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Abstract

During thermal processing of food, excess sugars and amino acids relative to the initially formed
Maillard reaction intermediates, such as Amadori or Heyns compounds, presents a statistically
favourable environment for their further interaction, potentially leading to the formation of novel
compounds that can serve as flavour precursors; a largely unexplored phenomenon in the Maillard
reaction research. Furthermore, mechanochemical reactions, specifically the ball milling of amino
acids and sugars at ambient temperatures, can generate mixtures rich in Amadori and Heyns
rearrangement products (ARPs and HRPs). This easy access to important aroma and flavour
precursors was exploited in this thesis to study their subsequent reactions with free amino acids,
such as histidine, cysteine, phenylalanine, and sugars, such as fructose and glucose. Selected
Amadori products were synthesized using mechanochemistry and characterized through their
MS/MS and FTIR spectra. Subsequently, they were milled (30Hz/30min) with excess amino acids
or reducing sugars to initiate their interaction and possible formation of the expected di-glycated
amino acids or di-aminated sugars. Indeed, the ESI-qTOF-MS analysis of the milled reaction
mixtures indicated the formation of diglycated amino acids in ARP/sugar mixtures and di-aminated
sugars in ARP/amino acid mixtures as indicated by observation of their appropriate masses and
accurate elemental composition. Furthermore, the proposed structures were confirmed through
ESI-qTOF-MS/MS analysis, revealing characteristic fragmentation patterns under negative
ionization mode. In addition, when Amadori products were either milled or heated in solution
phase with an exogenous amino acid, the mass spectrometric analysis indicated the presence of
Heyns product of the exogenous amino acid, in addition to the free amino acid of the original
Amadori product. The formation of the new Heyns compound was rationalized through the
reaction of the added amino acid with the carbonyl group of the Amadori product and the formation
of an ene-diamine intermediate. Upon hydrolysis, this intermediate can generate the Heyns
compound and the free amino acid. Moreover, the conversion parameters of the Amadori
compounds to Heyns products in the presence of free amino acids and the release of the starting
amino acid can be optimized to de-glycate food proteins. This approach may provide new avenues
in reducing the potentially harmful effects of glycation and preserve the optimal functionality of

proteins.
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Résume

Pendant le traitement thermique des aliments, un exces de sucres et d'acides aminés par rapport
aux intermédiaires formés initialement par la réaction de Maillard, tels que les composés
d'Amadori ou de Heyns, présente un environnement statistiquement favorable a leur interaction
ultérieure, conduisant potentiellement a la formation de nouveaux composés pouvant servir de
précurseurs de saveur ; un phénomene largement inexploré dans la recherche sur la réaction de
Maillard. De plus, les réactions mécano-chimiques, notamment le broyage a billes d'acides aminés
et de sucres a température ambiante, peuvent générer des mélanges riches en produits de
réarrangement d'Amadori et de Heyns (ARPs et HRPs). Cet acces facile a d'importants précurseurs
d'aromes et de saveurs a été exploité dans cette thése pour ¢tudier leurs réactions ultérieures avec
des acides aminés libres, tels que 'histidine, la cystéine, la phénylalanine, et des sucres, tels que le
fructose et le glucose. Des produits d'Amadori sélectionnés ont été synthétisés par mécano-chimie
et caractérisés par leurs spectres MS/MS et FTIR. Par la suite, ils ont été broyés (30 Hz/30 min)
avec un exces d'acides aminés ou de sucres réducteurs pour initier leur interaction et la formation
possible des acides aminés di-glyqués attendus ou des sucres di-aminés. En effet, I'analyse par
ESI-qTOF-MS des mélanges réactionnels broyés a indiqué la formation d'acides aminés di-glyqués
dans les mélanges ARP/sucre et de sucres di-aminés dans les mélanges ARP/acide aminé, comme
indiqué par 'observation de leurs masses appropriées et de leur composition élémentaire précise.
De plus, les structures proposées ont été confirmées par une analyse ESI-qTOF-MS/MS, révélant
des motifs de fragmentation caractéristiques sous mode d'ionisation négative. De plus, lorsque les
produits d'Amadori étaient soit broyés, soit chauffés en phase solution avec un acide aminé
exogene, I'analyse spectrométrique de masse indiquait la présence de produits de Heyns de 1'acide
aminé exogene, en plus de l'acide aminé libre du produit d'Amadori d'origine. La formation du
nouveau compos¢ de Heyns a été rationalisée par la réaction de I'acide aminé ajouté avec le groupe
carbonyle du produit d'Amadori et la formation d'un intermédiaire énédiamine. Lors de
I'hydrolyse, cet intermédiaire peut générer le composé de Heyns et I'acide aminé libre. De plus, les
parametres de conversion des composés d'Amadori en produits de Heyns en présence d'acides
amings libres et la libération de 1'acide aminé de départ peuvent étre optimisés pour déglyquer les
protéines alimentaires. Cette approche peut ouvrir de nouvelles voies pour réduire les effets

potentiellement nocifs de la glycation et préserver la fonctionnalité optimale des protéines.
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Chapter 1. Introduction

1.1 Rationale of the Proposed Research

Food systems consist of various components, including carbohydrates, lipids, proteins, minerals,
vitamins, etc. This innate composition undergoes profound transformations during thermal
processing and storage due to chemical changes like the Maillard reaction, thereby amplifying the
complexity inherent in these systems. Discovered by Louis C. Maillard in 1912, the Maillard
reaction has captivated scientists across diverse disciplines, owing to its profound impact on the
sensory properties of food, coupled with its implications for health and broader applications,

underscoring the enduring relevance and significance of this fundamental chemical process.

Maillard reaction products contribute greatly to the flavour profile of various foods, generating
desirable characteristics such as pleasing sensory attributes and the formation of biologically active
molecules (1). However, the occurrence of this reaction in foods is not always desirable as
advanced reaction products can yield unfavourable outcomes such as off-flavours and nutrient
depletion (1) and can also have cytotoxic, genotoxic, and carcinogenic effects. Nonetheless, recent
in vitro studies have highlighted potential positive attributes of Maillard reaction products (MRPs),
particularly in their early reaction stages. In vivo, advanced glycation end products (AGEs) are
believed to play a significant role in various pathologies and, more broadly, in the aging process
(1). Thus, convenient methods for generating glycated amino acids are vital in advancing research,
product development, analytical techniques, and biomedical understanding related to the Maillard

reaction.

Understanding the reactivity of Amadori rearrangement products (ARPs) and the mechanisms of
their further reactions is crucial to controlling the reaction in both food and physiological systems.
Given its pivotal role in food systems, the Maillard Reaction yields crucial and distinct Maillard
reaction products during food processing. Mechanochemistry offers a promising opportunity for
producing reactive and otherwise difficult-to-obtain compounds under conventional
thermochemistry conditions to promote the controlled synthesis of important Maillard reaction
intermediates (2). Compared to Maillard reaction products which are volatile, and it is difficult to
maintain the stability of flavoured end products for application, especially during heat treatment,

cooking, and baking processes (3), intermediates have stable physiochemical properties. Notably,



ARPs, relatively stable Maillard reaction intermediates produced during the initial stage of
Maillard reaction, are significant non-volatile flavour precursors, contributing substantially to
flavour generation during thermal reactions (4). Mechanochemical reactions, specifically the ball
milling of amino acids and sugars at ambient temperatures, generate mixtures rich in glycated
amino acid isomers such as ARPs, Heyn's rearrangement products (HRPs), and their respective

Schiff bases.

1.2 Objectives of Research

The overall objective of this thesis aims to elucidate the formation mechanisms of novel flavour-
active compounds resulting from the interaction between excess sugars and amino acids relative
to initial Maillard reaction adducts, such as ARPs, during thermal processing. Leveraging
convenient methods for accessing key aroma and flavour precursors, our study seeks to provide
insights into the intricate dynamics of ARPs and HRPs, and their subsequent reactions with free
amino acids and sugars. Through this investigation, we aim to advance our understanding of the
Maillard reaction and its role in flavour development, thereby contributing to the enhancement of

food quality and sensory experience.

Specific objectives include (1) mechanochemical synthesis and mass spectral characterization of
selected Amadori and Heyns compounds (2) investigation of their further reactions with selected
amino acids (cysteine, histidine, phenylalanine) for the purpose of identification of di-aminated
sugars, and study their MS/MS fragmentations (3) investigation of their further reactions with
glucose and fructose, for the purpose of identification of di-glycated amino acids, and study their

MS/MS fragmentations.
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Chapter 2. Literature Review

2.1 Importance of Glycated Amino Acids

In 1912, French scientist Lois-Camille Maillard first described the Maillard reaction (non-
enzymatic glycation reaction) between amino acids and reducing sugars during heating, resulting
in the browning of the reaction mixture with the formation of aroma and carbon dioxide (1).
Following the initial reaction between the amino and carbonyl compounds, a complex network of
reactions ensues, forming a diverse array of compounds known as Maillard reaction products (2).
The Maillard reaction is omnipresent, proceeding at different extents, attributed to the widespread
presence of the starting materials — i.e., amino acids and sugars —making it a common phenomenon
leading to flavour formation and nutritional losses in heat-processed foods (3), abiotic generation

of humic substances in soil (4), and protein modification in vivo in living organisms (glycation)

(5).

In the food industry, the Maillard reaction naturally occurs during processing and storage, leading
to a multitude of transformations. These encompass changes in aroma, colour, flavour, nutritional
content, and the formation of both stabilizing and potentially mutagenic compounds (5). Therefore,
controlling the Maillard reaction is crucial because it influences desirable features (i.e., pleasant
sensory characteristics and the formation of biologically active molecules) and undesirable
features (i.e., off-flavours, loss of nutritional value, and generation of toxic compounds) (6).

Initially proposed to explain alterations in colour, taste, and texture in heat-processed and stored
foods, the concept of Maillard Reaction has evolved over the recent decades. A growing interest
in the biomedical field has emerged, focusing on investigating the chemistry and biological
activities associated with Maillard reaction products or AGEs. The discovery of the glycated form
of hemoglobin (HbAlc) by Kunkel and Wallenius (7), subsequently confirmed by Rahbar (8),
revealed elevated levels in red blood cells from diabetic patients, highlighting the in vivo
occurrence of glycation reaction and its potential role in pathological conditions. Following these
revelations, advances in this field have since accelerated, with a growing number of publications
presenting experimental data on endogenous and exogenous AGE formation, emphasizing their
participation in various physiological and pathological processes. Notably, established

associations between MR-derived AGEs, a-dicarbonyl compounds, and several chronic and age-



related diseases, including diabetes, atherosclerosis, cataractogenesis, and Alzheimer's disease,

further underscore the crucial role of AGEs as key precursors in these processes (9).

2.1.1 Chemistry of the Maillard Reaction

About 40 years after the discovery of the Maillard reaction, John E. Hodge was the first to
summarize the complex network of reactions into three distinct stages, noted as the “Hodge
Scheme” (3). It comprises the initial, intermediate, and final stages of browning. Hodge revealed
multiple types of reactions within the proposed three stages (Figure 2.1). The initial stage begins
with a sugar-amine condensation reaction, producing a reversible N-substituted glycosylamine
(Schiff Base). The Schiff base is usually detected only in low levels in sugar-amine systems as it
readily rearranges into the more stable Amadori product (from an aldose) or Heyn’s product (from
a ketose), completing the final step of the initial stage (3, 10, 11). The Amadori rearrangement
products (ARPs) and Heyns rearrangement products (HRPs) are considered early glycation
products, and HbA ¢ belongs to the former class (12). The subsequent degradation of the ARPs
and HRPs begins the intermediate stage, leading to the formation of sugar fragmentation products
and release of the amino groups, as well as Strecker aldehydes and other intermediate compounds
(3, 13). Subsequently, various complex and interconnected reactions, such as condensation,
cyclization, dehydration, fragmentation, and polymerization, proceed with the participation of the
amino groups and initiate the final stage where melanoidins are irreversibly formed having

coloured fluorescent properties (3, 10, 14).
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Figure 2.1. Scheme of the Maillard reaction organized into three stages adapted from Hodge (3)

An alternate view to understanding the complexity of the Maillard reaction was proposed by
Yaylayan (15), introducing the concept of “chemical pools” (Figure 2.2). In the initial stage, the
chemical pools are derived from the ‘principal precursors’ (amino acids, sugars, and Amadori or
Heyn’s products) and are described as the building blocks for Maillard reaction products (15). The
term “pools” is defined as the collection of products that arise from a single precursor or multiple

precursors (15). The primary fragmentation pool is formed from the decomposition of each of the



three principal precursors and determines the course of the reaction pathway. Subsequent reactions
of the primary fragmentation pool include self-interaction pools (reactions involving components
of a single pool), secondary interaction pools (reactions involving components of different
fragmentation pools), and multiple-interaction pools (involving components of all the pools
interacting with each other) (15). Therefore, compared to Hodge’s scheme, Yaylayan’s
classification accounts for the independent degradations of the principal precursors and the

interactions between the different pools produced in the reaction cascade.
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Self-interaction pool [S] = Sugar
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Figure 2.2 Yaylayan’s classification of the Maillard reaction is described as proceeding by the

formation and interaction of ‘chemical pools’ adapted from Yaylayan (15)



2.1.2 Complexities and Challenges in Investigating the Maillard Reaction

The chemical composition of raw food materials is well understood; however, significant chemical
transformations occur during processing by thermal treatments, including cooking, frying,
roasting, backing, and long-term storage, that completely alter the chemical composition of the
food and generate a complex matrix, not all its components are completely identified till now. The
primary precursors of the Maillard reaction (amino acid, sugar, and ARP/ HRPs) shown in Figure
2 can each produce distinct reaction products through participation in subsequent reaction
cascades, contributing to the formation of highly intricate reaction mixtures (15). Adding to this
complexity, other food components, such as lipids, vitamins, metals, and polyphenols, contribute
to the intricate composition and dynamics of the overall reaction (16,17). Therefore, our current
comprehension of the Maillard reaction predominantly relies on studying well-defined model
systems. Model systems employ different amino acids and reducing sugars as simplified
representations of the intricate food system, allowing for a more detailed and direct analysis and
understanding of this complex reaction without interference from other components. Singular
amino acids paired with reducing sugars, constituting model systems, have been extensively
utilized and studied for their ability to establish a direct relationship between the resulting products
and the specific amino acid under investigation. Furthermore, various peptides have been reported
in numerous food systems, such as meat, hydrolyzed vegetable protein, and coffee beans (18,19).
Consequently, studies have expanded to investigate Maillard reaction products formed from model
systems with peptides having different chain lengths (20). Experiments involving the application
of pure peptides in the Maillard reaction models have demonstrated their involvement in various

pathways, such as bond cleavage, cyclization, and glycation (21).

