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Abstract: The Maillard reaction is a complex chemical reaction that occurs between nucle-
ophilic groups, such as thiolates or amino groups primarily from amino acids, peptides,
proteins, and carbonyl groups, particularly from reducing sugars. The pH value of the
medium is a key parameter controlling the kinetics of the Maillard reaction, as it influences
the concentration of nucleophilic groups. Other specific conditions of reaction medium
such as temperature, reaction time (or residence time in a process), and water activity also
significantly influence the Maillard reaction. Understanding the impact of these parameters
is essential for optimizing the Maillard reaction to enhance sensory attributes, nutritional
qualities, and product stability during the storage and distribution of the final products.
The Maillard reaction is responsible for the formation of desirable sensory qualities such as
flavor, aroma, color, and texture in cooked and thermally processed foods, in addition to the
improvement of nutritional value and shelf life of foods. In contrast, there are limitations
in its industrial applications, as it can also generate harmful compounds such as acry-
lamide, N(6)-carboxymethyllysine, furans, and heterocyclic amines, as well as undesired
changes in the nutritional value of the food. This review provides an overview of the
Maillard reaction’s mechanism, influencing parameters, pros and cons, as well as some
food industrial applications.

Keywords: S-Maillard reaction; non-enzymatic browning; vitamin C degradation; acrylamide;
melanoidins; advanced glycation end-products; nutritional effect; food processing

1. Introduction
The Maillard reaction is classified as a non-enzymatic browning reaction, in contrast

to enzymatic browning, which involves the polymerization of phenolic compounds. This
enzymatic polymerization is an oxidation reaction catalyzed by polyphenol oxidase in
the presence of oxygen, resulting in the formation of brown pigments. Similarly, the
Maillard reaction also produces brown colorants, but it occurs without the involvement
of any enzyme catalysis. In 1912, Louis Camille Maillard, a French chemist, discovered
a browning phenomenon when he heated a solution containing a sugar and an amino
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acid. This observation led to the naming of the Maillard reaction as a non-enzymatic
browning reaction.

However, the Maillard reaction produces more than just color: the reactions between
amino acids, peptides, or proteins and reducing sugars also generate a wide range of
flavor and aroma compounds. Many factors influence the reaction, such as temperature,
time, water activity, pH, the type of amino acid and reducing sugars, and vitamin C
degradation [1–3]. The reaction has an impact on the quality of heated foods, and its
nutritional value.

The Maillard reaction has both advantages and disadvantages in the food industry. On
the one hand, it contributes to the pleasant flavor (through the production of volatile aroma
compounds) and the appealing color (through the production of pigment molecules) of
many food products, such as bread, coffee, and chocolate [2,4–6]. On the other hand, it can
cause off-flavors, flavor loss, discoloration, and the loss of nutritional value of proteins [7,8].
In the food industry, flavor and color, whether desirable or undesirable, are critical in the
production of products with consistent sensory quality. The Maillard reaction influences
both the odor (perceived by the nose) and the taste (perceived by the tongue) of food. For
example, during the roasting of cocoa beans, the Maillard reaction can modulate bitterness,
thereby affecting the overall taste profile [9]. Contradictory information about the effects
of Maillard reaction products (MRPs) on health suggests that more research is needed to
expand the advanced glycation end-products and MRPs database, as well as to develop
methods to reduce the formation of MRPs in home-cooked and processed food [6,10]. The
Maillard reaction is also important in the brewing industry, where it influences the flavor
and color of beer.

The nutritional effects of the Maillard reaction are complicated and vary with the food
matrix and the duration of the reaction [11–14]. The reaction can lead to the formation of
both beneficial and harmful substances. For instance, it can generate antioxidants such
as melanoidins, which have been associated with potential health benefits. However, the
same process may also result in the formation of harmful compounds like acrylamide, a
substance that has been linked to cancer in animal studies [15]. Moreover, protein oxidation
and the Maillard reaction are both involved in the molecular aging of proteins [16]. In
fact, Maillard reactions are considered one of the contributing factors to the aging process
in humans.

