± 
0.0004 

C7H10NO6 – R C11H19NO6 260.113955 -0.031 n.d. 0.0019 ± 
0.0000 

0.0020 ± 
0.0001 

0.0015 ± 
0.0000 

C7H12NO7 – R C11H21NO7 278.124531 0.010 0.0033 ± 
0.0002 

0.0045 ± 
0.0002 

0.0041 ± 
0.0002 

0.0038 ± 
0.0002 

C7H8NO5 – R C11H17NO5 242.103397 -0.002 n.d. 0.0020 ± 
0.0002 

0.0021 ± 
0.0001 

0.0020 ± 
0.0000 

C7H10NO4 – R C11H19NO4 228.124111 -0.096 n.d. 0.0014 ± 
0.0003 

0.0031 ± 
0.0001 

0.0063 ± 
0.0003 

C7H8NO6 – R C11H17NO6 258.098316 0.010 n.d. 0.0012 ± 
0.0002 

0.0011 ± 
0.0001 

0.0011 ± 
0.0001 

C7H10NO7 – R C11H19NO7 276.108884 0.023 n.d. n.d. 0.0005 ± 
0.0000 

0.0005 ± 
0.0000 

C7H12NO5 – R C11H21NO5 246.134704 0.024 n.d. n.d. n.d. 0.0004 ± 
0.0000 

C7H4NO4 – R C11H13NO4 222.077157 -0.117 n.d. n.d. 0.0005 ± 
0.0000 

0.0007 ± 
0.0001 

C7H8NO3 – R C11H17NO3 210.113548 -0.098 n.d. n.d. n.d. 0.0004 ± 
0.0000 

C12H18NO9 - R C16H27NO9 376.161292 -0.043 0.0032 ± 
0.0002 

0.0043 ± 
0.0003 

0.0049 ± 
0.0001 

0.0054 ± 
0.0002 

C12H14NO8 - R C16H23NO8 356.135089 -0.010 n.d. n.d. 0.0014 ± 
0.0001 

0.0017 ± 
0.0001 

C12H16NO8 - R C16H25NO8 358.150741 -0.006 n.d. 0.0032 ± 
0.0000 

0.0048 ± 
0.0002 

0.0067 ± 
0.0002 

C12H22NO11 - R C16H31NO11 412.182426 -0.030 n.d. 0.0028 ± 
0.0004 

0.0026 ± 
0.0002 

0.0022 ± 
0.0000 

C12H16NO9 - R C16H25NO9 374.145641 -0.045 n.d. 0.0011 ± 
0.0000 

0.0019 ± 
0.0001 

0.0026 ± 
0.0001 

C12H20NO10 - R C16H29NO10 394.171860 -0.033 n.d. n.d. 0.0011 ± 
0.0001 

0.0012 ± 
0.0000 

C12H14NO6 - R C16H23NO6 324.145264 0.004 n.d. n.d. 0.0005 ± 
0.0002 

0.0011 ± 
0.0001 

C12H12NO6 - R C16H21NO6 322.129617 0.013 n.d. 0.0016 ± 
0.0002 

0.0023 ± 
0.0002 

0.0038 ± 
0.0003 

C12H12NO7 - R C16H21NO7 338.124539 0.032 n.d. n.d. 0.0012 ± 
0.0001 

0.0014 ± 
0.0001 

C12H16NO10 - R C16H25NO10 390.140582 0.024 n.d. n.d. n.d. 0.0003 ± 
0.0000 

C12H16NO7 - R C16H25NO7 342.155810 -0.053 n.d. n.d. 0.0004 ± 
0.0000 

0.0011 ± 
0.0001 
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Table C.2 (continued) | Ribose-isoleucine derived Maillard reaction products, which appear in 
the "general" Maillard reaction products formation and degradation pathways shown in 
Figure 3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-

isoleucine m/z (avg.) 
error 
(ppm) 2 h 4 h 6 h 10 h 

C12H12NO8 – R C16H21NO8 354.119417 -0.073 n.d. n.d. 0.0011 ± 
0.0001 

0.0016 ± 
0.0001 

C12H14NO5 – R C16H23NO5 308.150373 0.080 n.d. n.d. n.d. 0.0006 ± 
0.0001 

C12H20NO9 – R C16H29NO9 378.176952 -0.017 n.d. n.d. 0.0011 ± 
0.0001 

0.0021 ± 
0.0002 

C12H18NO10 - R C16H27NO10 392.156230 0.018 n.d. n.d. n.d. 0.0003 ± 
0.0001 

C12H12NO5 – R C16H21NO5 306.134707 0.029 n.d. n.d. 0.0007 ± 
0.0003 

0.0012 ± 
0.0001 

C12H14NO9 – R C16H23NO9 372.129979 -0.079 n.d. n.d. 0.0005 ± 
0.0000 

0.0006 ± 
0.0000 

C12H16NO6 – R C16H25NO6 326.160920 0.021 n.d. n.d. 0.0004 ± 
0.0001 

0.0007 ± 
0.0001 

C12H10NO5 – R C16H19NO5 304.119057 0.029 n.d. n.d. 0.0011 ± 
0.0000 

0.0021 ± 
0.0001 

C12H10NO6 – R C16H19NO6 320.113964 0.002 n.d. n.d. 0.0010 ± 
0.0000 

0.0017 ± 
0.0001 

C12H18NO8 – R C16H27NO8 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H12NO6 – R C14H21NO6 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H12NO5 – R C14H21NO5 282.134694 -0.015 0.0055 ± 
0.0006 