The complexity of the Maillard reactions arises from its susceptibility to a multitude of reaction
parameters, each specific combination leading to a unique case study. The factors that influence
the chemical reactions involved include time, temperature, pH, presence or absence of solvent,
concentration, and the ratio of reducing sugars to amino acids (22, 23). Furthermore, multiple
fragmentation reactions of the sugar moiety constitute branch points in the reaction progress and
establish many parallel reaction pathways (24). Each pathway yields distinct products with varying
chemical properties, intensifying the challenge of predicting and controlling the outcomes. The

different reactivity of amino acids towards carbohydrates further compounds the overall



complexity of the process. Hemmler et al. (25) conducted a study monitoring the thermal formation
of early glycated amino acids contributing to the intricate web of the Maillard reaction cascade.
Although the ARP breakdown is considered the main Maillard reaction pathway, other reactive
intermediates, often of higher molecular weight than the ARP, contribute largely to the multitude
of intermediates observed (25). The continuous generation of reactive intermediates feeds the
reaction pool, resulting in an exponential increase in the production of Maillard reaction products
(15). Therefore, despite many structural studies on the Maillard reaction, a comprehensive picture
of the composition of the reaction system and interconnections between intermediates remains
elusive (25). Furthermore, studies employing non-targeted analysis and data visualization, such as
the one conducted by Hemmler et al., have delivered more insight into the overall chemical
changes in the Maillard reaction of a single sugar heated with a single amino acid, identifying
many compounds generated. However, the mechanism of formation of many of these products

remains unknown.

2.2 Glycated Amino Acids

2.2.1 Formation of Glycated Amino Acids

The formation of ARP or HRP has been extensively reviewed in the literature (26). It involves a
series of equilibrium reactions initiated by the nucleophilic addition reaction between an amino
acid and reducing sugar. While hexoses and pentoses predominantly adopt a ring structure, a small
fraction exists in an acyclic form known for its heightened reactivity in the Maillard reaction (27,
28). Therefore, thermal equilibrium-driven ring opening of the reducing sugars is considered a
critical step in ARP or HRP formation (28). Following the ring opening of the sugar moiety,
subsequent dehydration produces a glycosylamine - a cyclized Schiff base (26). The p bond (-
C=N) of the Schiff base can then migrate towards the carbonyl group of the sugar moiety,
generating a 1,2-enol that isomerizes, leading to early glycation products called Amadori or Heyns

rearrangement products depicted in Figure 2.3.



O OH
O
O,
\ R OH N
:NH, R A
HO
HO
OH
HO
HO
OH
OH
OH
OH
Glucose Schiff Base
OH OH
(6] (6]
NH NH
R R /
(6] HO
OH OH
HO HO
OH OH
OH OH
Amadori

Figure 2.3 Mechanism of formation of Amadori product

2.2.2 Degradation of Glycated Amino Acids

The equilibrium mixture of ARPs or HRPs comprises cyclic and acyclic structures alongside
anomeric conformations (27). Notably, the acyclic form of an ARP exhibits heightened reactivity
compared to its cyclic counterparts due to its tendency to convert into enol isomers. Keto-
enolization is the basis for the breakdown of the ARPs (or HRPs), where pH directs which keto-
enol tautomer is produced in greater amounts, dictating which aroma compounds are formed (29).
Atlow pH values, ARPs are prone to undergo 1,2-enolization, depicted in Figure 2.4. This pathway
leads the 1,2-enaminol form of ARP to undergo B-elimination of its C-3 hydroxyl group, yielding
3-deoxy-2-hexosuloses, a highly reactive a-dicarbonyl intermediate (26, 29, 31). Conversely, at

high pH values, 2,3-enolization is favoured because the electron-rich B-carbon of the 1,2-enol is
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adjacent to an electron-rich amine, which produces an enediol that can generate two different
reactive a-dicarbonyls through elimination reactions (29, 31). The first is through the elimination
of the C-4 hydroxyl group to produce 1-amino-1,4,-dideoxy-2,3-hexodiulose, whereas the

elimination of the C-1 amino group produces 1-deoxy-2,3-hexodiulose (26, 30).
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Figure 2.4 1,2- and 2,3-enolization and -elimination of Amadori rearrangement products
Most of the identified Maillard reaction products are rationalized by the enolization of the open

chain forms, although they only represent a low percentage of the total concentration. Yaylayan

(32) proposed an alternative decomposition pathway for ARPs. This pathway involves direct
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dehydration from the most abundant cyclic forms, like other deoxy sugars (32). For example, a 3-
deoxyglucosone is converted into hydroxymethylfurfural (HMF) by dehydration of cyclic forms
through the formation of furylium ions (26). In addition to enolization reactions, ARPs can undergo
retro-aldol reactions, especially under basic conditions, which can lead to the production of more
reactive C2, C3, C4, and C5 sugar fragments containing a-hydroxy carbonyl and a-dicarbonyls
moieties such as hydroxyacetone derivative, glyceraldehyde, diketones, and hydroxy-
ketoaldehydes that can oxidize and dehydrate (26, 33). These resulting short-chain a-hydroxy
carbonyl and a-dicarbonyls are important flavour and melanoidin precursors in foods (26, 27).
Furthermore, in addition to enolization, dehydration, and fragmentation, the secondary amino
group of an ARP or HRP can further react with another reducing sugar to generate a disubstituted
ARP or HRP (27). This compound has been proposed to degrade readily, leading to the generation
of superoxide and 5-hydroxymethylfurfural (27, 34, 35).

2.3 Synthesis Methods of Glycated Amino Acids
There are two general approaches for the synthesis of glycated amino acids: solvent-free using

mechanochemistry and in-solvent thermochemical reactions.

2.3.1 Introduction to Mechanochemistry

Activation energy is a fundamental requirement for almost all chemical transformations regardless
of the source of energy. Chemical reactions can be classified based on different energy sources
utilized to carry out the chemical transformation - including thermochemistry, photochemistry,
electrochemistry, sonochemistry, and mechanochemistry (36). Traditionally, thermal energy
(thermochemistry) has been the predominant source of energy used to perform chemical reactions.
However, due to heightened environmental awareness, alternative methods have garnered
attention, such as ultrasonication (37), pulsed electric field (PEF) (38), photochemical reactions
induced by irradiation of UV or visible light (39), and direct absorption of mechanical energy
supplied by ball milling (40). Mechanochemistry has emerged as a significant approach capable
of efficiently facilitating rapid chemical transformations through milling or grinding, eliminating
the need for bulk dissolution of reactants in harmful solvents (41, 42). The International Union of
Pure and Applied Chemistry (IUPAC) Compendium of Chemical Terminology defines a

mechanochemical reaction as a chemical reaction induced by the direct absorption of mechanical
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energy (43). Several technical variables influence mechanochemical organic synthesis, including
milling frequency or revolutions per minute, milling time, size and number of milling balls, and
the material of the milling balls and jars (44). The absence of a solvent in mechanochemical
reactions enhances the interaction between the two reactive groups, resulting in higher product

yield (45), improved selectivity, shorter reaction time, and simpler work-up procedure (44).

2.3.2 Thermochemistry in Synthesis of Glycated Amino Acids

Analyzing the Maillard reaction within the intricate matrix of food that has been subject to diverse
processing conditions is a challenging proposition. Model reactions are crucial for exploring food
systems' aroma, flavour, and antioxidant properties. Hydrothermal reactions in the solution phase
remain the prevailing method for producing Maillard reaction products. However, this method is
time-consuming, and its reliance on solvents presents inefficiencies associated with containment,

recovery, and reuse (46).

Glycated amino acids (ARPs/HRPs) present challenges in purification and isolation, often yielding
mixtures containing unreacted starting materials, isomeric glycosyl amine precursors and various
degradation products alongside the desired rearrangement products, making their separation
challenging. Moreover, this reaction is highly sensitive to hydrolytic conditions, potentially
leading to competition between the rearrangement reaction and the hydrolysis of the initially
formed Schiff base, the latter reverting to the starting materials (47). Additionally, the resulting
products are not very stable under the reaction and storage conditions, rendering them susceptible

to decomposition.

Generally, glycated amino acids are prepared by refluxing an amino acid with excess glucose in
methanol for several hours (26). Using an anhydrous organic medium like methanol favours the
formation of the ARP because the degradation rate is minimized (27). The product is then isolated
and purified by repeated column chromatography. However, limitations to this method include
poor yields due to air oxidation and additional side reactions of glucose and ARPs (26). While
aqueous medium is preferred to avoid contamination in the Maillard reaction, high water content

during heating promotes hydrolysis, yielding free sugars and amino acids, significantly reducing
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ARP yields (4, 48). Additionally, the removal of the water is energy-intensive and may lead to

degradation or loss of aroma-active compounds (42).

A successful approach to increase ARP yield combined a thermal reaction with vacuum
dehydration (49, 50). The simultaneous dehydration reaction removes water through thermal
treatment, diminishing the negative effect of water activity and content on the stability of the ARP
(50). Despite the ease of operation and time efficiency of thermal reaction coupled with vacuum
dehydration, it poses challenges for large-scale production due to inherent drawbacks. The
improved degree of ARP conversion depends on the removal of water in the reaction system;
therefore, when water in the concentrator is removed, wall sticking is inevitable, resulting in
difficulty for further dehydration and ARP conversion (51). Consequently, vacuum evaporation is
limited to laboratory-scale ARP preparation due to difficulties in achieving stable and uniform

products.

While studies on ARP synthesis and subsequent degradation reactions have predominantly
occurred in aqueous mediums, using solvents in ARP synthesis presents challenges in the removal
of the solvent used, subsequent purification, and crystallization steps. Accordingly, the
development of solvent-free approaches has the potential to offer higher yields, ensure time
efficiency, minimize waste, and cultivate environmentally friendly processes for synthesizing

glycated amino acids.

2.3.3 Mechanochemistry in Synthesis of Glycated Amino Acids

While mechanochemistry has gained popularity in the scientific community, its application to
generate Maillard reaction mixtures remains limited. The first reported use of mechanochemistry
by ball-milling to produce Maillard reaction flavours from amino acids and sugars appeared in
patent literature (40). It demonstrated the ability of solid-state mechanical processing to form solid
flavour precursors into extremely well-pre-organized systems, allowing better control of flavour
generation and analysis. Subsequently, Xing and Yaylayan (42) employed high-energy ball milling
to investigate its role and the underlying mechanisms in aroma enhancement. Their findings
revealed that ball milling glucose with various amino acids generates mixtures rich in reactive

intermediates and hard-to-obtain intermediates like Schiff bases, ARPs, and HRPs, with minimal
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degradation through decarboxylation, dehydration, and retro-aldol reactions relative to non-milled
samples (42, 52). The amino acids side chain influenced the mixture's composition, with acidic
side chains favouring more Amadori products and basic side chains yielding more Schiff bases

(42, 52).

The formation of an ARP results from removing one molecule of water from N-glycosamine
(Schiff Base). According to Le Chatelier's principle, this water removal alters the reaction
equilibrium, leading to the accumulation of ARP or HRP (53). Low water content stabilizes the
early Maillard reaction and accelerates glycation by increasing reactant concentrations and
eliminating water's hindering effects, particularly in reactions that generate water as a by-product
(54, 55). Consequently, the solvent-free nature of mechanochemistry via ball milling emerges as a
promising approach to produce crucial precursors required for aroma and antioxidant generation -
specifically, Amadori products and Schiff bases - in high yields to study their further reactions.
This method allows for in-depth exploration of their complexity within the Maillard reaction, a
task that would otherwise demand extensive synthetic procedures or pose challenges in obtaining

commercial standards.

2.4 Glycated Amino Acids in Food

2.4.1 Glycated Amino Acids Occurrence in Food

Glycated amino acids (ARPs) have captured significant attention, prompting extensive studies
focusing on their analysis in various food products. Pioneering work by Ingles and Reynolds in
1958 highlighted the presence of ARPs in browned freeze-dried apricots, employing ion exchange
chromatography (56). Despite the complexity of the results, characterized by numerous
overlapping peaks, their research effectively confirmed the existence of ARPs in this context. Since
then, various ARPs have been successfully identified in various types of foods and beverages, such
as fruit and vegetable products (57), dairy products (58), and nuts (59). The composition and
content of glycated amino acids in different foods vary, and it is widely accepted that ARPs are
consumed in significant quantities as part of the human diet (97, 158) (60, 61). While recognized
for their antioxidant properties, potentially contributing to positive health effects in humans (62-
65), under certain conditions, ARPs can also metabolize into potentially toxic compounds (66).

Consequently, understanding the fate of ARPs during the thermal processing of food is crucial in

15



ensuring their presence in the human diet positively impacts overall health. Excessive glycation
can lead to the degradation of essential amino acids, reduced digestibility, enzyme inactivation,
hindered binding of regulatory molecules, and cross-linking of proteins (67). Diet is a significant
source of pro-inflammatory AGEs. AGEs derived from digested food also contribute to AGE-
related disorders (68), such as increased oxidative stress and inflammation, factors linked to
diabetes and cardiovascular disease (69). The quantity of AGEs in foods depends on the type of

protein, sugar, fat, and other components present.

2.4.2 The Role of Glycated Amino Acids in the Generation of Flavours, Aromas, and
Antioxidants

The flavour and aroma of food are some of the most important factors in captivating consumers
and optimizing food quality, and the MR plays a pivotal role in their creation. However, Maillard
reaction products are hindered by a substantial drawback — their susceptibility to degradation when
exposed to thermal treatments and storage conditions, which can lead to the loss of desirable
flavours (31, 70). Preserving flavour quality and preventing deterioration present substantial
challenges in food processing and storage, particularly when temperatures exceed room
temperature (31). Specifically, consumers strongly prefer the development of fresh flavours during
cooking or food consumption. To address these concerns, Maillard reaction intermediates,
specifically ARPs, have recently become a focal point of research, significantly contributing to
improving stability and flavour enhancement. ARPs, a flavourless intermediate, offer a significant
advantage of improved stability during storage and the ability to produce fresh and desirable
flavours simultaneously during thermal treatment (70). These characteristics make them promising
flavour enhancers and potential food additives. According to Luo et al. (70), adding ARPs as
seasoning is a promising way to extend shelf life for low water reactivity and storage under low or
room temperature. However, using ARPs in different food matrices still needs to be considered,

for example, in an acidic environment.