The purpose of this review is to present a comprehensive overview of the Maillard
reaction’s mechanism and the various factors that influence it, including temperature,
time, water activity, pH, the presence of amino acids and reducing sugars, and vitamin C
degradation. Additionally, this review explores the advantages, disadvantages, and food
industrial applications of the Maillard reaction.

2. The Maillard Reaction Mechanism
The Maillard reaction is a chemical reaction between amino acid residues and reducing

sugars that leads to the formation of melanoidins, contributing to the distinct flavor and
brown color of foods. This reaction initially forms glycosylamines, which subsequently rear-
range into ketosamines and undergo further reactions to produce various flavor compounds
and brown nitrogenous polymers, ultimately resulting in the characteristic browning of
food (Figure 1) [1].
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Figure 1. Diagram illustrating the Maillard reaction and the creation of flavors in food [4]. Step 1:
Early stage. Step 2: Intermediate stage. Step 3: Advanced or final stage.

The Maillard reaction can be divided into roughly three stages (Figure 2).
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Figure 2. Representation of the three stages of the Maillard reaction [17]. The early stage is odorless
and colorless; it corresponds to the condensation between a carbonyl group and an amino group. The
intermediate stage gives rise to aroma compounds, mainly with heterocyclic structures. The final
stage is responsible for the formation of melanoidins, which are brown polymers.

2.1. Stage 1: Early Maillard Reaction

The first stage of the reaction, known as the early Maillard reaction, involves a series
of reactions that includes the initial condensation by nucleophile addition, rearrangement,
and fragmentation of reducing sugars and amino acids (Figure 2) [18]. The reaction begins
with the condensation of the carbonyl group of the reducing sugar with the nucleophilic
amino group of an amino acid to form a Schiff base or an Amadori rearrangement product
(Figure 3) [19]. These initial products are reversible and can undergo further transfor-
mations. An important step in the early Maillard reaction mechanism is the Amadori
rearrangement where a carbonyl group migrates from the C1 position of the reducing sugar
to the C2 position, leading to the formation of a more stable ketoamine compound [20]. The
fragmentation of the Amadori product is also significant, as it can undergo reactions such
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as degradation, dehydration, and rearrangement, leading to the formation of a mixture of
reactive intermediates [21]. These intermediates can then undergo further transformation,
leading to the formation of a wide range of MRPs, including flavor and aroma compounds,
pigments, and other functional properties [22].

Factors like the nature and concentration of the reactants, reaction conditions such
as temperature, pH, as well as the presence of catalysts and inhibitors, tend to influence
the mechanism of the Maillard reaction. For instance, the nature of reducing sugar can
influence the reaction rate and product formation [1,2]. Glucose and fructose have shown
different reactivity towards amino-acid residue and therefore lead to the formation of
distinct MRPs. Transition metal ions such as copper, iron, and zinc tend to accelerate the
Maillard reaction by facilitating the formation of reactive intermediates. On the other
hand, the presence of antioxidants, and reducing agents like ascorbic acid, can inhibit
the Maillard reaction by scavenging free radicals and reducing the availability of reactive
intermediates [23].

Figure 3. Simplified Maillard reaction between glucose, a reducing sugar, and an amine group of
a protein to form a Schiff base, which can rearrange to an Amadori product; in the case of ketoses,
it can also rearrange into a Heyns product via an 1,2-enaminol. Through enolization, the Amadori
product leads to 1,2-enaminol or 2,3-enaminol and forms deoxyosones, α-dicarbonyl compounds.
These can rapidly react rapidly with other nucleophiles to form Strecker aldehydes. Some of the
Maillard reaction intermediates can generate AGEs (advanced glycation end-products) [2].

The Maillard reaction starts with a nucleophilic addition, where a Lewis base (acting
as a nucleophile, Nü) reacts with carbonyl groups. This initial step is crucial in triggering
the complex series of reactions that characterize the Maillard process. In foods, these
nucleophiles typically include amino acid side-chain residues of proteins, such as guanidine

groups (H2
..
N − C
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=

..
NH
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−
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NH − R; Arg; pKa ≈ 12.5), thiolate (R −

..
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−
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secondary amino groups (R −H
..
N−R′; His; pKa ≈ 6.5), and mainly primary amino groups

(R −
..
NH2; Lys, pKa ≈ 10). A simple rule: the higher the pKa value, the stronger the base.