0.0077 ± 
0.0002 

0.0084 ± 
0.0002 

0.0095 ± 
0.0002 

C10H10NO5 – R C14H19NO5 280.119055 0.025 n.d. 0.0010 ± 
0.0001 

0.0012 ± 
0.0001 

0.0016 ± 
0.0001 

C10H14NO7 – R C14H23NO7 316.140128 -0.158 n.d. n.d. 0.0008 ± 
0.0000 

0.0008 ± 
0.0000 

C10H10NO6 – R C14H19NO6 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H16NO9 – R C14H25NO9 350.145643 -0.042 n.d. n.d. 0.0006 ± 
0.0000 

0.0007 ± 
0.0001 

C10H12NO7 – R C14H21NO7 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H14NO5 – R C14H23NO5 284.150337 -0.040 n.d. n.d. 0.0005 ± 
0.0001 

0.0006 ± 
0.0000 

C10H14NO6 – R C14H23NO6 300.145273 0.034 n.d. n.d. 0.0004 ± 
0.0000 

0.0005 ± 
0.0000 

C10H16NO8 – R C14H25NO8 334.150736 -0.020 n.d. n.d. 0.0008 ± 
0.0000 

0.0008 ± 
0.0001 

C10H12NO4 – R C14H21NO4 266.139770 -0.049 n.d. n.d. 0.0005 ± 
0.0000 

0.0008 ± 
0.0000 

C10H16NO7 – R C14H25NO7 318.155808 -0.064 n.d. n.d. n.d. 0.0003 ± 
0.0001 

C10H18NO9 – R C14H27NO9 352.161293 -0.043 n.d. 0.0013 ± 
0.0002 

0.0009 ± 
0.0001 

0.0005 ± 
0.0000 

C10H8NO5 – R C14H17NO5 278.103412 0.052 n.d. n.d. 0.0005 ± 
0.0000 

0.0006 ± 
0.0000 

C10H8NO6 – R C14H17NO6 294.098320 0.025 n.d. 0.0011 ± 
0.0001 

0.0019 ± 
0.0001 

0.0023 ± 
0.0001 

C10H18NO8 – R C14H27NO8 336.166383 -0.030 n.d. n.d. 0.0009 ± 
0.0001 

0.0011 ± 
0.0001 

C10H12NO8 – R C14H21NO8 330.119453 0.031 n.d. n.d. 0.0004 ± 
0.0001 

0.0004 ± 
0.0000 

C10H16NO6 – R C14H25NO6 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H14NO8 - R C14H23NO8 332.135081 -0.035 n.d. n.d. 0.0005 ± 
0.0001 

0.0005 ± 
0.0000 
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Table C.2 (continued) | Ribose-isoleucine derived Maillard reaction products, which appear in 
the "general" Maillard reaction products formation and degradation pathways shown in 
Figure 3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-

isoleucine m/z (avg.) 
error 
(ppm) 2 h 4 h 6 h 10 h 

C9H16NO8 - R C13H25NO8 322.150740 -0.009 n.d. 0.0024 ± 
0.0001 

0.0024 ± 
0.0001 

0.0022 ± 
0.0000 

C9H12NO8 - R C13H21NO8 318.119450 0.022 n.d. n.d. n.d. 0.0003 ± 
0.0000 

C9H14NO8 - R C13H23NO8 n.d. n.d. n.d. n.d. n.d. n.d. 

C9H16NO7 - R C13H25NO7 n.d. n.d. n.d. n.d. n.d. n.d. 

C9H14NO7 - R C13H23NO7 304.140185 0.023 n.d. n.d. 0.0005 ± 
0.0000 

0.0005 ± 
0.0001 

C9H12NO7 - R C13H21NO7 302.124555 0.089 n.d. n.d. 0.0004 ± 
0.0000 

0.0004 ± 
0.0001 

C9H10NO7 - R C13H19NO7 300.108884 0.020 n.d. n.d. 0.0011 ± 
0.0000 

0.0011 ± 
0.0001 

C9H12NO6 - R C13H21NO6 286.129613 0.000 n.d. n.d. 0.0010 ± 
0.0001 

0.0010 ± 
0.0000 

C9H10NO6 - R C13H19NO6 284.113955 -0.027 n.d. 0.0014 ± 
0.0002 

0.0017 ± 
0.0001 

0.0018 ± 
0.0001 

C9H8NO6 - R C13H17NO6 282.098311 -0.006 n.d. 0.0010 ± 
0.0001 

0.0012 ± 
0.0000 

0.0015 ± 
0.0001 

C9H10NO5 - R C13H19NO5 268.119055 0.028 0.0231 ± 
0.0004 

0.0260 ± 
0.0007 

0.0286 ± 
0.0012 

0.0293 ± 
0.0011 

C9H8NO5 - R C13H17NO5 266.103395 -0.011 n.d. n.d. 0.0011 ± 
0.0000 

0.0013 ± 
0.0001 

C9H12NO5 - R C13H21NO5 270.134688 -0.036 n.d. n.d. 0.0006 ± 
0.0001 

0.0007 ± 
0.0001 

C9H8NO4 - R C13H17NO4 250.108485 0.008 n.d. n.d. 0.0010 ± 
0.0001 

0.0012 ± 
0.0000 

C9H10NO4 - R C13H19NO4 252.124122 -0.044 n.d. 0.0012 ± 
0.0002 

0.0015 ± 
0.0001 

0.0017 ± 
0.0001 

C9H12NO4 - R C13H21NO4 254.139764 -0.075 n.d. 0.0019 ± 
0.0002 

0.0030 ± 
0.0000 

0.0051 ± 
0.0002 
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Table C.3 | Ribose-lysine derived Maillard reaction products, which appear in the "general" 
Maillard reaction products formation and degradation pathways shown in Figure 3.5; (n.d.) 
not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula Ribose-lysine m/z (avg.) 
error 
(ppm) 2 h 4 h 6 h 10 h 

C7H12NO6 - R C11H22N2O6 277.140515 0.011 0.6223 ± 
0.0038 

0.4832 ± 
0.0070 

0.4049 ± 
0.0028 

0.3298 ± 
0.0013 

C7H14NO7 - R C11H24N2O7 n.d. n.d. n.d. n.d. n.d. n.d. 