The complexity of food flavour arises from its intricate composition, involving a large number of
molecules. Determining this complexity is challenging, given that not every component
contributes equally to the overall perception, and various interactions can bind flavour compounds

(71). Some ARPs are important non-volatile taste active molecules. Recent research conducted by
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Wang et al. (72) has revealed that proline-glucose-ARP can enhance umami while also providing
a salty taste. The study utilized an electronic tongue and sensory evaluation to demonstrate that
the addition of just 0.4% of ARP can reduce salt intake by 20% without compromising the level of
saltiness (72). These promising results suggest that ARP has the potential for use in healthy food
products and seasonings, as it enables a reduction in the amount of sodium chloride and glutamate

to achieve a healthier level of salt intake.

While ARPs lack volatility and distinct aroma characteristics, their degradation products readily
generate numerous volatile aroma compounds during the MR. These compounds, usually
characterized by low molecular weight and relatively low olfactory thresholds, include aldehydes,
ketones, furans, pyrazines, thiophenes, thiazoles, oxazoles, and disulfides (27). Additionally, the
degradation of ARPs can result in the formation of deoxyosones, contributing to the production of
carbonyl compounds with varying chain lengths. Under the induction of carbonyls, amino acids
can undergo Strecker degradation with a-dicarbonyl compounds, leading to decarboxylation and
deamination to generate a-amino ketones, Strecker aldehydes, and carbon dioxide (73). These
dicarbonyls are integral to the Strecker degradation process, forming crucial flavour compounds
and initiating a cascade of reactions that leads to a diverse range of flavours (27). For example,
Hartmann and Schieberle (74) explored the role of ARPs as precursors of aroma-active Strecker
aldehydes in cocoa. Their research revealed that ARPs in unfermented cocoa are precursors of
cocoa odorants through the roasting process, leading to the generation of Strecker aldehydes like

3- or 2-methylbutanal, 3-(methylthio)propanal, and phenylacetaldehyde (74).

2.5 Enzymatic deglycation by fructosamine-3-kinase (FN3K)

Enzymatic deglycation, a pivotal process in mitigating the adverse effects of glycation, involves
the removal of sugar moieties from amino acids, proteins, and other biomolecules. Initially, non-
enzymatic glycation was thought to be entirely non-enzymatic and irreversible (75). However,
Szwergold et al. (76) discovered that the kinase fructosamine-3-kinases (FN3K) can act as a
deglycating enzyme, challenging the conventional belief of irreversibility in glycation reactions.
Subsequently, other enzymes, such as Amadoriases (77) and fructosamine-6-kinases (FN6K) (78),
have been identified as facilitators of deglycation. This discovery opens new therapeutic

interventions for combating the deleterious effects of diabetic complications.
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The significance of the glycation mechanism in cellular maintenance and aging mechanisms was
underscored by Emel’yanov (79), who highlighted the roles of glycation, antiglycation, and
deglycation in aging processes and potential geroprotective effects. Protective enzymes within
cells play crucial role in preventing glycation or repairing glycated proteins. Antiglycation
enzymes metabolize highly active carbonyl products to polyols or acids, constituting the first line
of defence against glycation. Whereas the second line of defence is represented by deglycation
enzymes (79). An alternative FN3K-independent deglycation system involving removal, by
transglycation, of sugar moieties from Schiff bases by a variety of biological nucleophiles,
including free amino acids, thiols, and peptides, was highlighted by Szwergold (75). The
effectiveness of these scavenging compounds depends on their nucleophilicity, which is a function
of the pKa’s of their primary or secondary amines. Building upon enzymatic deglycation, thermal
deglycation in the presence of free amino acids offers an alternative mechanism to mitigate

glycation-induced damage.
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Chapter 3. Methodology: Materials and Methods

3.1 Materials

D-glucose, L-histidine (98%), L-cysteine (97%), L-phenylalanine (>98%), and No-(tert-
Butoxycarbonyl)-L-lysine, No-Boc-L-lysine (>98 %) were obtained from Sigma-Aldrich
Chemical Co. (Oakville, ON, Canada). All other chemicals and reagents were of analytical grade
from Fisher Scientific. No further purification was conducted on any of the chemicals used in the

experiments.

3.2 Preparation of Glycated Amino Acids by Mechanochemical Reactions

Samples (50mg) consisting of selected amino acid and sugar mixtures in a 1:1 molar ratio were
mixed using a mortar and pestle to ensure homogeneity (~1 min) and then milled at ambient
temperature. All mechanochemical reactions were conducted in a stainless-steel grinding jar (10
mL) with 2 steel balls (10 mm in diameter) for inner friction. The jars were seated in the Retsch
Mixer Mill (MM 400, Newtown, PA, US) that performs radial oscillations in a horizontal position
without coolant (the external jar temperature was ~25 °C) at a frequency of 30 Hz for 30 mins.
Samples collected after milling were stored at —20°C for further analysis. Hydrothermal reactions
were performed on milled samples by heating the mixture in water (~1 mL) at 120 °C for 1.5 hrs
in sealed stainless-steel reactors. The mixture was then cooled to room temperature in the sealed
stainless-steel reactors before transferring to an open vial and heated for at 120 °C in a sand bath

for 0.5 h.

3.3 Preparation of Diglycated Amino Acids Using Mechanochemically Generated Glycated
Amino Acid and Sugar Mixture

Selected mechanochemically generated glycated amino acid and sugar mixtures were mixed in a
1:1 molar ratio using a mortar and pestle to ensure homogeneity (~1 min) and then milled at
ambient temperature. All mechanochemical reactions were conducted in a stainless-steel grinding
jar (10 mL) with 2 steel balls (10 mm in diameter) for inner friction. The jars were seated in the
Retsch Mixer Mill (MM 400, Newtown, PA, US) that performs radial oscillations in a horizontal
position without coolant (the external jar temperature was ~25 °C) at a frequency of 30 Hz for 30
mins. Samples collected after milling were stored at —20°C for further analysis. Hydrothermal

reactions were performed on milled samples by heating the mixture in distilled water (~1 mL) at
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120 °C for 1.5 hrs in sealed stainless-steel reactors. The mixture was then cooled to room
temperature in the sealed stainless-steel reactors before transferring to an open vial and heated for

at 120 °C in a sand bath for 0.5 h.

3.4 Preparation of Di-aminated Sugars by Mixing a Mechanochemically Generated Glycated
Amino Acid with a Second Amino Acid

Di-aminated sugar mixtures were prepared by mixing a select mechanochemically generated
glycated amino acid with a second amino acid in a 1:1 molar ratio using a mortar and pestle to
ensure homogeneity (~1 min) and then milled at ambient temperature. All mechanochemical
reactions were conducted in a stainless-steel grinding jar (10 mL) with 2 steel balls (10 mm in
diameter) for inner friction. The jars were seated in the Retsch Mixer Mill (MM 400, Newtown,
PA, US) that performs radial oscillations in a horizontal position without coolant (the external jar
temperature was ~25 °C) at a frequency of 30 Hz for 30 mins. Samples collected after milling were
stored at —20°C for further analysis. Hydrothermal reactions were performed on milled samples
by heating the mixture in distilled water (~1 mL) at 120 °C for 1.5 hrs in sealed stainless-steel
reactors. The mixture was then cooled to room temperature in the sealed stainless-steel reactors

before transferring to an open vial and heated at 120 °C in a sand bath for 0.5 h.

3.5 ATR-FTIR

FTIR spectra of the glycated amino acid samples were obtained using a Bruker Alpha-P FTIR
spectrometer (Bruker Optic GmbH, Ettlingen, Germany). The spectrometer is equipped with a
deuterated triglycine sulfate (DTGS) detector, a single-bounce diamond attenuated total
reflectance (ATR) crystal, and a pressure application device for solid samples. A total of 32 scans
at 4 cm™ resolution were co-added. A spectrum of the background from a cleaned ATR crystal was
obtained prior to the acquisition of a new set of spectra. The resulting data were recorded and

processed using Bruker OPUS software.

3.6 Electrospray Ionization/Quadrupole Time of Flight/Mass Spectrometry
(ESI/QqTOF/MS)
Samples were diluted (1 pL; 0.1 mg/mL) in 1:9 (v/v) water/methanol, and solutions were applied

to the detector via a syringe. The analysis was performed on a Bruker Maxis Impact quadrupole
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time-of-flight mass spectrometer (Bruker Daltonics, Bremen, Germany) operated in positive ion
mode. Instrument calibration was performed using sodium formate clusters. The electrospray
interphase settings were as follows: nebulizer pressure, 0.6 bar; drying gas, 4 L/min; temperature,
180 °C; and capillary voltage, 4500 V. The scan range was from m/z 50 to 1000. The data were
analyzed using Bruker Compass Data Analysis software (version 4.2, Bremen, Germany). Tandem
mass spectrometry (MS/MS) was carried out in MRM mode using various collision energy (eV)
for selected ions. Molecular formulae were assigned to all the observed peaks based on their exact
m/z values using the online software “ChemCalc” (Institute of Chemical Sciences and Engineering,

Lausanne, Switzerland).
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Chapter 4. Mechanochemical Synthesis of ARP/HRP and their MS/MS

Characterization Under Negative Ionization Mode

ARPs and HRPs mechanochemical synthesis, structural intricacies, and chemical transformations
were explored using Fourier transform infrared (FTIR) spectroscopy and advanced tandem mass
spectrometry (MS/MS) characterization under negative ionization mode. Mechanochemical
glycation, involving the milling of amino acids with reducing sugars, initiates the Maillard
reaction, leading to the formation of ARPs and HRPs. FTIR spectroscopy serves as a tool to
monitor these transformations by identifying characteristic infrared bands corresponding to
various functional groups indicative of glycation. While FTIR spectroscopy offers valuable
insights, integrating complementary analytical methods provides a comprehensive understanding
of the structural changes, hence the inclusion of MS/MS data analysis. Elucidating the
fragmentation patterns of ARPs and HRPs using MS/MS provides information into their
structural diversity and allows for discrimination between isomeric compounds, further
advancing our understanding of Maillard chemistry. The combination of FTIR spectroscopy and
MS/MS characterization provides a robust analytical approach for interpreting the intricacies of

mechanochemical synthesis and its role in the formation of ARP/HRP intermediates.

4.1. FTIR spectroscopy infrared band assignments

The effects of mechanochemical glycation were studied using FTIR spectroscopy, a prevalent
technique for analyzing the structural characteristics of protein-carbohydrate interactions (11, 12).
This technique offers valuable insight into the Maillard reaction by detecting chemical changes
observable within the FTIR spectra, primarily arising from the emergence of additional functional
groups such as the Amadori compound (CO) and Schiff base (C=N) (13). While attenuated total
reflectance (ATR)-FTIR provides valuable information, its standalone capability for offering
detailed structural information on Maillard reaction compounds is limited, often necessitating

additional analytical techniques such as MS/MS data analysis.

ATR-FTIR spectra of the ARPs of cysteine, histidine, and phenylalanine milled with glucose were
obtained under identical conditions described in the materials and methods section (see Figures
4.1 to 4.3). The presence of the carbonyl band in all spectra (1700 — 1600 cm!), mainly arising

from the C=O stretching vibration (27), served as a marker for understanding milling-induced
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changes. However, the imine of the isomeric Schiff base also has a vibration of v(-C=N) at 1660
cm’!; therefore, it is not possible to assign the vibrations of the new species with certainty. Broad
absorption bands in the 3000-3500 c¢cm™ range in all spectra were attributed to overlapping
absorption peaks of the O-H bond from the polyhydroxy structure of the Amadori products and
the N-H bond stretching vibration, derived from the dehydration condensation of the carbonyl
group and amino group on glucose. The strong absorption peaks in each model indicated successful
amino acid reactions with glucose. Furthermore, the his-ARP model is unique as the overlapping
absorption peak is also derived from the imidazole ring of histidine (26). Peaks around 2900 cm!
are observed in each spectrum arising from the stretching vibrations of the C-H group in glucose
and possibly also the N-H stretching vibrations of NH3" groups in the free amino acids present in
the model mixtures (14). Additionally, bands due to C-O stretching vibrations related to glucose
were observed at 1020, 1024, and 1023 cm! for the cys-ARP, his-ARP, and phe-ARP, respectively.

Shifts in the frequency of the absorption band arising from C=0 were observed after milling,
indicating chemical changes (see Figures 4.1 to 4.3). Notably, his-ARP exhibited a downward shift
(1631cm™ to 1583cm™), suggesting imine formation due to a high content of Schiff base relative
to ARP, aligning with Xing et al.’s (9) findings. Additionally, Wnorowski & Yaylayan (16) found
that the Schiff base of alanine was observed at 1647 cm™!, whereas the formation of the Amadori
product was observed at 1700 cm™!. In comparison, a shift to higher frequency was observed in
both the cys-ARP (1582 cm™! to 1620 cm!) and phe-ARP (1558 cm™! to 1603 cm™') model systems.
Ketone and aldehyde carbonyl groups typically exhibit strong absorption bands in the 1740 - 1710
cm’! region. The position of the absorption frequency provides valuable insights into the electronic
and steric effects resulting from the substituents attached to the carbonyl group, offering significant
information. Unique peaks were observed in each spectrum due to side-chain absorptions of the
amino acid present in the sample. For example, in the cys-ARP sample, the thiol signal (S-H) was
detected around 2550 cm!, consistent with the findings of Pawlukojc et al. (17). Due to the apolar
character of the side chain of phenylalanine, the side-chain absorptions are weak (18); thus, only
a weak band at 1495¢cm™! was detected in the spectrum, corresponding to a ring vibration of the
phenyl group (18, 24). In contrast, the ring vibration at 1583cm-1 was observed in the his-ARP
spectrum due to the imidazole moiety (24). When milled with glucose, the FTIR spectra of

cysteine, histidine, and phenylalanine exhibited characteristic bands indicative of successful
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glycation reactions. To further validate these findings, additional mass spectrometry measurements
were conducted, affirming the conclusions drawn from the FTIR observations. Table 4.1

summarizes the characteristic bands of the Amadori products.
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Figure 4.1 Superimposed FTIR spectrum of cysteine-glucose milled (blue) vs. not milled (green).