However, when the pKa value is high, the reaction medium must have a correspondingly
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higher pH to increase the proportion of the nucleophilic base form (Nü) relative to its non-
reactive conjugate acid form (Nu+H), as described by the equilibrium: Nu+H ⇌ H+ + Nü.

The carbonyl groups present in foods include aldehydes such as sugars (e.g., glucose,
lactose, maltose) and aroma compounds (e.g., hexanal, vanillin), as well as ketones in-
cluding sugars (e.g., fructose), vitamins (e.g., ascorbic acid), and aroma compounds (e.g.,
2-nonanone). Carbonyl compounds can also originate from secondary oxidation products,
including volatile aldehydes and ketones [24,25]. The Maillard reaction that follows lipid
oxidation is one of the chemical pathways responsible for protein damage [26].

The nucleophilic addition reaction, which represents the initial step of the Maillard
reaction, is depicted in Figure 4. In this reaction, a Lewis base (nucleophile) adds to an
electrophilic carbonyl carbon, generating a tetrahedral intermediate. This intermediate
serves as the starting point for various subsequent reaction pathways. When the nucleophile
involved is a thiolate group (e.g., cysteinyl residues in proteins or cysteine as an amino acid),
the reaction with carbonyl compounds is referred to as the S-Maillard reaction. Conversely,
when the nucleophile is an amino group (e.g., lysyl residues, the terminal α-amino group of
proteins or peptides, or lysine as an amino acid), the process is termed simply the Maillard
reaction. Reactions involving arginine (Arg) or histidine (His) residues with carbonyl
groups have been rarely described.

 
Figure 4. Early stage of Maillard reaction: nucleophilic addition. Addition of a nucleophile (Nü),
a Lewis base, on a carbonyl, RR’C=O. LV: leaving group. In Maillard reaction, water (H2O) is the
leaving group.

2.2. Stage 2: Intermediate Maillard Reaction with Lys Residues

During the intermediate stage of the Maillard reaction, various reactive intermediates
are formed including α-dicarbonyl compounds, such as 1,2-dicarbonyls and 1,3-dicarbonyls,
as well as compounds such as acrylamide, furans, and pyrazines (Figure 3) [27]. These
reactive intermediates can undergo condensation, polymerization, cyclization, and rear-
rangement, which lead to the formation of a wide range of MRPs [17,22]. An important
step at this stage is known as the Strecker degradation, which involves the degradation of
amino acids through the reaction with α-dicarbonyl compounds (Figure 3) [17]. This results
in the formation of volatile compounds known as Strecker aldehydes that contribute to the
characteristic aroma and flavor of MRPs. Another significant reaction step involves the for-
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mation of furans, which are volatile compounds that play an important role regarding the
nutty, caramel-like aroma of MRPs. They are formed from the dehydration and cyclization
of sugars and amino acids, followed by further reactions with reactive intermediates [28].

During the intermediate Maillard reaction mechanism, acrylamide is formed through
the reaction between asparagine, an amino acid found in many foods, and reducing sugars
at high temperatures (Figure 5) [18]. The reaction continues with the formation of an
intermediate, 3-aminopropionamide, which undergoes further intramolecular cyclization
and dehydration to form acrylamide [29]. Additional reactions occur during the inter-
mediate stage, including the formation of pyrazines that are responsible for the roasted,
nutty flavors in several foods and beverages [22]. Pyrazines are formed through the re-
action between amino-acid residues and carbohydrates, which result in the formation
of intermediate products that undergo further reactions to form different pyrazines [22].
In addition, Figure 5 shows the formation of Hydroxymethylfurfural (HMF), a furanic
compound containing aldehyde and alcohol functional groups. Like acrylamide, HMF is
generated through the Maillard reaction during heat processing. Its formation involves
an intermediate compound, 3-deoxyosone, that undergoes dehydration and cyclization to
yield HMF [30].