C7H6NO4 - R C11H16N2O4 239.103728 -0.019 0.0080 ± 
0.0004 

0.0159 ± 
0.0004 

0.0219 ± 
0.0010 

0.0253 ± 
0.0020 

C7H6NO3 - R C11H16N2O3 223.108778 -0.177 0.0053 ± 
0.0002 

0.0088 ± 
0.0002 

0.0120 ± 
0.0002 

0.0184 ± 
0.0008 

C7H10NO5 - R C11H20N2O5 259.129957 0.037 0.0084 ± 
0.0001 

0.0070 ± 
0.0002 

0.0058 ± 
0.0000 

0.0052 ± 
0.0001 

C7H6NO5 - R C11H16N2O5 255.098659 0.045 0.0007 ± 
0.0000 

0.0013 ± 
0.0001 

0.0018 ± 
0.0001 

0.0020 ± 
0.0001 

C7H8NO4 - R C11H18N2O4 241.119376 -0.023 0.0051 ± 
0.0001 

0.0045 ± 
0.0001 

0.0051 ± 
0.0002 

0.0094 ± 
0.0004 

C7H10NO6 - R C11H20N2O6 275.124882 0.072 0.0037 ± 
0.0002 

0.0059 ± 
0.0001 

0.0077 ± 
0.0001 

0.0072 ± 
0.0002 

C7H12NO7 - R C11H22N2O7 293.135435 0.029 0.0008 ± 
0.0000 

0.0009 ± 
0.0000 

0.0008 ± 
0.0000 

0.0008 ± 
0.0000 

C7H8NO5 - R C11H18N2O5 257.114308 0.041 0.0030 ± 
0.0001 

0.0030 ± 
0.0000 

0.0027 ± 
0.0001 

0.0022 ± 
0.0001 

C7H10NO4 - R C11H20N2O4 243.135033 0.005 0.0008 ± 
0.0000 

0.0007 ± 
0.0000 

0.0009 ± 
0.0000 

0.0014 ± 
0.0001 

C7H8NO6 - R C11H18N2O6 273.109228 0.057 0.0012 ± 
0.0001 

0.0013 ± 
0.0000 

0.0012 ± 
0.0001 

0.0009 ± 
0.0001 

C7H10NO7 - R C11H20N2O7 291.119781 0.013 0.0012 ± 
0.0001 

0.0011 ± 
0.0000 

0.0009 ± 
0.0001 

0.0005 ± 
0.0001 

C7H12NO5 - R C11H22N2O5 261.145613 0.062 0.0003 ± 
0.0000 

0.0003 ± 
0.0000 

0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

C7H4NO4 - R C11H14N2O4 237.088069 -0.055 n.d. n.d. 0.0002 ± 
0.0000 

0.0001 ± 
0.0000 

C7H8NO3 - R C11H18N2O3 225.124433 -0.150 0.0003 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

C12H18NO9 - R C16H28N2O9 391.172176 -0.080 0.0179 ± 
0.0002 

0.0255 ± 
0.0003 

0.0272 ± 
0.0006 

0.0266 ± 
0.0013 

C12H14NO8 - R C16H24N2O8 371.145971 -0.057 0.0026 ± 
0.0000 

0.0052 ± 
0.0001 

0.0067 ± 
0.0001 

0.0072 ± 
0.0001 

C12H16NO8 - R C16H26N2O8 373.161623 -0.052 0.0087 ± 
0.0002 

0.0099 ± 
0.0001 

0.0091 ± 
0.0003 

0.0080 ± 
0.0005 

C12H22NO11 - R C16H32N2O11 427.193270 -0.157 0.0007 ± 
0.0001 

0.0006 ± 
0.0000 

0.0004 ± 
0.0000 

0.0003 ± 
0.0000 

C12H16NO9 - R C16H26N2O9 389.156533 -0.061 0.0012 ± 
0.0000 

0.0019 ± 
0.0000 

0.0020 ± 
0.0000 

0.0019 ± 
0.0000 

C12H20NO10 - R C16H30N2O10 409.182703 -0.169 0.0074 ± 
0.0015 

0.0059 ± 
0.0009 

0.0044 ± 
0.0001 

0.0024 ± 
0.0000 

C12H14NO6 - R C16H24N2O6 339.156168 0.018 0.0005 ± 
0.0000 

0.0008 ± 
0.0000 

0.0009 ± 
0.0000 

0.0015 ± 
0.0001 

C12H12NO6 - R C16H22N2O6 337.140523 0.031 0.0011 ± 
0.0000 

0.0019 ± 
0.0000 

0.0025 ± 
0.0000 

0.0042 ± 
0.0002 

C12H12NO7 - R C16H22N2O7 353.135408 -0.054 0.0010 ± 
0.0000 

0.0021 ± 
0.0001 

0.0025 ± 
0.0000 

0.0027 ± 
0.0000 

C12H16NO10 - R C16H26N2O10 n.d. n.d. n.d. n.d. n.d. n.d. 