See Table 4.1 for band assignments.
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Figure 4.2 Superimposed FTIR spectrum of histidine-glucose milled (blue) vs. not milled (green).

See Table 4.1 for band assignments.
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Figure 4.3 Superimposed FTIR spectrum of phenylalanine-glucose milled (blue) vs. not milled

(green) See Table 4.1 for band assignments.
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Table 4.1 ATR-FTIR spectral data of Amadori compounds

Compound Assignment Band position in cm™! References
Cys-ARP v(OH) & v(NH) 3148 (21), (23), (26)
v(SH) 2554 (19)
Sas(NH3") 1620 (19)
Ss(NH3") 1501 (19)
S(CH2) 1391 (19)
v(CO) 1020 (23)
3(CO0") 536 (19)
His-ARP v(OH) & v(NH) 3117 (21), (23), (26)
v(CH) 2873 (21), (23)
v(CC ring) 1583 (22), (24)
v(CN) 1451 (22)
8<(CH3) 1399 (22)
v(CN) 1341 (22),
v(CO), v(CN) 1075 (23), (26)
v(CO) 1024 (23)
Phe-ARP v(OH) & v(NH) 3280 (21), (23), (26)
v(CH) 2895 (21), (23)
v(CC ring) 1603 (20)
v(CC ring) 1495 (20), (24)
Sas(CH3) 1400 (20)
8(CCH), §(OCH) 1334 (23)
v(CO) 1023 (23)
v(CC ring) 698 (20)

v = stretching vibration; 6 = in-plane bending vibration; 6as=antisymmetric in-plane bending
vibration; ds= symmetric in-plane bending

4.2 MS/MS characterization under negative ionization mode

Mass spectrometry (MS) is a qualitative analytical technique known for its high selectivity,
enabling the identification of various organic molecules based on their distinct mass-to-charge
(m/z) ratios and characteristic MS/MS fragmentation patterns (1). In the pursuit of comprehending
the intricacies of the Maillard reaction, MS serves as a valuable tool, offering rapid and highly
sensitive detection of both early and advanced glycation products in food and biological systems

(2-4). Furthermore, advanced tandem mass spectrometry (MS/MS) and MS? techniques
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significantly improve selectivity and aid in structural identification by fragmentating each ion
generated from the molecular ion (5). The fragmentation patterns of ARPs in MS/MS have been
extensively documented and comprehensively understood through analyzing analytical standards
and Maillard reaction model systems (6-8). However, there is a lack of MS/MS data to distinguish

Amadori from Heyns compounds, especially in negative ionization mode.

4.2.1 ARP & HRP characteristic fragmentation patterns under negative ionization mode

The chemical composition of ball-milled glucose and various amino acids, such as cysteine,
histidine, and phenylalanine, was explored using high-resolution mass spectrometry and MS/MS
analysis under negative ionization mode. Electrospray ionization (ESI) of mechanochemically
generated glycated amino acids yielded abundant [M-H] ions (Cys-ARP m/z 282; His-ARP m/z
316; Phe-ARP m/z 326), with minimal degradation products commonly observed under
hydrothermal reaction conditions. Furthermore, the elemental composition of the fragmentation
ions was consistent with the proposed structure of their corresponding Amadori or Heyns product.
Fragmentation ions of the deprotonated molecular ion [M-H] are summarized in Table 4.2, along

with the elemental composition of significant product ions provided in Table 4.3.
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Table 4.2 MS/MS spectral data of Amadori and Heyns compounds and their significant and

diagnostic ions.

#

Compound

Precursor ion
[M-H] (m/z)

CID voltage
(eV)

Conditions

Significant fragment ions
in MS/MS spectra [M-
X], m/z (rel. int.)

Cysteine
Amadori

[M-H] 282

10

Milled

282 (46.7), 204 (27), 162
(31.1), 119 (100), 114
(45.5)

12

Milled

282 (57), 238 (28.4), 204
(41.5), 162 (100), 119
(41.4), 114 (41)

12

Milled +
Heated

282 (86.6), 248 (26.1), 238
(34.9), 204 (53.3), 162
(100), 120 (52.2), 119
(51), 114 (38.8)

Cysteine
Heyn’s

[M-H] 282

Milled

282 (100), 238 (15.6), 204
(33.6), 192 (26.6), 174
(11.5), 126 (9.2), 114 (10)

10

Milled

282 (100), 238 (27), 204
(51.8), 192 (44), 174
(23.7), 126 (15.5), 114
(17.2)

Histidine
Amadori

[M-H] 316

12

Milled

316 (16.7), 196 (100), 154
(8.8)

12

Milled

316 (19.3), 226 (68.4), 196
(46.4), 154 (100)

12

Milled +
Heated

316 (17.7), 226 (72.5), 196
(5.8) 154 (100)

Histidine
Heyn’s

[M-H] 316

12

Milled

316 (25.1), 226 (12.5), 196
(100), 164 (17.9), 154
(27.9)

15

Milled

316 (10.3), 226 (22.4), 196
(100), 194 (14.8), 164
(35.4), 154 (49.2)

Phenylalanine
Amadori

[M-H] 326

12

Milled

326 (2.9), 236 (65.1), 164
(100)

12

Milled +
Heated

326 (6.5), 236 (58.7), 164
(100)
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Phenylalanine
Heyn’s

[M-H] 326

12 Milled 326 (5.3), 236 (5.6), 206
(100), 164 (15.7)
12 Milled + | 326 (8.4), 236 (7), 206
Heated (100), 164 (17)

Table 4.3 Elemental composition of significant product ions of glycated amino acids (ARPs &

HRPs) during MS/MS with cysteine, histidine, and phenylalanine.

Amadori Compounds

Heyns Compounds

# | mfz MF Error # | m/zg MF Error
(ppm) (ppm)
Cysteine Cysteine
1 | 282.0642 CoHi6NO7S | 3.89 1 | 282.0651 CoHisNO7S | 0.7
2 | 238.0727 CsHieNOsS | 11.62 2 | 238.0746 CsHisNOsS | 3.64
3 | 248.0765 CoH14NO7 4.33 3 | 204.0868 CsH14NOs 4.64
4 | 204.0866 CsH14NOs 5.62 4 1192.0323 CsH10NO4S | 6.78
5 |162.0222 CsHgNOsS 5.17 5| 174.0763 C7H12NO4 5.06
6 | 119.0348 C4H704 1.53 6 | 126.0558 CeHsNO2 2.00
7 | 114.0558 CsHsNO2 2.21 7 | 114.0556 CsHsNO2 3.96
Histidine Histidine
1 | 316.1139 Ci2Hi1sN3O7 | 3.55 1 |316.1148 Ci2H1sN3O7 | 0.71
2 | 272.1245 CuHisN3Os | 2.55 2 | 226.0828 CoHi12N3O4 | 2.34
3 | 226.0825 CoHi12N3O04 | 3.67 3 1196.073 CsH10N303 1.2
4 |196.072 CsH1oN3O3 | 3.90 4 1 164.0828 CgH10N3O 0.83
Phenylalanine Phenylalanine
1 |326.1255 CisH20NO7 | 2.99 1 |326.1214 Ci5H20NO7 1.37
2 | 236.0939 Ci2H1sNO4 | 4.53 2 | 236.0893 Ci12H14NO4 14.96
3 | 206.0804 CiiHi2NO3 9.06

The presence of a mixture of both Schiff bases and ARPs in a model sample can be attributed to

the dynamic nature of the Maillard reaction and the interplay of various factors influencing reaction
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kinetics and product formation. Schiff bases, the immediate precursors to ARPs, are generally
considered less stable due to their susceptibility to hydrolysis and other degradation pathways. The
stability of ARPs allows them to persist within the reaction mixture alongside Schiff bases, thereby
giving rise to a heterogeneous blend of intermediates. The relative abundance of Schiff bases and
ARPs can vary significantly depending on the specific conditions of the Maillard reaction,
including factors such as pH, temperature, moisture content, and the chemical composition of the
reactants. Xing et al. (9) provided an illustrative example of this variability, noting a prevalence of
Schiff bases over ARPs when conducting experiments involving the milling of basic amino acids
like histidine with glucose. Such observations underscore the nuanced interplay between the
properties of the amino acids and their interactions with the reducing sugars, ultimately influencing
the distribution of reaction intermediates. To differentiate between Schiff bases and ARPs within
the reaction mixture, one can identify the presence of specific diagnostic ions corresponding to
Schiff bases and ARPs through the analysis of mass spectral data obtained from
mechanochemically reacted products. Specifically, the presence of a diose attached to the amino
acid residue in the MS/MS spectrum serves as a diagnostic marker for Schiff bases, whereas a
triose fragment suggests the formation of Amadori compounds (9). The proposed mechanism of
MS/MS fragmentation of the molecular ion [M-H] ions of glycated cysteine, histidine, and

phenylalanine consistent with the proposed structures are shown in Figures 4.4 to 4.6.
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Figure 4.4 Proposed mechanism of MS/MS fragmentation of the molecular ion ([M-H], m/z 282)

of cysteine-ARP and cysteine-HRP, consistent with the proposed structures.
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Figure 4.5 Proposed mechanism of MS/MS fragmentation of the molecular ion ([M-H]", m/z 282)
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41



Proposed Structures

~ of m/z 326
(o]
[¢] (0]
0
N HN
\ Amadori Amadori OH (o)
Rearrangement Rearrangement
HO (6]
~
~

HO. \ HO.
\ OH OH

OH OH
HO HO

OH OH

OH OH

OH OH OH OH

Schiff Base Amadori Heyns

| |

0

o

m/z 206
m/z 236 OH
‘ m/z 236
O \ /
0
H,N 6

o

m/z 164 NH;

m/z 164

Figure 4.6 Proposed mechanism of MS/MS fragmentation of the molecular ion ([M-H], m/z 282)
of phenylalanine-ARP and phenylalanine-HRP, consistent with the proposed structures.

In the exploration of these intermediates, the formation of a 2-azaallyl anion generated through
decarboxylation was observed across cys-ARP (m/z 238), cys-HRP (m/z 238), and his-ARP (m/z
272) model systems. This phenomenon, elucidated by Xing et al. (9), serves as a diagnostic ion for
Schiff bases, indicating the presence or formation of these intermediates within the systems under
study. Furthermore, the MS/MS spectra revealed the presence of fragmentation ions representing

a triose attached to the amino acid moiety in cys-HRP, his-ARP, his-HRP, phe-ARP, and phe-HRP
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spectra. This fragment results from the retro aldolization of the C3-C4 sugar chain. Conversely,
another fragmentation ion representing a diose attached to the amino acid moiety was observed in
the cys-ARP, his-ARP, his-HRP, and phe-HRP spectra, resulting from the retro aldolization of the
C2-C3 sugar chain. Analysis of the mass spectral data generated under negative ionization mode
of the fragmented characteristic ion [M-H] of mechanochemically reacted glucose-histidine
indicated the diagnostic ion of Schiff base at m/z 226 and ARP at m/z 196. This comprehensive
characterization elucidates the coexistence of both intermediates within the reaction mixture,
providing valuable insights into the intricate dynamics of the Maillard reaction under

mechanochemical conditions.

Maillard reaction samples containing cysteine exhibit distinct behaviour characterized by reduced
browning compared to other amino acids. This uniqueness stems from the inhibitory effect of
cysteine on the Maillard reaction, attributed to the formation of 2-threityl-thiazolidine-4-
carboxylic acid (TTCA). TTCA is formed through the intramolecular cyclization of the Schiff
base, the dehydrated product of N-glucosyl cysteine (see Figure 4.7). The presence of TTCA limits
or prevents the formation of cysteine Amadori compounds and their subsequent degradation into
reactive o-dicarbonyls. Due to identical chemical compositions, MS techniques cannot
differentiate these compounds alone. For instance, in a comparative study, Zhai et al. (10) analyzed
the MS/MS spectra of purified cysteine-xylose ARP alongside its isomer TTCA, revealing
identical fragmentation patterns. However, a unique fragment ion was observed in the MS/MS
spectra of both cysteine Amadori and Heyns compounds. The fragment ion [M-H-SH-COO]" (m/z
204) signifies the formation of the cys-ARP (or cys-HRP) due to the specific decarboxylation and
desulfurization of glycated cysteine involved in the generation of the ion. Furthermore, the
additional retro-aldolization reaction of the C3-C4 sugar chain of the ion at m/z 204 results in the

formation of [M-H-SH-COO-C3HsO3] (m/z 114), aiding in the identification of cysteine ARP.
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Figure 4.7 Schematic diagram of the Maillard reaction intermediate isomeric compounds (Schiff

base, TTCA, and ARP) derived from cysteine-glucose systems

To mimic food conditions and observe degradation products, the mechanochemically generated
ARPs were dissolved in water and heated in a closed vial in an oven at 120°C for 1.5 hrs and then
heated in an open vial to evaporate some water at 120°C for 30 mins. The his-ARP and phe-ARP
models had similar MS/MS fragmentation patterns when comparing the milled samples to the

milled and heated samples (Table 4.2).

4.2.2 Comparison between ARP and HRP characteristic fragmentation patterns under
negative ionization mode

Analytical discrimination between early Maillard reaction (MR) intermediates, such as the
isomeric Schiff base, Amadori rearrangement product (ARP), and Heyns rearrangement product

(HRP), poses a significant challenge despite extensive exploration of ARP fragmentation patterns
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under both positive and negative ionization modes (6-8). While ARPs and HRPs share the same

molecular formula, their distinct structural characteristics result in unique fragmentation patterns

in MS/MS. To better understand the differences in the MS/MS spectra between ARPs and HRPs,

their structural characteristics and specific fragmentation patterns were compared in Figure 4.8.