Figure 5. A simplified illustration of the Maillard reaction showing the formation of acrylamide,
HMF in red, and other byproducts, many of which contribute to the taste and scent of fried, baked,
roasted, and toasted foods. The subsequent deamination, dehydration, and fragmentation of these
compounds generate highly reactive carbonyl compounds, including HMF. These can further interact
with free amino acids, resulting in a diverse array of products [30].
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2.3. Stage 3: Advanced Maillard Reaction

During the advanced stage of the Maillard reaction, a wide range of complex products
are formed, ranging from low molecular weight compounds such as amino acids, sugars,
and peptides to high molecular weight macromolecules such as melanoidins. These prod-
ucts are responsible for the characteristic colors, flavors, and textures of MRPs (Figure 1) [17].
An important reaction step at this stage is the formation of melanoidins, which are high
molecular weight, brown-colored compounds with a complex structure. Melanoidins
contribute to the characteristic color, flavor, and texture of MRPs, and they are also believed
to possess health benefits due to their antioxidant and antimicrobial properties [31,32].
The advanced Maillard reaction mechanism is influenced by several factors that can affect
reaction rate, pathway, and product formation, such as pH, temperature, reaction time, and
the presence of catalysts or inhibitors. For example, during the presence of high pH or long
reaction times, complex MRPs such as melanoidins can be formed [2].

Many parameters influence the reaction rate of the Maillard reaction. Figure 6 is
a schematic overview of the various environmental factors that may impact the rate of
the Maillard reaction. In fact, the reactivity of proteins and carbohydrates decreases as
molecular weight increases, primarily due to increased steric hindrance. Monosaccharides
exhibit higher reactivity than di- or oligosaccharides when heated with whey proteins under
similar conditions. Martinez-Alvarenga et al. [33] suggest that glycation is influenced by
the preparation conditions, with temperature being the most important influence, followed
by relative humidity and time, while the molar ratio of reactants has the least impact.

Figure 6. Key factors influencing the rate of the Maillard reaction. The reaction rate is modulated by
several parameters, including temperature, time, pH, buffer type, water activity (aw), and molecular
weight of reactants. Reaction acceleration is generally observed with increasing temperature and
time, alkaline pH (≥7), moderate water activity (0.5–0.8), and the use of phosphate buffers. Low
molecular weight carbohydrates and peptides also favor faster reaction kinetics. Conversely, reaction
rate decreases under acidic conditions (pH < 7), extreme water activity values (aw < 0.4 or >0.9),
and with high molecular weight proteins or polysaccharides. At elevated temperatures, protein
aggregation and amino group loss can inhibit reaction progress [34].
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3. Influence of Different Parameters on the Maillard Reaction
3.1. Effect of pH on the Maillard Reaction

The pH value has a major impact on the kinetics of the Maillard reaction, as only
the basic forms of functional groups—guanidino groups (H2N–C(=NH)–NH–R), sec-
ondary amino groups (R–NH–R’), primary amino groups (R–NH2), and thiolate groups
(R–S−)—act as nucleophiles (Lewis bases, Nü) (Figure 1). The lower the pH, the
lower the proportion of nucleophiles available, and thus the slower the reaction rate.
The pKa value of sulfhydryl/thiolate groups in proteins is typically between 8 and 9
(R–SH ⇌ H+ + R–S−), while the pKa value for ammonium/amino groups is generally
around 10 (R–NH3

+ ⇌ H+ + R–NH2). At pH values below 6, the rate of the Maillard
reaction is very low.

Variations in pH not only influence the rate and extent of the Maillard reaction but
also affect the formation of flavor compounds and browning in foods. A slightly acidic
environment slows the Maillard reaction but can lead to more pronounced browning and
flavor development [2]. Extreme pH conditions can modify the reaction pathways, altering
the final taste and color of cooked foods.