C12H16NO7 - R C16H26N2O7 357.166730 0.008 0.0004 ± 
0.0001 

0.0006 ± 
0.0000 

0.0006 ± 
0.0000 

0.0009 ± 
0.0001 
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Table C.3 (continued) | Ribose-lysine derived Maillard reaction products, which appear in the 
"general" Maillard reaction products formation and degradation pathways shown in Figure 
3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula Ribose-lysine m/z (avg.) 
error 
(ppm) 2 h 4 h 6 h 10 h 

C12H12NO8 – R C16H22N2O8 369.130309 -0.090 0.0003 ± 
0.0000 

0.0006 ± 
0.0000 

0.0008 ± 
0.0000 

0.0008 ± 
0.0001 

C12H14NO5 – R C16H24N2O5 323.161258 0.033 0.0002 ± 
0.0000 

0.0003 ± 
0.0001 

0.0005 ± 
0.0001 

0.0008 ± 
0.0001 

C12H20NO9 – R C16H30N2O9 n.d. n.d. n.d. n.d. n.d. n.d. 

C12H18NO10 - R C16H28N2O10 407.167061 -0.150 0.0007 ± 
0.0000 

0.0009 ± 
0.0000 

0.0010 ± 
0.0000 

0.0007 ± 
0.0000 

C12H12NO5 – R C16H22N2O5 321.145598 0.004 0.0003 ± 
0.0000 

0.0006 ± 
0.0000 

0.0008 ± 
0.0000 

0.0012 ± 
0.0001 

C12H14NO9 – R C16H24N2O9 n.d. n.d. n.d. n.d. n.d. n.d. 

C12H16NO6 – R C16H26N2O6 341.171801 -0.031 n.d. 0.0003 ± 
0.0000 

0.0004 ± 
0.0000 

0.0006 ± 
0.0000 

C12H10NO5 – R C16H20N2O5 355.106619 -0.017 n.d. 0.0003 ± 
0.0000 

0.0004 ± 
0.0000 

0.0006 ± 
0.0000 

C12H10NO6 – R C16H20N2O6 371.101507 -0.090 n.d. n.d. 0.0001 ± 
0.0000 

0.0001 ± 
0.0000 

C12H18NO8 – R C16H28N2O8 375.177288 -0.010 n.d. 0.0003 ± 
0.0000 

0.0004 ± 
0.0000 

0.0005 ± 
0.0000 

C10H12NO6 – R C14H22N2O6 313.140525 0.042 0.0062 ± 
0.0001 

0.0064 ± 
0.0002 

0.0059 ± 
0.0001 

0.0050 ± 
0.0001 

C10H12NO5 – R C14H22N2O5 297.145612 0.049 0.0021 ± 
0.0000 

0.0030 ± 
0.0001 

0.0034 ± 
0.0001 

0.0032 ± 
0.0000 

C10H10NO5 – R C14H20N2O5 295.129967 0.067 0.0025 ± 
0.0001 

0.0026 ± 
0.0001 

0.0027 ± 
0.0001 

0.0028 ± 
0.0001 

C10H14NO7 – R C14H24N2O7 331.151081 0.011 0.0023 ± 
0.0000 

0.0027 ± 
0.0001 

0.0026 ± 
0.0001 

0.0024 ± 
0.0001 

C10H10NO6 – R C14H20N2O6 311.124875 0.041 0.0013 ± 
0.0001 

0.0018 ± 
0.0000 

0.0017 ± 
0.0000 

0.0016 ± 
0.0001 

C10H16NO9 – R C14H26N2O9 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H12NO7 – R C14H22N2O7 329.135423 -0.011 0.0008 ± 
0.0000 

0.0009 ± 
0.0000 

0.0009 ± 
0.0000 

0.0008 ± 
0.0001 

C10H14NO5 – R C14H24N2O5 299.161249 0.007 n.d. n.d. n.d. 0.0003 ± 
0.0000 

C10H14NO6 – R C14H24N2O6 315.156181 0.059 0.0005 ± 
0.0000 

0.0004 ± 
0.0000 

0.0004 ± 
0.0000 

0.0004 ± 
0.0000 

C10H16NO8 – R C14H26N2O8 349.161637 -0.015 0.0011 ± 
0.0001 

0.0010 ± 
0.0000 

0.0010 ± 
0.0000 

0.0011 ± 
0.0000 

C10H12NO4 – R C14H22N2O4 281.150678 -0.013 n.d. n.d. n.d. 0.0003 ± 
0.0000 

C10H16NO7 – R C14H26N2O7 333.166731 0.011 0.0005 ± 
0.0000 

0.0007 ± 
0.0000 

0.0009 ± 
0.0000 

0.0009 ± 
0.0001 

C10H18NO9 – R C14H28N2O9 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H8NO5 – R C14H18N2O5 293.114294 -0.011 0.0003 ± 
0.0000 

0.0005 ± 
0.0001 

0.0005 ± 
0.0000 

0.0006 ± 
0.0000 

C10H8NO6 – R C14H18N2O6 309.109220 0.024 0.0003 ± 
0.0000 

0.0005 ± 
0.0000 

0.0006 ± 
0.0000 

0.0005 ± 
0.0000 

C10H18NO8 – R C14H28N2O8 n.d. n.d. n.d. n.d. n.d. n.d. 