0007 MS2(282.0695), 12.0eV, 1.8-1.8min #105-106 007 MS2(282.0651), 10.0eV, 3.3-3 3min #196-21
1 620022 2820651
6000 1 1 .
| Cys ARP 40001 Cys HRP
5000
1 v‘ 3000{
4000 {
1 2620633
| .
1 i 204.0868
30001
1 20004
119.0348 204.0863 1 192.0321
2000 asonzr 1 2380746
10001
1 114.0554
10004 ] {
ol L L l ol PO \J
100 150 200 250 300 350 400 450 s00 | mz 100 200 300 400 500 800 mz
fRT WSE316 1138], 12,08V, 1.3-LAmin #133-188)
1 1540617 LR WMS3(316.1148], 12.06V, 3.5-3 Smin 4205207
159 1
1 196.0730
1 . 8]
| His ARP X
1 226.0825 ! His HRP
1.09
] o
196.0720
o 3161138 24 1540622 16 Juas
*
2260828
| 272.1245 l I L 2541127 zsnlman
o 150 200 250 300 350 400 450 500 550 miz 100 150 200 250 300 350 400 450 500 miz
] MS2(326.1255), 12.06V, 2.6-2.6min #155-157] xio? MS52(326.1214), 12.0eV, 1.1-1.2min ¥EE-73)
5 4
206.0804
Phe ARP Phe HRP
& 164.0723
3
3
236.0939 2
2
1
' '} Y ¥
I 1261214
326.1255 LR -
* 131.0334 |
o, .
100 200 300 400 500 600 700 200 200 miz 200 300 400 500 600 miz

Figure 4.8 MS/MS fragmentation under ESI negative ionization mode of mechanochemically

generated ARPs and HRPs. All the mechanochemical mixtures were prepared by ball mill glucose

or fructose with the amino acid ata 1:1 M ratio for 30 min at 30 Hz. Diagnostic ions are identified

with arrows, where the red arrows indicate the precursor ion; light blue arrows indicate the

decarboxylated ARP or HRP; pink arrows indicate the amino acid with a triose; green arrows

indicate the amino acid with a diose; and orange arrows indicate the amino acid. Proposed

structures are based on elemental composition.
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The MS/MS fragmentation pattern of ARPs reported in the literature observed cleavage of the
sugar moiety between C1-C2 of the sugar, leaving a CH2 unit attached to the amino acid (15, 25).
However, the investigated conditions reported in the literature were in positive ionization mode.

In contrast, under negative ionization mode, the most abundant peak in the his-ARP and phe-ARP
models generated through B-elimination of the sugar moiety were the ions at m/z 154 and m/z 164,
respectively. Furthermore, as previously mentioned, Xing et al. (9) proposed a diagnostic ion of
ARPs to be a triose attached to the amino acid residue. The histidine and phenylalanine equivalents
were the next abundant ions in their ARP MS/MS spectra at m/z 226 and m/z 236, respectively.
The ions were present in the HRPs MS/MS spectra; however, they were present at significantly

lower relative abundances. Therefore, it is a good candidate as a diagnostic ion for ARP.

Despite its structural differences from the Amadori rearrangement product (ARP), the Heyns
rearrangement product (HRP) exhibits an MS/MS fragmentation pattern that is partially similar to
ARP, evident in the presence of dehydration peaks and partially similar to the Schiff base (25). For
example, its resemblance to the Schiff base was indicated by the detection of the ion at m/z 208
(CoH10N303") in the his-HRP MS/MS spectrum, although at a low relative intensity of 2%. It
incorporates intact histidine with three carbon unit originating from the sugar. This structure is
generated through retro-aldol cleavage of the Schiff base of fructose with histidine at the C3—C4
position. However, the base peak in the his-HRP MS/MS spectrum was observed to be the ion at
m/z 196, signifying its stability and, consequently, its tendency to accumulate relative to the other
fragments. It is generated through C2—C3 retro aldolization of the open form of the Heyns product.
Thus, its presence indicates the predominance of the open form of the Heyns product under MS/MS

analytical conditions.

The MS/MS fragmentation pattern of his-HRP was in accordance with those reported in the
literature (26). The ion fragments at m/z 298 and 254 were formed by [M-H] ion (m/z 316)
removing a molecule of water and decarboxylation (-COQ") in succession under ion bombardment.
The ion m/z 254 could continue to lose C2H4O2 and then CH20 sequentially to form m/z 194 and
m/z 164. Interestingly, Xing et al. (25) reported a characteristic fragment ion from MS/MS of
glycine-HRP at m/z 84 formed by the loss of a three-carbon sugar moiety, a water molecule, and a

carboxylic acid [M-H-C3HsO3-H20-COOH], which was absent from the MS/MS of its ARP and
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can be considered a diagnostic ion for HRPs. The histidine-HRP equivalent of this ion was
identified at m/z 164 (CsH10N30O"). This ion was not observed in the his-ARP spectrum, which
confirms its potential as a diagnostic ion for HRPs. The phenylalanine-HRP equivalent of this ion
was also observed in its spectrum at m/z 174 (C11H12NO"), although at a low relative intensity of
3.1%. Furthermore, the cysteine equivalent of this ion was also present in the model system of cys-
HRP at m/z 130 (CsHsNOS") at a relative intensity of 3.2%. The ions were not present in the ARP

spectra.

The molecular ions obtained from mechanochemically generated Amadori and Heyns products of
cysteine, histidine, and phenylalanine under ESI negative ionization mode generated some
consistent MS/MS fragmentation ions (see Figure 4.8). The histidine and phenylalanine glycated
models behaved similarly, whereas the cysteine glycated model exhibited distinct behaviour. In
both the his-HRP and phe-HRP models, ion corresponding to a diose attached to the amino acid
residue, was the most abundant peak. In the cys-HRP model, the molecular ion peak was the most
abundant. In contrast, the most abundant peaks for the his-ARP and phe-ARP models corresponded
to the amino acid peaks. In the cys-ARP model, the most abundant peak corresponded to the diose
attached to the amino acid residue (m/z 162); its complementary four-carbon sugar fragment at m/z
119 was also observed. Both ions were absent in the cys-HRP model spectra. As mentioned, the
base peak in the phe-HRP MS/MS spectrum was observed to be the ion at m/z 206, signifying its
stability and, consequently, its tendency to accumulate relative to the other fragments. It can be
generated through C2—C3 retroaldolization of the open form of the Heyns product. It is proposed

as a diagnostic ion for phe-HRP as it is also not present in the ARP spectrum.

The MS/MS fragmentation patterns of the various glycated amino acids helped confirm that the
corresponding ARPs and HRPs were generated in the reaction mixtures. While certain diagnostic
ions were produced through ESI negative ionization mode, their value resided in their notably
different relative intensities. The characteristic ions proposed are either uniquely present in a

sample or significantly differ in their relative abundances.
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Chapter 5. Reaction of Glycated Amino Acids with Free Sugars: Formation of
Diglycated Amino Acids

The formation and identification of diglycated amino acids through mechanochemistry coupled
with MS/MS analysis were explored. The results are elucidated through detailed MS/MS
analysis, focusing on the fragmentation patterns and diagnostic ions that distinguish between
different isomeric forms of diglycated amino acids. The combination of mechanochemical
synthesis and mass spectrometric analysis provides a robust system for studying these complex

molecules, revealing their formation mechanisms and structural intricacies.

5.1 Generation and Identification of Diglycated Amino Acids Using Mechanochemistry and
MS/MS

Amadori products derived from primary amines are known to react with a second reducing sugar
to form diglycated amino acids due to the nucleophilicity of the secondary amino groups.
Diglycated amino acids have been observed to undergo decomposition more readily in aqueous
conditions compared to monoglycated amino acids, producing reactive intermediates (4). This
phenomenon aligns with Xing and Yaylayan (1), who observed that under hydrothermal conditions
in water (50% w/v) at 120°C for one hour, the reaction mixture predominantly contained unreacted
sugar, with minimal amounts of monoglycated glycine and no indication of any diglycated adducts.
Mechanochemistry emerged as a valuable alternative, as reactions under ball-milling conditions
retain reactive intermediates due to shorter timescales, near-room temperature, and solvent-free
conditions. Solid-state reaction induced by ball-milling (30Hz/30mins) of an amino acid with
glucose leads to significant formation of monoglycated amino acids, as detailed in Chapter 4.
Furthermore, it was observed that the free sugar could react further during ball milling, although
at reduced levels, to produce diglycated amino acids (Figures 5.1 and 5.2). To increase the yield
of diglycated amino acids in a mixture, mechanochemically and thermochemically reacting free

glucose with the mechanochemically generated ARP was explored (see Figures 5.3 to 5.5).
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Figure 5.1 ESI (-ve) MS spectrum of ball milled (30mins/30Hz) histidine-glucose (1:1)
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Figure 5.2 MS and MS/MS spectra in negative ionization mode of (a) heated ball-milled cysteine-
glucose (1:1) and (b) diglycated cysteine at m/z 444. The reaction mixture was prepared at a 1:1
molar ratio and ball milled for 30 min at 30 Hz, followed by dissolution in H20. Subsequently, it
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was heated in a closed vial in an oven for 1.5 hours at 120°C and then for 30 minutes in an open

vial in a sand bath at 120°C.
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Figure 5.3 MS and MS/MS spectra in negative ionization mode of (a) ball-milled histidine-ARP
and free glucose (1:1) and (b) diglycated histidine at m/z 478. The reaction mixture was prepared

at a 1:1 molar ratio and ball-milled for 30 minutes at 30 Hz.
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Figure 5.4 MS and MS/MS spectra in negative ionization mode of (a) histidine-ARP

thermochemically reacted with free glucose (1:1) and (b) diglycated histidine at m/z 478. The

reaction mixture was prepared at a 1:1 molar ratio and dissolved in H20. Subsequently, it was

heated in a closed vial in an oven for 1.5 hours at 120°C and then for 30 minutes in an open vial in

a sand bath at 120°C.
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Figure 5.5 MS/MS spectrum in negative ionization mode of diglycated cysteine at m/z 444 formed
during the thermochemical reaction of cys-ARP with free glucose. The reaction mixture was
prepared at a 1:1 molar ratio and dissolved in H2O. Subsequently, it was heated in a closed vial in

an oven for 1.5 hours at 120°C and then for 30 minutes in an open vial in a sand bath at 120°C.

Maillard reaction mixtures generate diverse compounds, including numerous isomeric forms,
notably of glycated amino acids. Excluding stereoisomers, regioisomers, anomers, and various
conformations and open-chain structures, most amino acids can form two monoglycated (i.e.,
Schiff base and ARP) and three N, N-diglycated isomers (i.e., Schiff-Schiff, ARP-ARP, and ARP-
Schiff) (1). In solutions, these isomers can undergo tautomeric isomerization, leading to diverse
anomeric configurations, such as a- and B-furanoses and pyranoses, as well as unique spirobicyclic
structures where one carbohydrate unit exists in acyclic form (5). Mossine et al. (12) provided
comprehensive structural insights into N, N-difructosyl glycine in crystalline and aqueous states,
determining that the major tautomeric form features at least one sugar moiety in an open chain
conformation, accounting for its greater instability compared to mono-glycated glycine. The
isomeric compositions of diglycated amino acids can be elucidated by analyzing their MS/MS
fragmentation pattern, utilizing characteristic MS/MS fragmentations and diagnostic ions outlined
in Chapter 4 for ARPs and Schiff bases. Specifically, an amino acid moiety linked to two-carbon
atom residues from the sugar in the MS/MS spectrum serves as a diagnostic marker for Schiff
bases (6, 9). In contrast, an amino acid moiety linked to three-carbon atom residues from the sugar
suggests the formation of Amadori compounds (6, 9). These ions arise from either the sugar chain

cleavage at C2—C3 in the Schiff bases or at C3—C4 in the ARP. Thus, through structural insights
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and MS/MS fragmentation analysis, the presence and composition of diglycated amino acid

isomers generated within Maillard reaction mixtures, including Schiff-Schiff, ARP-ARP, and

ARP-Schiff, can be discerned, further enriching our understanding of the molecular intricacies

underlying Maillard reactions. Fragmentation of the deprotonated molecular ion [M-H] are

summarized in Table 5.1, alongside the elemental composition of significant product ions outlined

in Table 5.2.

Table 5.1 MS/MS spectral data of diglycated amino acids and their significant and diagnostic ions.

# | Compound | Precursor ion | CID Significant fragment ions
[M-H]" (m/z) | voltage in MS/MS spectra [M-X]-,
(eV) m/z (rel. int)

1 | Histidine [M-H] 478 20 478 (46.2), 434 (9.9), 388
ARP + Free (60), 358 (27.5), 316 (100),
Glucose 298 (56.5), 272 (13.7), 268

(68.5), 238 (12.8), 226
(85.5), 196 (44.2), 154 (72.9)

18 478 (62.2), 388 (46), 358
(5.1), 316 (100), 298 (31.7),
268 (14.4), 226 (73.3), 196
(7.1), 154 (48)

2 | Cysteine ARP | [M-H] 444 15 444 (37.7), 282 (15.5), 265
+ Free (100), 264 (14.7), 220 (8.3)
Glucose
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Table 5.2 Elemental composition of significant product ions of diglycated amino acids during

MS/MS in negative ionization mode with histidine and cysteine.

# m/z MF Error (ppm)
Histidine
1 478.166 Ci8H28N3012 3.86
2 434.1799 C17H28N3010 4.34
3 388.1344 CisH22N309 4.52
4 358.1286 C14H20N30s8 8.41
5 316.1138 Ci2H1sN307 3.87
6 298.1034 Ci12H16N30e6 3.55
7 272.128 C11Hi1sN3Os 10.31
8 268.0922 C11H14N30s 6.32
9 238.0849 Ci0H12N304 6.60
10 |226.0818 CoH12N304 6.77
11 | 196.0727 CsHi10N303 0.33
12 | 154.0613 CeHsN302 5.84
Cysteine
1 444.1163 CisH26NO12S 1.07
2 282.0645 CoH16NO7S 2.82
4 264.0526 CoH14NO6S 8.07
5 220.0636 CsH14NO4S 5.92

5.2 Characteristic MS/MS fragmentations of diglycated amino acids

The formation of diglycated histidine results in the detection of an ion [M-H] at m/z 478, with its
corresponding MS/MS fragmentation pathway illustrated in Figure 5.6. Notably, the ion observed
at m/z 316 represents the base peak in the diglycated histidine MS/MS spectra shown in Figures
5.3 and 5.4. This fragmentation corresponds to the loss of a sugar moiety through B-elimination,
which can occur in the ARP or Schiff base isomeric forms (Figure 5.6). Further analysis of the

mass spectral data indicated the presence of diagnostic ions of Schiff base at m/z 226 [CoH12N304]
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and of ARP at m/z 196 [CsH10N303], corresponding to the results reported by Xing et al. (9). The
difference between the diagnostic ions of the two isomers arises from the specific cleavage pattern
of the sugar chain in both structures. During the fragmentation of a diglycated amino acid, the
sugar moiety can undergo cleavage at various positions, contingent upon whether the molecule
exists in the Schiff base isomeric form or its ARP counterpart. This variation in cleavage positions
leads to unique diagnostic ions, allowing for the discrimination between the two isomeric forms.
According to findings by Xing et al. (10), in a diglycated amino acid model where both sugars are
in Schiff base form (Schift-Schiff), the diagnostic ion would correspond to a structure comprising
the intact amino acid with two sugar carbons attached to the amino group. The diglycated histidine
equivalent was observed at m/z 238 [CioH12N304] and was observed only under 20 eV
fragmentation. The diagnostic ion of the ARP-ARP diglycated histidine isomer, consisting of
histidine with two attached three-carbon chains, was observed at m/z 298 [C12H16N30s]. Whereas
the diagnostic ion consistent with the ARP-Schiff diglycated histidine isomer at m/z 268
[C11H14N30s5] corresponds to histidine decorated with three-carbon and two-carbon chains.
According to Xing et al. (6), the ion at m/z 358 [C14H20N30s] serves as a diagnostic ion for both
Schiftf-Schiff and ARP-Schiff isomers, which corresponds to a histidine moiety with an intact
glucose and a two-carbon chain attached to the amino group. Conversely, the ion at m/z 388
[C15sH22N3009] can be a diagnostic ion for both ARP-ARP and ARP-Schiff base, corresponding to
a histidine moiety with glucose and a three-carbon chain attached to the amino group. A 2-azaallyl
anion generated through decarboxylation was formed only under 20 eV fragmentation at m/z 434
[C17H28N3010], present at a relative intensity of 9.9. Xing et al. (9) suggested that this ion serves
as a diagnostic ion for Schiff bases, indicating the presence or formation of these intermediates

within the studied systems.