At higher pH levels, arginine residues (pKa ≈ 12; where the protonated guani-
dinium form, H2N–C(=N+H2)–NH–R, is in equilibrium with the nucleophilic base form,
H2N–C(=NH)–NH–R) can also participate in the Maillard reaction [35–37]. Alkylation of
arginyl residues produces different volatile compounds compared to those generated from
alkylated lysyl residues, notably leading to the formation of pyrroles and pyrazines [38–40].
Furthermore, combined Maillard reactions involving both lysyl and arginyl residues can
result in the formation of crosslinking products such as pentosidine [41].

The pH plays a crucial role in the Maillard reaction, as it affects the reaction rate,
product properties, and safety. The Maillard reaction is a complex reaction that involves
amino acids and reducing sugars, and the pH of the reaction environment influences the
reactivity of these reactants. The protonation state of amino acids at different pH values
affects their reactivity and extent of reaction with reducing sugars [34]. The pH can also
influence the formation of reaction intermediates and products, as it can either promote
or inhibit reaction pathways. Therefore, controlling the pH is essential in optimizing the
Maillard reaction and controlling food quality [1].

The control of pH in the Maillard reaction is crucial for obtaining desirable sensory
and quality attributes in food products. Food scientists and manufacturers manipulate pH
values through ingredient selection and processing conditions to optimize the reaction and
achieve the desired outcomes. For instance, modifying the pH level in food formulations
can be achieved by adding acids or bases to adjust the pH. Controlling pH can help
in enhancing or suppressing specific reactions to influence product appearance, taste,
and texture. Additionally, pH control during the Maillard reaction is significant for the
development of color and flavor in food products, such as baked goods, roasted coffee, and
grilled meat [2]. Generally, pH equal to or under 5 is sufficient to stop the Maillard reaction
in a moderate heating process (T ≤ 100 ◦C, time less than 24 h) or with a electro-assisted
glycation [42].

3.1.1. Effect of pH on the Reaction Rate and Product Formation

pH influences the rate of the Maillard reaction by altering the reactivity of the reactants
and the generation of intermediate reactive species. In general, the Maillard reaction
proceeds faster under basic conditions than at acidic pH levels. At acidic pH, amino
groups are protonated, reducing their nucleophilicity and thereby limiting their reactivity
(Figure 7). The increased proton concentration under acidic conditions also promotes the
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degradation of intermediate products, further hindering the progression of the Maillard
reaction [43].

 
Figure 7. The base form of lateral chain of amino acid residues when the pH is closed (pH > pKa −3),
equal or higher to pKa of His, Cys, Lys, Arg residues (left to right).

In contrast, alkaline conditions facilitate the Maillard reaction by promoting the forma-
tion of reactive carbonyl species. pH also significantly influences the types and quantities
of MRPs. At low pH, fewer melanoidins—the dark brown pigments responsible for the
characteristic color of MRPs—are formed [34]. This reduction in melanoidin production
is primarily due to the decreased availability of reactive amino groups under acidic con-
ditions. Nonetheless, under acidic conditions, the Maillard reaction can still promote the
formation of furans, pyrazines, and other flavor compounds that contribute to desirable
sensory properties [44].

In contrast, at higher pH values, greater amounts of melanoidin pigments are typically
produced, resulting in a deeper brown coloration. Basic conditions enhance the formation of
MRPs primarily through more efficient reactions between amino acids and reducing sugars,
leading to the development of characteristic roasted and nutty flavors and aromas [45].

3.1.2. Impact of pH on Product Safety and Stability

MRPs can have both beneficial and detrimental impacts on human health. Their
negative influence is primarily due to the formation of advanced glycation end-products
(AGEs), which have been linked to several chronic diseases, including diabetes, cardiovas-
cular diseases, and Alzheimer’s disease [10]. The formation of AGEs depends on reaction
conditions such as temperature, pH, and reactant concentrations.

The pH of the reaction medium significantly affects AGE production. Under acidic
conditions, the protonation state of amino acids enhances their reactivity with carbonyl
compounds, leading to increased AGE formation. In contrast, at alkaline pH levels, the
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generation of AGEs is often reduced, partly due to the formation of enolate intermediates,
which are less likely to participate in the Maillard reaction to produce AGEs.