C10H12NO8 – R C14H22N2O8 345.130348 0.016 0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

C10H16NO6 – R C14H26N2O6 317.171802 -0.032 0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0001 ± 
0.0000 

0.0001 ± 
0.0000 

C10H14NO8 - R C14H24N2O8 347.145978 -0.039 0.0005 ± 
0.0001 

0.0007 ± 
0.0000 

0.0007 ± 
0.0000 

0.0007 ± 
0.0000 
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Table C.3 (continued) | Ribose-lysine derived Maillard reaction products, which appear in the 
"general" Maillard reaction products formation and degradation pathways shown in Figure 
3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula Ribose-lysine m/z (avg.) 
error 
(ppm) 2 h 4 h 6 h 10 h 

C9H16NO8 - R C13H26N2O8 337.161643 0.004 0.0005 ± 
0.0001 

0.0004 ± 
0.0000 

0.0004 ± 
0.0000 

0.0003 ± 
0.0000 

C9H12NO8 - R C13H22N2O8 333.130350 0.024 0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

C9H14NO8 - R C13H24N2O8 335.145990 -0.006 0.0010 ± 
0.0001 

0.0017 ± 
0.0002 

0.0021 ± 
0.0001 

0.0023 ± 
0.0001 

C9H16NO7 - R C13H26N2O7 321.166723 -0.012 0.0049 ± 
0.0004 

0.0026 ± 
0.0002 

0.0011 ± 
0.0000 

0.0003 ± 
0.0000 

C9H14NO7 - R C13H24N2O7 319.151081 0.012 0.0014 ± 
0.0001 

0.0014 ± 
0.0001 

0.0014 ± 
0.0000 

0.0013 ± 
0.0000 

C9H12NO7 - R C13H22N2O7 317.135434 0.023 0.0006 ± 
0.0000 

0.0007 ± 
0.0000 

0.0008 ± 
0.0000 

0.0007 ± 
0.0000 

C9H10NO7 - R C13H20N2O7 n.d. n.d. n.d. n.d. n.d. n.d. 

C9H12NO6 - R C13H22N2O6 301.140516 0.014 0.0014 ± 
0.0000 

0.0015 ± 
0.0000 

0.0015 ± 
0.0000 

0.0014 ± 
0.0000 

C9H10NO6 - R C13H20N2O6 299.124875 0.043 0.0011 ± 
0.0000 

0.0015 ± 
0.0001 

0.0015 ± 
0.0001 

0.0014 ± 
0.0001 

C9H8NO6 - R C13H18N2O6 297.109218 0.021 0.0010 ± 
0.0000 

0.0012 ± 
0.0000 

0.0012 ± 
0.0000 

0.0010 ± 
0.0001 

C9H10NO5 - R C13H20N2O5 283.129937 -0.036 0.0896 ± 
0.0010 

0.0937 ± 
0.0018 

0.0930 ± 
0.0010 

0.0842 ± 
0.0012 

C9H8NO5 - R C13H18N2O5 281.114299 0.008 0.0011 ± 
0.0000 

0.0020 ± 
0.0000 

0.0024 ± 
0.0001 

0.0027 ± 
0.0001 

C9H12NO5 - R C13H22N2O5 285.145590 -0.025 0.0013 ± 
0.0000 

0.0009 ± 
0.0001 

0.0009 ± 
0.0000 

0.0009 ± 
0.0000 

C9H8NO4 - R C13H18N2O4 265.119396 0.053 0.0026 ± 
0.0000 

0.0030 ± 
0.0001 

0.0030 ± 
0.0000 

0.0031 ± 
0.0001 

C9H10NO4 - R C13H20N2O4 267.135045 0.049 0.0010 ± 
0.0000 

0.0010 ± 
0.0000 

0.0010 ± 
0.0000 

0.0009 ± 
0.0000 

C9H12NO4 - R C13H22N2O4 269.150693 0.042 0.0002 ± 
0.0000 

0.0006 ± 
0.0000 

0.0008 ± 
0.0000 

0.0011 ± 
0.0001 
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Table C.4 | Ribose-cysteine derived Maillard reaction products, which appear in the "general" 
Maillard reaction products formation and degradation pathways shown in Figure 3.5; (n.d.) 
not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-
cysteine m/z (avg.) 

error 
(ppm) 2 h 4 h 6 h 10 h 

C7H12NO6 - R C8H15NO6S 252.054714 -0.081 0.5114 ± 
0.0106 

0.4447 ± 
0.0170 

0.4223 ± 
0.0033 

0.3769 ± 
0.0069 

C7H14NO7 - R C8H17NO7S 270.065273 -0.095 0.0464 ± 
0.0022 

0.0390 ± 
0.0033 

0.0347 ± 
0.0008 

0.0291 ± 
0.0007 

C7H6NO4 - R C8H9NO4S 214.017952 -0.011 0.0002 ± 
0.0000 

0.0006 ± 
0.0001 

0.0010 ± 
0.0001 

0.0023 ± 
0.0001 

C7H6NO3 - R C8H9NO3S 198.023031 -0.042 0.0003 ± 
0.0000 

0.0009 ± 
0.0001 

0.0019 ± 
0.0001 

0.0035 ± 
0.0001 

C7H10NO5 - R C8H13NO5S 234.044165 -0.017 0.0041 ± 
0.0002 

0.0080 ± 
0.0001 

0.0108 ± 
0.0010 

0.0162 ± 
0.0004 

C7H6NO5 - R C8H9NO5S 230.012870 0.004 0.0010 ± 
0.0001 

0.0025 ± 
0.0003 

0.0038 ± 
0.0006 

0.0070 ± 
0.0005 

C7H8NO4 - R C8H11NO4S 216.033604 0.001 0.0001 ± 
0.0000 

0.0004 ± 
0.0000 

0.0006 ± 
0.0001 

0.0012 ± 
0.0000 

C7H10NO6 - R C8H13NO6S 250.039088 0.016 0.0012 ± 
0.0001 

0.0021 ± 
0.0002 

0.0028 ± 
0.0002 

0.0035 ± 
0.0002 

C7H12NO7 - R C8H15NO7S 268.049620 -0.108 0.0039 ± 
0.0002 

0.0043 ± 
0.0004 

0.0048 ± 
0.0004 

0.0058 ± 
0.0004 

C7H8NO5 - R C8H11NO5S 232.028520 0.004 0.0013 ± 
0.0001 

0.0028 ± 
0.0001 

0.0036 ± 
0.0005 

0.0051 ± 
0.0002 

C7H10NO4 - R C8H13NO4S 218.049256 0.007 n.d. n.d. n.d. 0.0003 ± 
0.0000 

C7H8NO6 - R C8H11NO6S 248.023439 0.021 0.0004 ± 
0.0000 

0.0008 ± 
0.0000 

0.0010 ± 
0.0001 

0.0014 ± 
0.0001 

C7H10NO7 - R C8H13NO7S n.d. n.d. n.d. n.d. n.d. n.d. 