58



m/z 434

s
\_\\N miz 272
I]N—‘\
o 0 A
/YJ\(“N - Glucose
HOY a a
on oH OH
. ‘o /\H\T/k/rm
o i o on
ol
m/z 196
IIN—\\
U

-CO,
HO. HO.
OH
HO. HO.
OH
HOY HOY'
- Glucose / - G]ucose\ / - Glucose
Proposed Structure of m/z 478
Amadori Amadori
Rearrangement Rearangement
— E—

OH

Schiff base-Schiff base ARP-ARP
\1:0:’ b a; or V
IINﬂ‘\‘
\ : 0
a &b a; & bs
8] (8]
N
DC“V | OH
HOY
OH
N HO
HN —\N HN —R\N
\ o OoH \ o
on o m/z 388 o o
j [0} J\/ou
HO o
m/z 238 m/z 268 m/z 298

Figure 5.6 Proposed mechanism of MS/MS fragmentation of the molecular ion ([M-H], m/z 478)
of diglycated histidine, consistent with the proposed structure (see Table 5.1 for relative intensities

and Table 5.2 for elemental compositions).
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To emulate the Maillard reaction in food, the mechanochemically generated ARP was dissolved
in water with excess glucose and heated. The thermal reaction to generate diglycated products
generated more diglycated histidine than the mechanochemical reaction of his-ARP with excess
glucose. In the milled sample, the intensity count for the diglycated histidine (m/z 478) was 12,408,
compared to when his-ARP was heated with free glucose, which produced a diglycated histidine
with an intensity count of 46,793 for the same amount of starting material. Furthermore, no
significant degradation products were detected in either MS spectra of his-ARP

mechanochemically (Figure 5.3a) or thermochemically (Figure 5.4a) reacted with glucose.

The formation of diglycated cysteine results in the detection of an ion [M-H] at m/z 444,
accompanied by its respective MS/MS fragmentation pathways depicted in Figure 5.7. In the
analysis of monoglycated cysteine models discussed in Chapter 4, distinct behaviour was observed
in the MS/MS fragmentation pattern, which was also evident in the study of the diglycated cysteine
model. Sulphur compounds, particularly L-cysteine, exhibit a significant inhibitory effect on the
Maillard reaction (8). This inhibition arises due to the presence of the free thiol group in cysteine,
which has redox and nucleophilic characteristics owing to the large atomic radius of the sulphur
atom and the low dissociation energy of the thiol S-H bond (7). Hence, an additional isomer, known
as 2-threityl-thiazolidine-4-carboxylic acid (TTCA), can form through intramolecular cyclization
of the Schiff base. In the context of diglycated amino acids, the TTCA isomer emerges due to the
presence of a Schiff base, such as in the Schiff-Schiff or ARP-Schiff diglycated cysteine isomer.
This occurs because the aldehyde group on a sugar molecule is attacked by the mercapto group on
cysteine, forming a five-membered ring. Compared to ARPs, TTCA is generated from a Schiff

base during the Maillard reaction of cysteine due to its enhanced structural stability relative to ARP

(11).
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Figure 5.7 Proposed mechanism of MS/MS fragmentation of the molecular ion ([M-H], m/z 444)

of diglycated cysteine, consistent with the proposed structure.

Fewer fragment ions were observed in the MS/MS spectrum of the diglycated cysteine compared
to the diglycated histidine model, which may be due to the increased stability of the TTCA isomer.
The ion detected at m/z 282, can result from the loss of a sugar moiety through B-elimination.
Additionally, the diagnostic ion of the ARP-ARP diglycated cysteine isomer, consisting of cysteine
with two attached three-carbon chains, was observed at m/z 264 [CoH14NOeS]. Subsequently,
decarboxylation of the ion at m/z 264 led to the formation of the ion at m/z 220 [CsH14NO4S]. Xing
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et al. (9) revealed that the ratio of the Schiff bases to Amadori compounds is dependent on the
nature of the side chain of the amino acid, where amino acids with basic side chains generate more
Schiff bases, whereas those with acidic side chains produce more ARPs. Given that cysteine is an
acidic amino acid, the findings from our MS/MS fragmentation analysis align with Xing et al.’s
(9) findings. Notably, in the MS/MS fragmentation of diglycated cysteine, the sole fragmentation
ion observed was the diagnostic ion of the ARP-ARP isomer (m/z 264), further corroborating the

prevalence of this isomer in the reaction mixture.

5.3 Proposed mechanism of formation of diglycated amino acids

The study of diglycated amino acids in the Maillard reaction has attracted some attention, yet it
remains relatively underexplored compared to the monoglycated counterparts. The disparity in
research focus can be attributed to the transient nature of N, N-diglycated amino acids within the
Maillard reaction, primarily due to the prevalence of open ring forms in their sugar moieties.
Studies employing NMR and X-ray diffraction (12) have shown that in diglycated amino acids, at
least one sugar moiety predominantly exists in the acyclic form. Notably, this acyclic configuration

serves as the primary reactive intermediate in the oxidation and dehydration reactions of ARPs

(13).
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Figure 5.8 Proposed mechanism of formation of diglycated amino acids

The formation of diglycated amino acids in the reaction is facilitated by the nucleophilic properties
of ARPs. Specifically, the secondary amino group of an ARP can further react with another
reducing sugar and form a disubstituted ARP (Figure 5.8) (14, 15). Current research suggests that
the resulting diglycated amino acid (a disubstituted ARP) can contain significant amounts of

acyclic forms in solution, explaining their high reactivity (14). Additionally, with increasing
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temperature, the mutarotation rates and the concentration of acyclic forms are expected to rise (3).
Further insights on reversible enolization and superoxide generation have revealed that diglycated
amino acids can readily degrade, forming superoxide much more rapidly than monosubstituted
compounds (14). Although the conversion of diglucosyl derivatives into brown pigments is more
difficult because of the absence of a secondary amine group, the relatively low reactivity is
compensated by an increased browning rate induced by caramelization of glucose, catalyzed by
ammonium ions present from the ARP (16). The adjacent sugar moieties on a single nitrogen atom
(N, N-diglycated amino acids) form significant heterocyclic moieties in both solution and the solid

state (13).

63



5.4 References

1.

10.

Xing, H.; Yaylayan, V. Insight into Isomeric Diversity of Glycated Amino Acids in
Maillard Reaction Mixtures. Int. J. Mol. Sci. 2020, 23(7), 3430. DOI:
10.3390/ijms23073430

Yaylayan, V.; Forage, N. A Kinetic Model for the Reaction of Tryptophan with Glucose
and Mannose—The Role of Diglycation in the Maillard Reaction. Food Chem. 1992,
44(3),201-208. DOI: 10.1016/0308-8146(92)90188-8

Pigman, W.; Isbell, H. S. Mutarotation of Sugars in Solution: Part I: History, Basic
Kinetics, and Composition of Sugar Solutions. Adv. Carbohydr. Chem. 1968, 23, 11-57.
Gottschalk, A. Glycoproteins, Vol. 5b, 2nd ed.; Elsevier: Amsterdam, 1972; pp 141-157.
Xing, H.; Mossine, V. V.; Yaylayan, V. Mechanochemical Generation of N, N-Diglycated
Glycine and MS/MS characterization of its Isomeric Composition. Food Chem. 2022,
397,133757. DOI: 10.1016/j.foodchem.2022.133757

Xing, H.; Mossine, V. V.; Yaylayan, V. Diagnostic MS/MS fragmentation patterns for the
Discrimination Between Schiff bases and their Amadori or Heyns Rearrangement
Products. Carbohydrate Research 2020, 491, 107985. DOL:
10.1016/j.carres.2020.107985

Bak, D. W.; Bechtel, T. J.; Falco, J. A.; Weerapana, E. Cysteine Reactivity Across the
Sub-Cellular Universe. Curr. Opin. Chem. Biol. 2019, 48, 96. DOI:
10.1016/j.cbpa.2018.11.002

Cui, H.; Jia, C.; Hayat, K.; Yu, J.; Deng, S.; Karangwa, E.; Zhang, X. Controlled
Formation of Flavor Compounds by Preparation and Application of Maillard Reaction
Intermediate (MRI) Derived from Xylose and Phenylalanine. RSC Adv. 2017, 7(72),
45442-45451.

Xing, H.; Yaylayan, V. Mechanochemical Generation of Schiftf Bases and Amadori
Products and Utilization of Diagnostic MS/MS Fragmentation Patterns in Negative
Ionization Mode for their Analysis. Carbohydr. Res. 2020, 495, 108091. DOI:
10.1016/j.carres.2020.108091

Xing, H.; Mossine, V. V.; Yaylayan, V. Identification of MS/MS Diagnostic lons to
Distinguish Schiff Bases of Na- or Ne-Mono-Glycated and Na, Ne-Di-Glycated Lysines
from their Amadori Isomers. Eur. Food Res. Technol. 2022, 248(11), 2753-2763.

64



11.

12.

13.

14.

15.

16.

Zhai, Y.; Cui, H.; Hayat, K.; Hussain, S.; Tahir, M. U.; Deng, S.; Ho, C. T.
Transformation between 2-Threityl-Thiazolidine-4-Carboxylic Acid and Xylose—Cysteine
Amadori Rearrangement Product Regulated by pH Adjustment During High-Temperature
Instantaneous Dehydration. J. Agric. Food Chem. 2020, 68(39), 10884-10892.

Mossine, V. V.; Glinsky, G. V.; Barnes, C. L.; Feather, M. S. Crystal Structure of an
Amadori Compound, N-(1-Deoxy-B-d-Fructopyranos-1-yl)-Glycine (“D-Fructose-
Glycine”). Carbohydr. Res. 1995, 266(1), 5-14. DOI: 10.1016/0008-6215(94)00256-F
Feather, M. S.; Mossine, V. V. Correlations between Structure and Reactivity of Amadori
Compounds: The Reactivity of Acyclic Forms. In The Maillard Reaction in Foods and
Medicine; Woodhead Publishing: 2005; pp. 37-42.

Cui, H.; Yu, J.; Zhai, Y.; Feng, L.; Chen, P.; Hayat, K.; Xu, Y.; Zhang, X.; Ho, C.
Formation and Fate of Amadori Rearrangement Products in Maillard Reaction. Trends
Food Sci. Technol. 2021, 115, 391-408. DOI: 10.1016/j.tifs.2021.06.055

Yaylayan, V. A.; Huyghues-Despointes, A.; Feather, M.S. Chemistry of Amadori
Rearrangement Products: Analysis, Synthesis, Kinetics, Reactions, and Spectroscopic
Properties, Crit. Rev. Food Sci. Nutr. 1994, 34(4), 321-369, DOI:
10.1080/10408399409527667

Pokorny, J.; Pilkova, L.; Davidek, J.; Valentova, H. Effect of Amadori Rearrangement
Products on the Non-Enzymic Browning in Model Systems. Food/Nahrung 1988, 32(8),
767-776.

65



Chapter 6. Reaction of glycated amino acids with free amino acids: formation

of diamino acid sugar derivatives.

In the thermal processing of food, the abundance of sugars and amino acids compared to the initial
Maillard reaction intermediates, including Schiff bases, Amadori, and Heyns products, suggests a
high likelihood of their interaction, leading to the creation of new precursors for flavour-active
compounds. However, current literature lacks a comprehensive examination of this phenomenon.
Chapter 6 aims to fill this gap by investigating the formation of diamino acid sugar derivatives

through interactions between glycated amino acids and free amino acids.

6.1 Reactivity of glycated amino acids with free amino acids to demonstrate the formation of
di-aminated sugar derivatives.

The reaction between glycated amino acids and excess sugars can produce N, N-diglycated amino
acid derivatives, as evidenced in Chapter 5. Similarly, interactions between ARPs and amino acids
can form di-aminated sugar derivatives. Amino acids, characterized by their polyfunctional nature,
exhibit remarkable chemical reactivity, particularly towards carbonyl compounds (8). The
formation of di-aminated sugar derivatives, as initially reported by Westphal and Kroh (10),
involves the amino group of the exogenous amino acid reacting with the carbonyl group of the
ARP. Subsequent investigations by Cremer et al. (9) revealed the formation of two Strecker
aldehydes from the respective amino acids in low-moisture model systems, a process that bypasses

the need for a dehydration step.