C7H12NO5 - R C8H15NO5S 236.059826 0.031 0.0001 ± 
0.0000 

0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

C7H4NO4 - R C8H7NO4S 212.002291 -0.060 n.d. n.d. 0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

C7H8NO3 - R C8H11NO3S 200.038672 -0.085 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C12H18NO9 - R C13H21NO9S 366.086426 -0.008 0.0015 ± 
0.0001 

0.0034 ± 
0.0000 

0.0055 ± 
0.0003 

0.0093 ± 
0.0002 

C12H14NO8 - R C13H17NO8S 346.060205 -0.026 0.0001 ± 
0.0000 

0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

0.0005 ± 
0.0000 

C12H16NO8 - R C13H19NO8S 348.075877 0.037 0.0005 ± 
0.0000 

0.0012 ± 
0.0000 

0.0020 ± 
0.0002 

0.0028 ± 
0.0000 

C12H22NO11 - R C13H25NO11S 402.107485 -0.184 0.0137 ± 
0.0007 

0.0112 ± 
0.0009 

0.0105 ± 
0.0003 

0.0097 ± 
0.0002 

C12H16NO9 - R C13H19NO9S 364.070775 -0.012 0.0001 ± 
0.0000 

0.0003 ± 
0.0000 

0.0004 ± 
0.0000 

0.0008 ± 
0.0001 

C12H20NO10 - R C13H23NO10S 384.096983 -0.029 0.0031 ± 
0.0001 

0.0061 ± 
0.0006 

0.0055 ± 
0.0002 

0.0073 ± 
0.0001 

C12H14NO6 - R C13H17NO6S 314.070417 0.104 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C12H12NO6 - R C13H15NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C12H12NO7 - R C13H15NO7S n.d. n.d. n.d. n.d. n.d. n.d. 

C12H16NO10 - R C13H19NO10S 380.065698 0.009 0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

0.0004 ± 
0.0000 

C12H16NO7 - R C13H19NO7S 332.080988 0.116 n.d. n.d. n.d. 0.0002 ± 
0.0000 
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Table C.4 (continued) | Ribose-cysteine derived Maillard reaction products, which appear in 
the "general" Maillard reaction products formation and degradation pathways shown in 
Figure 3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-
cysteine m/z (avg.) 

error 
(ppm) 2 h 4 h 6 h 10 h 

C12H20NO9 - R C13H23NO9S 368.102063 -0.043 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C12H18NO10 - R C13H21NO10S 382.081338 -0.017 0.0005 ± 
0.0000 

0.0009 ± 
0.0001 

0.0012 ± 
0.0001 

0.0016 ± 
0.0001 

C12H12NO5 - R C13H15NO5S n.d. n.d. n.d. n.d. n.d. n.d. 

C12H14NO9 - R C13H17NO9S 362.055128 -0.002 n.d. n.d. 0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

C12H16NO6 - R C13H19NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C12H10NO5 - R C13H13NO5S n.d. n.d. n.d. n.d. n.d. n.d. 

C12H10NO6 - R C13H13NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C12H18NO8 - R C13H21NO8S 350.091536 0.062 n.d. n.d. 0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

C10H12NO6 - R C11H15NO6S 288.054753 0.067 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C10H12NO5 - R C11H15NO5S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H10NO5 - R C11H13NO5S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H14NO7 - R C11H17NO7S 306.065316 0.055 0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

0.0005 ± 
0.0000 

C10H10NO6 - R C11H13NO6S 286.039127 0.149 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C10H16NO9 - R C11H19NO9S 340.070787 0.023 0.0052 ± 
0.0001 

0.0125 ± 
0.0007 

0.0185 ± 
0.0010 

0.0289 ± 
0.0012 

C10H12NO7 - R C11H15NO7S 304.049673 0.079 n.d. n.d. 0.0002 ± 
0.0000 

0.0007 ± 
0.0000 

C10H14NO5 - R C11H17NO5S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H14NO6 - R C11H17NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H16NO8 - R C11H19NO8S 324.075874 0.032 n.d. n.d. n.d. 0.0006 ± 
0.0000 

C10H12NO4 - R C11H15NO4S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H16NO7 - R C11H19NO7S 308.080964 0.048 0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

0.0004 ± 
0.0000 

C10H18NO9 - R C11H21NO9S 342.086435 0.017 0.0004 ± 
0.0000 

0.0006 ± 
0.0000 

0.0008 ± 
0.0000 

0.0011 ± 
0.0001 

C10H8NO5 - R C11H11NO5S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H8NO6 - R C11H11NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H18NO8 - R C11H21NO8S 326.091529 0.045 0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0001 

0.0001 ± 
0.0000 

C10H12NO8 - R C11H15NO8S n.d. n.d. n.d. n.d. n.d. n.d. 