The involvement of exogenous amino acids has been proven to have many different benefits to the
Maillard reaction. For example, Zhou et al. (3) discovered that exogenous alanine inhibits the
generation of 2-furfural during the thermal degradation of the alanine-xylose ARP. Given that
elevated concentrations of 2-furfural may pose health risks, encompassing hepatotoxic,
neurotoxic, nephrotoxic, cytotoxic, and genotoxic effects (4), the inhibition of its formation
through the addition of exogenous alanine presents a potential strategy for mitigating these adverse
health effects while enhancing the quality and safety of food products subjected to thermal
processing. Recent studies have also explored the use of exogenous amino acids and peptides,
demonstrating their potential to promote pyrazine formation. The simultaneous promotion of

furans and pyrazines, facilitating a balanced formation of flavour compounds, was observed in
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models of glycyl-L-glutamine-glucose ARP (11), glutathione-ribose ARP (14), glutamic acid—
galactose ARP (14), L-alanyl-1-glutamine-glucose ARP (15), and glutamic acid-xylose ARPs (16).
To explore the mechanism by which the addition of amino acids/peptides facilitates pyrazine
generation in ARP models, Chen et al. (12) investigated the role of exogenous threonine in
promoting the generation of pyrazines in the threonine-glucose ARP model using isotope labelling
techniques. The study revealed that exogenous threonine increased total threonine content and
directly participated in Strecker degradation, forming pyrazines and an unstable adduct that
releases endogenous threonine, generating Thr-HRP (12). This aligns with the proposal by
Yaylayan and Huyghues-Despointes (2), suggesting the interconversion between Schiff bases of
Amadori and Heyns products through a second amino acid molecule reacting with the ARPs in the
equilibrium reaction. The dynamic interconversion between Schiff bases of ARPs and HRPs in di-
aminated sugars with amino acids or proteins presents an opportunity for non-enzymatic
deglycation of amino acids, particularly proteins, during food processing. This process aims to
mitigate the detrimental effects of glycation and preserve functionality. The formation of the Schiff
base is a critical stage in deglycation, facilitated by water through hydrolysis or by transglycation
with other amino acids or nucleophiles (22, 23). However, the irreversible nature of ARPs once
they form requires enzymatic intervention for deglycation, such as through the enzymes
Amadoriases, fructosamine-3-kinases, and fructosamine-6-kinases (24). Notably, a thermal
equivalent for deglycation has yet to be proposed until now. In thermal processing, due to the
irreversibility of the Amadori rearrangement, the reaction of an ARP with a second amino acid at
the C-2 atom provides an opportunity to regenerate the Schiff base at the C-1 atom, followed by
hydrolysis. The interconversion of ARPs and HRPs is a complex and dynamic process that
influences both flavour formation and deglycation in food systems, with implications for food

quality and human health.

Understanding the interaction between ARPs and free amino acids is pivotal in elucidating the
intricate pathways within the Maillard reaction in various biological systems, such as food
processing and in vivo conditions. The interplay between Schiff bases from Amadori and Heyns
products holds significant potential for non-enzymatic deglycation in food processing, aiming to

mitigate glycation's adverse effects while preserving functionality. This chapter provides evidence
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that adding free amino acids to selected Amadori products, including Ne-t-BOC-lysine, can de-

glycate the Amadori compound or the associated protein.

6.2 Decomposition of di-aminated sugar derivatives: ARP to HRP interconversion

Excess amino acids are proposed to react with the carbonyl group of Amadori products to form di-
aminated sugar derivatives, which can promote interconversion between Schift bases of Amadori
and Heyns products through the equilibrium reaction shown in Figure 6.1. To study the
interconversion mechanism, excess amino acids were mechanochemically or thermochemically
reacted with ARPs and the MS/MS spectra of the resulting ARP and HRP in the mixture were
compared to their corresponding glycated amino acid standards established in Chapter 3 (refer to
Figure 6.2). By comparing the ARP and HRP characteristic fragmentation patterns under negative
1onization mode derived from different amino acids, it can be discerned which isomer was formed.
The ARP MS/MS spectra is expected to correspond to the starting unreacted ARPs, and the HRP
MS/MS spectra is expected to correspond to the newly formed amino acid-HRP. Due to the
different reactivities of amino acids, various model systems were studied. In addition,
mechanochemistry, by ball milling of amino acids and reducing sugars, is expected to generate

isomeric mixtures of the glycated amino acids (21).
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Figure 6.2 MS/MS fragmentation under ESI negative mode of mechanochemically generated
ARPs and HRPs. All the mechanochemical mixtures were prepared by ball mill glucose or fructose
with the amino acid ata 1:1 M ratio for 30 min at 30 Hz. Diagnostic ions are identified with arrows,
where the red arrows indicate the precursor ion; light blue arrows indicate the decarboxylated ARP
or HRP; pink arrows indicate the amino acid with a triose; green arrows indicate the amino acid
with a diose; and orange arrows indicate the amino acid. Proposed structures are based on

elemental composition.

6.2.1 Confirmation of deglycation by comparison of the MS/MS fragmentation patterns
under negative ionization mode with controls

The deglycation was confirmed by comparing the MS/MS fragmentation patterns of the newly
formed glycated amino acids as Heyns compounds observed in various models under negative
ionization mode with standards, which provided critical insights into the chemical transformations

within the Maillard reaction pathway. In the first model, where cys-ARP was milled with excess
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histidine in a 1:1 ratio (Figure 6.3), it was expected to detect unreacted cys-ARP (m/z 282) and
newly formed His-HRP (m/z 316) according to Figure 6.1. Comparison of the MS/MS spectra
revealed that the base peak at m/z 282 was unreacted cys-ARP, with minimal unreacted histidine
(m/z 154) remaining, confirming either a reaction has occurred with histidine or histidine was
degraded. However, the MS/MS spectrum of m/z 316 was aligned with the standard his-HRP
MS/MS spectrum, exhibiting a base peak at m/z 196, supported by literature reports (20), indicating
reactions of histidine with the Amadori compound. In addition, the absence of free fructose in the
reaction mixture can provide further evidence that histidine reacted with the cys-ARP, triggering
interconversion into his-HRP (see Figure 6.1). The ion m/z 196 corresponds to a diose attached to
the amino acid residue, characteristic of Schiff bases (21), indicating the formation of a mixture of
his-HRP and its isomeric Schiff base in the model system. Similarly, analysis of the MS/MS spectra
of m/z 282 revealed the presence of the ion at m/z 162, indicative of a Schiff base, thus affirming
the coexistence of cys-ARP and its isomeric Schiff base in the model. Furthermore, the observation
of the complementary four-carbon sugar fragment at m/z 119 affirms the molecule at m/z 282 as
cys-ARP, as it was only observed in the standard cys-ARP MS/MS as seen in Chapter 4. The
identification of unreacted cys-ARP alongside the presence of his-HRP, aligned with standard
MS/MS spectra, underlines the conversion of cys-ARP into his-HRP.
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Figure 6.3 MS and MS/MS spectra of cysteine-ARP milled with free histidine (1:1). (a) MS
spectrum of ball-milled cysteine-ARP + free histidine; (b) MS/MS spectrum of m/z 282 (cysteine-
ARP); and (c) MS/MS spectrum of m/z 316 (histidine-HRP).

The analysis of the model his-ARP milled with free phenylalanine revealed a newly formed phe-
HRP observed at m/z 326 in the MS spectra depicted in Figure 6.4. Building upon insight from
Chapter 4, which proposes diagnostic ions for glycated amino acid isomers, the presence of the
ion m/z 206 in the MS/MS spectra of the newly formed phe-HRP was proposed as a diagnostic ion
for phe-HRP. The ion is generated through C2—C3 retroaldolization of the open form of the HRP,
a phenomenon not observed in the standard phe-ARP model. However, the significant peak at m/z
164 in the MS spectrum of Figure 6.4, indicating the abundance of free phenylalanine, suggested
that a considerable amount remained unreacted, potentially due to steric hindrance posed by the
benzene ring of phenylalanine. Furthermore, the MS/MS spectra of unreacted his-ARP indicated

the presence of its isomeric Schiff base, as evidenced by the ions observed at m/z 196 and m/z 272
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(21). Whereas the presence and relative intensity of the ion at m/z 226 were indicative of unreacted
his-ARP. This ion was proposed as a diagnostic ion for his-ARP due to its significantly lower
relative abundance in his-HRP models. The interconversion reaction of his-ARP with
phenylalanine revealed the formation of phe-HRP, supported by diagnostic ions identified in
Chapter 4.
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Figure 6.4 MS and MS/MS spectra of histidine-ARP milled with free phenylalanine (1:1). (a) MS
spectrum of ball-milled histidine-ARP + free phenylalanine; (b) MS/MS spectrum of m/z 316
(histidine-ARP); and (¢) MS/MS spectrum of m/z 326 (phenylalanine-HRP).
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Interestingly, in the model system of his-ARP milled with free cysteine (Figure 6.5), the most
abundant peak in the MS spectrum corresponded to cys-HRP at m/z 282, while the initial his-ARP
peak at m/z 316 was relatively low. This observation strongly suggests a significant conversion of

his-ARP into cys-HRP, thus affirming the interconversion process. Comparison of the formed cys-
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HRP with the standard cys-HRP MS/MS spectra revealed a shared base peak at m/z 282.
Additionally, the presence and relative intensity of the ions at m/z 162 and m/z 238 in the newly
formed cys-HRP MS/MS spectrum indicates that HRP also exists in its isomeric Schiff base form,
as proposed in Chapter 4 as Schiff base diagnostic ions. Meanwhile, ions at m/z 204 and m/z 114
further confirm the formation of cys-HRP. In contrast, the unreacted his-ARP MS/MS spectrum
align completely with the standard his-ARP MS/MS (see Figure 6.2). The conversion of his-ARP
to cys-HRP by adding exogenous cysteine was elucidated through the comparison of the MS/MS
spectra to their corresponding standards, providing evidence of the transformation within the

Maillard reaction pathway.
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Figure 6.5 MS and MS/MS spectra of histidine-ARP milled with free cysteine (1:1). (a) MS
spectrum of ball-milled histidine-ARP + free cysteine; (b) MS/MS spectrum of m/z 282 (cysteine-
HRP); and (c) MS/MS spectrum of m/z 316 (histidine-ARP).
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The investigation into the MS spectra of the Maillard reaction model of phe-ARP heated with free
cysteine (Figure 6.6) provides valuable insights into the reaction dynamics during thermal
processing. Minimal or no traces of glucose (m/z 179), phenylalanine (m/z 164), and cysteine (m/z
120) were observed in the MS spectra of phe-ARP heated with free cysteine in Figure 6.6,
indicating complete participation or degradation of all reactants during the thermal process.
In the Maillard reaction, phe-ARP can undergo interconversion with free cysteine, leading to the
formation of cys-HRP. This process involves the condensation of phe-ARP with cysteine to form
cys-HRP, accompanied by the release of water. Consequently, the phe-ARP precursor is consumed
or degraded, and its presence is less detectable in the MS spectrum at m/z 326 (relative intensity:
1.7 in Figure 6.6). Similarly, the very low intensity observed for the ion at m/z 282 (cys-HRP
relative intensity: 2.2) suggests its fast degradation under thermal conditions. Notably, the MS/MS
spectrum of formed cys-HRP mirrored the standard cys-HRP MS/MS spectrum as illustrated in
Figure 6.2, with a base peak of m/z 282. Additionally, the presence of the ion at m/z 162 in the
formed cys-HRP MS/MS spectrum indicates the presence of isomeric Schiff base, as elucidated in
Chapter 4. Furthermore, the MS/MS spectrum of unreacted phe-ARP shown in Figure 6.6 is
aligned precisely with the standard phe-ARP MS/MS spectrum depicted in Figure 6.2, not only in
the presence of specific fragmentation ions but also in their relative intensities. The congruence
underscores the relative stability of phe-ARP under thermal conditions. Therefore, the
interconversion mechanism can persist under thermal conditions when phenylalanine-ARP reacts

with free cysteine, leading to the formation of cys-HRP.
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Figure 6.6 MS and MS/MS spectra of phenylalanine-ARP heated with free cysteine (1:1). (a) MS

spectrum of ball-milled phenylalanine-ARP + free cysteine; (b) MS/MS spectrum of m/z 282
(cysteine-HRP); and (¢) MS/MS spectrum of m/z 326 (phenylalanine-ARP).

In models containing free cysteine, originating from cys-ARP or introduced in excess to the

system, the coloration of the reaction mixtures was notably lighter, suggesting that cysteine

interferes with the ARP degradation pathway. This observation is consistent with findings by Zhu

et al. (18), who noted decreased fluorescence and UV-VIS absorption intensities in MRPs upon

adding exogenous L-cysteine. Huang et al. (17) further elucidated that I-cysteine can follow two

pathways upon addition to a reaction mixture: first, interacting with reducing sugars as free amine
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group providers, and second, interacting with the ARP generated during the Maillard reaction.
When L-cysteine reacts with reducing sugars, it can form the relatively stable cyclic 2-threityl-
thiazolidine-4- carboxylic acids (TTCA), which, upon heating, can reversibly convert to the ARP
product of cysteine, potentially acid-catalyzed by other amino acids. The observed colour-
inhibiting effect of I-cysteine is primarily attributed to its interaction with Amadori compounds
(17), aligning with the reaction mechanism proposed by Cremer et al. (9) between an ARP and free
amino acid seen in Figure 6.7. Cysteine has a multifaceted role in the formation and transformation
of Maillard reaction products, as evidenced by its interference with the degradation of ARPs and

the formation of Maillard reaction products.
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Figure 6.7 Proposed alternative reaction mechanisms of the formation of Strecker aldehydes from

diamino acid sugars adapted from Cremer et al. (9). R = amino acid side chain group

6.3 Characteristic MS/MS fragmentations of diamino acid sugar derivatives
Characteristic MS/MS fragmentations of di-aminated sugar derivatives provide valuable insights

into their structural elucidation and identification. Table 6.1 provides a comprehensive overview
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of their MS/MS spectral data, including their significant and diagnostic ions. In Figures 6.3 to 6.6,
reactions between ARPs and amino acids (1:1) are depicted, revealing that, as predicted, di-
aminated sugar intermediates were present in very low yields or were absent due to their reactivity.
To enhance their observation, the reactant ratio between ARPs and amino acids were adjusted to
1:2. Figures 6.8, 6.9, and 6.11 show the reaction between ARPs and amino acids adjusted to a 1:2
ratio. The elemental composition of the fragmentation ions aligned with the proposed structures of
the di-aminated sugar derivatives, as summarized in Table 6.2. Similar to the ARP models
described in Chapter 4, the mixture of Schiff bases and ARPs in a di-aminated sugar model sample
reflects the dynamic nature of the Maillard reaction and the interplay of various factors influencing
reaction kinetics and product formation. This is observed in the di-aminated sugar proceeding
through imine intermediates, eventually forming a Heyns product by releasing the initial amino

acid after hydrolysis.

Table 6.1 MS/MS spectral data of di-aminated sugars and their significant and diagnostic ions.