C10H16NO6 - R C11H19NO6S 292.086051 0.059 0.0010 ± 
0.0000 

0.0011 ± 
0.0000 

0.0010 ± 
0.0001 

0.0008 ± 
0.0000 

C10H14NO8 - R C11H17NO8S 322.060229 0.047 0.0001 ± 
0.0000 

0.0003 ± 
0.0000 

0.0003 ± 
0.0000 

0.0007 ± 
0.0000 

C9H16NO8 - R C10H19NO8S 312.075873 0.029 0.0003 ± 
0.0000 

0.0005 ± 
0.0000 

0.0008 ± 
0.0001 

0.0013 ± 
0.0000 

C9H12NO8 - R C10H15NO8S n.d. n.d. n.d. n.d. n.d. n.d. 

 



Appendix C | General formation and degradation pathways of MRPs 

132 
 

Table C.4 (continued) | Ribose-cysteine derived Maillard reaction products, which appear in 
the "general" Maillard reaction products formation and degradation pathways shown in 
Figure 3.5; (n.d.) not detected or S/N < 8. 

    Relative peak intensity (mean ± sd, n = 3) 

General Formula 
Ribose-
cysteine m/z (avg.) 

error 
(ppm) 2 h 4 h 6 h 10 h 

C9H14NO8 - R C10H17NO8S 310.060220 0.019 0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

C9H16NO7 - R C10H19NO7S 296.080953 0.015 0.0426 ± 
0.0017 

0.0411 ± 
0.0026 

0.0372 ± 
0.0011 

0.0294 ± 
0.0007 

C9H14NO7 - R C10H17NO7S 294.065310 0.037 0.0005 ± 
0.0000 

0.0007 ± 
0.0000 

0.0008 ± 
0.0001 

0.0011 ± 
0.0000 

C9H12NO7 - R C10H15NO7S 292.049665 0.055 0.0002 ± 
0.0000 

0.0004 ± 
0.0000 

0.0004 ± 
0.0000 

0.0005 ± 
0.0000 

C9H10NO7 - R C10H13NO7S 290.034000 0.003 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C9H12NO6 - R C10H15NO6S 276.054736 0.007 0.0001 ± 
0.0000 

0.0002 ± 
0.0000 

0.0003 ± 
0.0000 

0.0006 ± 
0.0000 

C9H10NO6 - R C10H13NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C9H8NO6 - R C10H11NO6S n.d. n.d. n.d. n.d. n.d. n.d. 

C9H10NO5 - R C10H13NO5S 258.044138 -0.122 n.d. n.d. n.d. 0.0002 ± 
0.0000 

C9H8NO5 - R C10H11NO5S 256.028480 -0.152 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C9H12NO5 - R C10H15NO5S 260.059822 0.010 n.d. n.d. n.d. 0.0001 ± 
0.0000 

C9H8NO4 - R C10H11NO4S n.d. n.d. n.d. n.d. n.d. n.d. 

C9H10NO4 - R C10H13NO4S n.d. n.d. n.d. n.d. n.d. n.d. 

C9H12NO4 - R C10H15NO4S n.d. n.d. n.d. n.d. n.d. n.d. 
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D Appendix Chapter 4 

D.1 Changes in pH during irradiation experiments 

Table D.1 | Measured pH values during irradiation of Maillard model systems in the custom-
built photolysis system used for online EEM measurements. 

Irradiation time pH 

ribose-lysine 

pH 

ribose-arginine 

pH 

ribose-histidine 

0 h (before irrad.) 6.06 6.64 6.01 

4 h 5.48 6.29 5.64 

8 h 5.30 6.14 5.48 

12 h 5.19 6.10 5.42 

16 h 5.14 6.07 5.38 

20 h 5.10 6.07 5.37 

 

Table D.2 | Measured pH values (mean from n = 2 irradiation experiments) before and after 
irradiation of Maillard model systems in the Suntest CPS system. 

Irradiation time pH 

ribose-lysine 

pH 

ribose-arginine 

pH 

ribose-histidine 

0 h (before irrad.) 6.0 6.6 6.0 

8 h (after irrad.) 5.2 6.1 5.4 
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D.2 Holistic characterization of photosensitive MRPs 

 

 
Figure D.1 | Principal component 
analysis of ribose-histidine 
FT-ICR-MS raw data. Samples 
were irradiated for four and 
eight hours in a suntester 
system. Additionally, control 
samples, which were kept under 
the same conditions, however, 
protected from light exposure, as 
well as freshly prepared model 
systems were analyzed. All 
experiments were carried out in 
two independent experiments. 
Each sample was injected in 
triplicate measurements (total 
number of samples per 
treatment = 6). Samples and 
replicate injections were 
measured in randomized order. 
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Figure D.2 | Effect of solar irradiation on elemental compositions of ribose-lysine MRPs. Model 
systems were irradiated for eight hours and compared to unirradiated control samples. 
Irradiation experiments were performed in duplicate. Each sample then was analyzed by 
FT-ICR-MS in triplicate injections (N = 2 × 3). Peak intensities of all features found in 
irradiated samples were compared to the same features in the unirradiated control samples 
by Student’s t-Test (n = 3): Features, which showed a significant decrease in peak intensities 
in both independent irradiation experiments are colored in blue. Features, which showed a 
significant increase or were newly formed upon irradiation are highlighted in red, respectively. 
(a) Volcano plot. (b) Number of molecular formulae showing significant changes in peak 
intensities. (c) Van Krevelen diagram of all significantly affected molecular formulae. Pie 
charts illustrate the reduced occurrence of nitrogen-free (CHO) MRPs in photochemical 
reactions. Black pie chart represents elemental compositions, which did not show a significant 
change in peak intensities upon irradiation. 
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Figure D.3 | Effect of solar irradiation on elemental compositions of ribose-arginine MRPs. 
Model systems were irradiated for eight hours and compared to unirradiated control samples. 
Irradiation experiments were performed in duplicate. Each sample then was analyzed by 
FT-ICR-MS in triplicate injections (N = 2 × 3). Peak intensities of all features found in 
irradiated samples were compared to the same features in the unirradiated control samples 
by Student’s t-Test (n = 3): Features, which showed a significant decrease in peak intensities 
in both independent irradiation experiments are colored in blue. Features, which showed a 
significant increase or were newly formed upon irradiation are highlighted in red, respectively. 
(a) Volcano plot. (b) Number of molecular formulae showing significant changes in peak 
intensities. (c) Van Krevelen diagram of all significantly affected molecular formulae. Pie 
charts illustrate the reduced occurrence of nitrogen-free (CHO) MRPs in photochemical 
reactions. Black pie chart represents elemental compositions, which did not show a significant 
change in peak intensities upon irradiation. 
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D.3 Photooxidation of MRPs by singlet oxygen 

 

Figure D.4 | Quantification of (a) urea and (b) asparagine in ribose-histidine model systems. 
After lyophilization, the model systems were reconstituted in 2% acetonitrile solution to 
achieve a dilution factor of 1:10 (v/v) with respect to the original model system. Calibration 
curves were computed from analyzed standard solutions as shown below. 
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Table D.3 | Calibration standards used for quantification of urea and asparagine in ribose-
histidine model systems. Standards were prepared in 2% acetonitrile solution. Concentration 
values are given in nmol mL-1. 

calibrant urea L-asparagine 

1 0.08 0.04 

2 0.17 0.08 

3 0.83 0.38 

4 1.67 0.76 

5 8.33 3.78 

6 16.65  

 

D.4 The role of imidazole groups in photochemical 
reactions 

 

Figure D.5 | Screening of fragment spectra containing imidazole specific fragments at 
m/z = 81.045. Fragment spectra were acquired by data-dependent LC-MS/MS. Histograms 
illustrate the log2 fold change (irradiated samples vs. control samples) calculated from the 
peak intensities of the precursor ions, respectively, which represent the effect of irradiation 
on ribose-histidine samples after eight hours. Gray histogram represents all chromatographic 
features with available MS/MS spectra (N = 580). Blue histogram shows only features, which 
contained an imidazole characteristic fragment (m/z = 81.045) in their MS/MS spectra (N = 
355). 
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D.5 Chemical diversity of thermally formed MRPs 

 

Figure D.6 | Non-targeted analysis of unirradiated model systems by tandem HILIC-RP 
chromatography. Retention time versus m/z-value plots of (a) a ribose-lysine, (b) a ribose-
arginine, (c) and a ribose-histidine model system, heated for ten hours at 100 °C. Each dot in 
(a-c) represents an analytical signal (feature) colored according to the observed peak intensity. 
(d) Venn diagram illustrates the amino acid specific chemical diversity in produced MRPs. 
Between the three model systems, chromatographic features were considered as the same 
chemical compound when m/z-values and retention times were equal (m/z-alignment: 
± 10 ppm and ΔRT ≤ 30 s). 
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D.6 Compositional description of antioxidants 

 

 

Figure D.7 | Compositional 
descriptors retrieved for 125 
antioxidants containing no more 
than C, H, N, and O elements. 
Antioxidants were taken from 
FooDB (Release June 29, 2017). 
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D.7 LC-MS/MS analysis of AGE markers 

 

Figure D.8 | LC-MS/MS analysis of AGE markers in unirradiated ribose-lysine model systems 
(blue) and ribose-lysine model systems irradiated for eight hours (red). Structures were 
confirmed by MS/MS spectra. Detected markers were: (a) carboxymethyllysine (CML), (b) 
carboxyethyllysine (CEL), (c) GOLD, (d) MOLD, and (e) formyline. 
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Figure D.9 | LC-MS/MS analysis of AGE markers in unirradiated ribose-arginine model 
systems (blue) and ribose-arginine model systems irradiated for eight hours (red). Structures 
were confirmed by MS/MS spectra. Detected markers were: (a) one hydroimidazolone isomer 
MG-H* (assignment of the three possible isomers MG H1 – MG H3 based on MS/MS data not 
possible), and (b) argpyrimidine. 
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D.8 Compositional descriptors 

 

Figure D.10 | Overview of compositional descriptors retrieved for the ribose-lysine model 
system after molecular formulae computation from FT-ICR-MS data. Bar charts are grouped 
into features, which showed a significant decrease (blue; log2FC < -1 and p < 0.01, Student’s 
t-Test (n = 3)) and significant increase (red; log2FC > 1 and p < 0.01, Student’s t-Test (n = 3)) in 
peak intensities in both independent irradiation experiments, respectively. Features that did 
not show a significant change in peak intensities after an irradiation time of eight hours are 
colored in dark gray. Represented descriptors are (a) number of carbon atoms per formula, (b) 
measured m/z-values, (c) number of oxygen, and (d) number of nitrogen atoms per formula, 
as well as (e) average number of double bond equivalents per carbon atom and (f) average 
carbon oxidation state. 
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Figure D.11 | Overview of compositional descriptors retrieved for the ribose-arginine model 
system after molecular formulae computation from FT-ICR-MS data. Bar charts are grouped 
into features, which showed a significant decrease (blue; log2FC < -1 and p < 0.01, Student’s 
t-Test (n = 3)) and significant increase (red; log2FC > 1 and p < 0.01, Student’s t-Test (n = 3)) in 
peak intensities in both independent irradiation experiments, respectively. Features that did 
not show a significant change in peak intensities after an irradiation time of eight hours are 
colored in dark gray. Represented descriptors are (a) number of carbon atoms per formula, (b) 
measured m/z-values, (c) number of oxygen, and (d) number of nitrogen atoms per formula, 
as well as (e) average number of double bond equivalents per carbon atom and (f) average 
carbon oxidation state. 
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