#

Model

Precursor
ion [M-HJ
(m/7)

CID voltage
(eV)

Conditions
(compound
ratio)

Significant fragment ions
in MS/MS spectra [M-
X], m/z (rel. int.)

His-ARP +
Free Cys

[M-H] 419

12

Heated (1:1)

419 (100), 375 (9.1), 341
(54.9), 329 (27.4), 299
(16.2), 264 (63.9), 251
(9.9), 221 (15.7), 220
(8.1), 189 (8.4), 186
(12.7), 174 (14.2), 154
(75)

15

Milled (1:2)

419 (32.1), 375 (22.3), 341
(40.5), 299 (36.3), 264
(36.3), 221 (20.2), 220
(19.7), 186 (31.2), 154
(100)

12

Milled +
Heated (1:2)

419 (37), 264 (58.1), 154
(100)

T-Boc-Lys-
ARP + Free
Cys

[M-H] 510

25

Milled (1:2)

510 (21.9), 436 (17.3), 432
(84.4), 420 (15.9), 358
(51.3), 264 (36.2), 245
(41.9), 238 (23.6), 220
(20.4), 186 (59), 171 (100)
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Table 6.2 Elemental composition of characteristic ions of di-aminated sugar derivatives during
MS/MS in negative ionization mode with histidine and cysteine.

# m/z MF Error (ppm)

Histidine-Cysteine

1 419.1222 Ci5sH23N4OsS 4.79
2 375.1311 C14H23N4O6S 8.74
3 341.1442 C14H21N4Oe6 7.21
4 299.08 Ci1iH1sN4O4S 6.52
5 264.0522 CoH14NO6S 9.59
6 251.1145 Ci11H15N403 1.85
7 221.1034 Ci0H13N4O2 4.52
8 220.0628 CsH14NO4S 9.55
9 186.0765 CsH12NO4 3.66
10 | 174.0221 CcHsNOsS 5.39
11 | 154.0618 CeHsN302 2.60

T-Boc-Lysine-Cysteine

1 510.2107 C20H36N3010S 3.90
2 436.1392 Ci6H26N309S 0.74
3 432.2348 Ci9H34N30s8 0.78
4 420.1779 Ci17H30N307S 7.37
5 358.1612 Ci5sH24N307 2.16
6 264.0541 CoH14NO6S 2.39
7 245.1489 C11H21N204 7.26
8 238.1178 CiiH16N303 8.04
9 220.0624 CsH14NO4S 11.37
10 | 186.0766 CsH12NO4 3.12
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The reaction of his-ARP and excess cysteine, shown in Figure 6.8, involved the
mechanochemically generated his-ARP being milled with two moles of cysteine, carried out in
two one-mole increments. The increased reaction ratio of cysteine enhanced the intensity of its
related di-aminated sugar ion observed at m/z 419 with an intensity count of 9230. In contrast, the
1:1 reaction of his-ARP milled with cysteine did not show the related di-aminated sugar in the MS
spectrum. When the same model of his-ARP and excess cysteine at a 1:2 ratio was heated, the
intensity of the ion was reduced, as seen in Figure 6.9. Nevertheless, the successful formation and
subsequent analysis of the histidine-cysteine di-aminated sugar derivative elucidates an important
mechanistic pathway involved in the Maillard reaction. The detection of an ion [M-H]" at m/z 419,
as depicted in Figures 6.8 and 6.9, signifies the formation of this derivative, complemented by the

elemental composition of the fragments in Table 6.2.

Further examination of the MS/MS fragmentation pathways, illustrated in Figure 6.10, revealed
diagnostic ions indicative of specific chemical transformations. Notably, the formation of a 2-
azaallyl anion generated through decarboxylation was observed at m/z 375, proposed as a
diagnostic ion for Schiff bases by Xing et al. (21). Indicating the presence or formation of these
intermediates within the systems under study; however, the location of decarboxylation is
dependent on whether the Schiff base was present on the cysteine or histidine residue. After
decarboxylation, the ion at m/z 341 forms [M-H-SH-COO]" due to desulfurization. The equivalent
to glycated cysteine was observed in its MS/MS fragmentation pattern as m/z 204, as seen in
Chapter 4. Furthermore, retro-aldolization reactions of the C2-C3 sugar chain of the ion at m/z 341
produces [M-H-SH-COO-C3HsO3] (m/z 251), consistent with the fragmentation pattern observed
in the MS/MS spectrum of glycated cysteine, confirming the chemical transformations during the
reaction between excess cysteine and his-ARP. The successive loss of formaldehyde (-CH20) from
the ion at m/z 251 results in the fragment ion m/z 221. An alternate fragmentation pathway of the
histidine-cysteine di-aminated sugar derivative observed at m/z 419 [M-H] reveals generation of
ion fragments at m/z 329 and m/z 299, attributed to retro-aldolization of the C3-C4 sugar chain and
loss of formaldehyde (-CH20) in succession under collision. The fragment ion at m/z 299 is
proposed as a diagnostic ion of the histidine-cysteine di-aminated sugar derivative. The analysis
of MS/MS fragmentation pattern provides valuable insights into the structural elucidation of the

histidine-cysteine di-aminated sugar derivative. The consistent fragmentation pattern observed
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aligns with the expected chemical transformations, such as decarboxylation, desulfurization, and

retro-aldolization reactions, confirming the formation of the derivative. However, multiple isomers

of the di-aminated sugar may exist, each with potentially distinct fragmentation patterns. Further

studies exploring these potential isomers are necessary to comprehensively understand the

complexity of the Maillard reaction and its resulting products.
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Figure 6.8 MS and MS/MS spectra of his ARP milled with free cysteine (1:2). (a) MS spectrum
of ball-milled histidine-ARP + free cysteine; (b) MS/MS spectrum of m/z 282 (cysteine-HRP); (c)
MS/MS spectrum of m/z 316 (histidine-ARP); and (d) MS/MS spectrum of m/z 419 (histidine-
ARP + cysteine adduct).
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Figure 6.9 MS and MS/MS spectra of his ARP milled with free cysteine then heated (1:2). (a) MS
spectrum of ball-milled histidine-ARP + free cysteine after heating; (b) MS/MS spectrum of m/z
282 (cysteine-HRP); (¢) MS/MS spectrum of m/z 316 (histidine-ARP); and (d) MS/MS spectrum
of m/z 419 (histidine-ARP + cysteine adduct).
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Figure 6.10 Proposed mechanism of MS/MS fragmentation of the molecular ion ((M-H]", m/z 419)

of the histidine-cysteine di-aminated sugar derivative, consistent with the proposed structure.
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The formation of a t-BOC-lysine-cysteine di-aminated sugar derivative results in detecting an ion
at m/z 510 [M-H]  in the MS spectrum, consistent with the expected molecular weight (see Figure
6.11). The molecular ion of the t-BOC-lysine-cysteine di-aminated sugar, generated through ball
milling, was subjected to MS/MS fragmentation (Figure 6.11), and the elemental composition of

the observed fragments is detailed in Table 6.2.

Analogous fragmentation patterns, initiated by cysteine moiety were expected between the t-BOC-
lysine-cysteine di-aminated sugar derivative and histidine-cysteine di-aminated sugar derivative
MS/MS due to the shared presence of cysteine. In pathway (a) of Figure 6.12, dehydration and the
subsequent loss of the tert-butyl group of the t-BOC-lysine residue generates the ion m/z 436.
Following, the ion m/z 358 was formed by the decarboxylation and desulfurization of the ion at
m/z 436 in succession. Additional retro-aldolization reaction of the C3-C4 sugar chain of the ion
at m/z 358 results in the formation of m/z 238. Pathway (b) begins with the characteristic ion [M-
H] undergoing retro-aldolization of the C3-C4 sugar chain to form the ion m/z 420, indicative of
a diose attached to the di-aminated sugar moiety. Previously, Xing and Yaylayan (21) proposed the
presence of a diose attached to an amino acid residue in the MS/MS spectra as a diagnostic marker
for Schiff bases. Pathway (c) involves decarboxylation and desulfurization of [M-H] forming the
ion at m/z 432. The histidine-cysteine di-aminated sugar derivative equivalent was seen at m/z 251.
The analysis of MS/MS fragmentation of the t-BOC-lysine-cysteine di-aminated sugar derivative,
illustrated in Figure 6.12, is consistent with the structure and provides crucial insights into the
structural elucidation of t-BOC-lysine-cysteine di-aminated sugar derivative. Similar to the
histidine-cysteine di-aminated sugar derivative, this analysis unveils the presence of isomeric
variants within the di-aminated sugar family, emphasizing the complexity of these chemical

species in Maillard reaction pathways.
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Figure 6.11 MS and MS/MS spectra of t-BOC-lysine ARP milled with free cysteine (1:2). (a) MS
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Figure 6.12 Proposed mechanism of MS/MS fragmentation of the molecular ion ([M-H]", m/z 510)

of the t-BOC-lysine-cysteine di-aminated sugar derivative, consistent with the proposed structure.

In both experimental models, the analysis of MS/MS fragmentation revealed important insights
into the cleavage of the starting glycated amino acid. Specifically, in the his-ARP + free cys model,
the fragment ion corresponding to histidine was detected at m/z 154. Similarly, in the t-BOC-lys-

ARP + free cys model, the fragment ion attributed to t-BOC-lysine was observed at m/z 245. In
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both cases, the ion at m/z 264 (shown in Figures 6.9 and 6.11), representing glycated cysteine, was
the complementary ion to the fragmented amino acid. The ion at m/z 264 then underwent further
chemical transformations, forming the ion at m/z 186 through decarboxylation and desulfurization
processes. The presence of identical fragmentation patterns across both experimental models
underscores the role of cysteine in the formation of observed ions. This consistency suggests that
the observed ions originate from chemical modifications of cysteine within the samples. This
information is crucial for understanding the specific pathways and mechanisms involved in the

fragmentation processes of the glycated amino acids under investigation.

6.4 Proposed mechanism of interconversion of ARP to HRP

Parallel to the transformation observed from glucose to fructose, the Amadori product can also
undergo interconversion to the Heyns product when exposed to free amino acids (Figure 6.1).
Yaylayan et al. (2) described this ARP-to-HRP conversion in the presence of free amino acid,
identifying that the N-(1-deoxy-fructos-1-yl)amine is extremely unstable in heated aqueous
solutions and will undergo hydrolysis, leading to the formation the HRP. As previously
highlighted, Chen et al. (12) investigated the role of exogenous threonine in promoting the
generation of pyrazines within the threonine-glucose ARP model using isotope labelling
techniques. Their study highlighted the intricate relationship between ARPs and HRPs, revealing
their dynamic interconnection (12), aligning with Yaylayan’s proposed ARP-to-HRP
interconversion mechanism (2). The proposed mechanism involves an aldimine condensation
between an exogenous amino acid and an ARP, followed by hydrolysis, resulting in the generation
of HRP alongside the endogenous amino acid. This theory was supported by their observation of
HRPs derived from !’N-threonine, coupled with a substantial decrease in '’N-threonine content

and a rapid increase of *N endogenous threonine during the initial stage of heat treatment (12).

The observation of di-amino acid derivatives and the comparison of synthesized ARP and HRP
MS/MS spectra from reactions of excess amino acids mechanochemically or thermochemically
reacted with ARPs to their corresponding glycated amino acid standards aid in confirming the
interconversion mechanism between Amadori and Heyns products. The detection of di-aminated
sugar derivatives supports the proposed mechanism where excess amino acids react with the

carbonyl group of ARPs to form di-aminated sugars, facilitating the interconversion between ARPs
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and HRPs. Then, comparing the MS/MS spectra of formed ARP and HRP (Figures 6.3 to 6.6) with
standard ARP and HRP samples (Figure 6.2) provides insights into the transformation process. If
the ARP spectra align with the standard ARP samples while the HRP spectra correspond to the
excess amino acid-HRP, it indicates the successful interconversion from ARP to HRP in the
presence of excess amino acids. Combining these observations, it can be confirmed that excess
amino acids promote the interconversion between Amadori and Heyns products, as proposed in
the mechanism. This confirmation enhances our understanding of the dynamic equilibrium

between Amadori and Heyns products and validates the proposed reaction mechanism.
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Chapter 7. General Conclusions

The Maillard reaction is a complex chemical reaction network between sugars and amino acids,
pivotal in food processing, contributing to flavour and aroma development. Despite significant
attention devoted to exploring initial Maillard reaction intermediates, such as Amadori and Heyns
products, there remains a notable gap in our understanding of their subsequent reactions with free
amino acids or sugars. This study aimed to address this gap by exploring the formation of novel
flavour-active compounds during the thermal processing of food, focusing on the interactions
between excess sugars and amino acids relative to initial Maillard reaction adducts, potentially

leading to the creation of unique flavour compounds.

Utilizing mechanochemistry to selectively generate Amadori and Heyns compounds through ball
milling of amino acids and glucose or fructose, this study investigated ARPs and their subsequent
reactions with free amino acids and sugars. The findings revealed that milling ARPs with excess
amino acids or reducing sugars accelerated the formation of di-aminated sugars or diglycated
amino acids. Additionally, the conversion between ARPs and HRPs in the presence of free amino
acids was explored, contributing to a comprehensive understanding of this pivotal aspect of food
chemistry. High-resolution mass spectrometry was employed to detect their structures, while
subsequent use of ESI-qTOF-MS/MS revealed diagnostic MS/MS fragmentation patterns
consistent with the proposed structures. Additionally, comprehensive MS/MS fragmentation
analysis elucidated the structural characteristics of di-aminated sugar and diglycated amino acid

derivatives and provided insight into their formation mechanisms.

By exploring the dynamics of thermal deglycation in the context of the Maillard reaction,
particularly in the presence of free amino acids, this study demonstrated a novel approach for
addressing glycation-induced damage in food systems and physiological processes, providing
insights into potential strategies for improving food quality and promoting human health.
Moreover, the interconversion of Schiff bases between Amadori and Heyns products in di-
aminated sugars with amino acids or proteins presents prospects for non-enzymatic deglycation of
amino acids, particularly proteins, while enabling the formation of volatile flavours from Heyns
degradation products without the addition of fructose, thereby mitigating potential health

consequences associated with its use. Such an approach holds promise in reducing the harmful
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effects of glycation and preserving the optimal functionality of proteins. The study positively
contributed to the knowledge of the Maillard reaction for analyzing and identifying important non-
volatile MR intermediates and Amadori products in complex food matrices, thus contributing to

future advancements in food science.
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