The stability of MRPs is also influenced by multiple factors, including pH, temperature,
and humidity. Among these, pH plays a crucial role. At high pH values, MRPs can undergo
hydrolysis or oxidation, leading to the formation of harmful metabolites [10]. Additionally,
pH affects the types of volatile organic compounds (VOCs) generated during the Maillard
reaction. It has been observed that pH has a greater impact on the formation of pyrazine
derivatives than on pyrrole and pyridine derivatives. An alkaline environment particularly
favors the production of nitrogen-containing heterocyclic VOCs [46].

3.2. Effect of Temperature on Maillard Reaction’s Rate

The kinetics of the Maillard reaction can be simplified according to Equation (1):

v = k · [R′R′′C=O] · [R–NH2] (1)

or
v = k · [R′R′′C=O] · [R–S−] (2)

where v is the rate of the reaction and k is the rate constant, [R′R′′C=O] the concentration
of reducing sugar, and [R–NH2] and [R–S−] are the concentrations of amino group and
thiolate group respectively.

The rate constant k depends on the activation energy of the reaction and the tempera-
ture, according to the Arrhenius approximation or the Eyring–Polanyi equation. The higher
the temperature, the faster the reaction. The activation energy (Ea) of the Maillard reaction
depends on the substrates and the medium conditions. For example, Ea = 109 kJ·mol−1 for
an aqueous solution of glucose and glycine (amino acid) at pH 5.5; Ea = 145 kJ·mol−1 for an
aqueous solution of glucose and phenylalanine (amino acid) at pH 7; and Ea = 125 kJ·mol−1

for a powdered mixture of casein (protein, mainly lysyl residues) and lactose at water
activity (aw) 0.52 and pH 6.5 [47].

A common misconception is that the Maillard reaction takes place exclusively at high
temperatures. In reality, this reaction can also occur at much lower temperatures and, in
some cases, even below freezing. Although the reaction rate significantly increases with
heat, Maillard chemistry is not limited to thermal processing and can take place slowly
under cold storage conditions. For instance, at 4 ◦C over a period of 12 months, the furosine
content—a recognized marker of Maillard reaction progression—increased in stored royal
jelly [48]. Similarly, changes in color (measured by absorbance at 420 nm) in frozen meat
during storage at −4 ◦C and −20 ◦C indicate that Maillard reactions occur between ribose
and lysyl groups in proteins [49,50]. Furthermore, assays of advanced glycation end-
products (AGEs) in meatballs during frozen storage confirmed Maillard reaction activity
at −18 ◦C over storage periods ranging from 30 to 120 days. The concentrations of ε-N-
(carboxymethyl)lysine and ε-N-(carboxyethyl)lysine, measured by LC-MS/MS after acid
hydrolysis, increased significantly during storage [51].

At high temperatures, typically above 120 ◦C, acrylamide can form as a byproduct
of the Maillard reaction; it is classified as a potentially harmful compound and a probable
human carcinogen by the International Agency for Research on Cancer (IARC). The Mail-
lard reaction, influenced by factors such as food composition, temperature, and cooking
time, leads to the generation of a diverse array of flavor compounds that contribute to the
characteristic taste and aroma of cooked foods [29].

Temperature affects the reaction rate, which increases with the increasing temperature
until a maximum rate is reached. The peak temperature is the temperature at which the
Maillard reaction occurs most rapidly, and it varies depending on the food matrix, the
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types of reactants, and the specific reaction conditions [3]. High temperatures can cause
undesirable reactions and the formation of undesirable products, including acrylamide and
other harmful compounds. Therefore, it is essential to control the reaction’s temperature
carefully to maximize the benefits of the Maillard reaction while minimizing the potential
risks [30].

A study conducted by Zhou et al. [52] investigated the effect of temperature on the
Maillard reaction between glucose and glycine. The mentioned researchers found that the
maximum reaction rate occurred at 120 ◦C, and it decreased at temperatures above 120 ◦C
or below 100 ◦C. The results showed that the Maillard reaction rate was affected by the
temperature and that the optimum temperature for the reaction was 120 ◦C. Another study
by Cao et al. [53] investigated the effect of temperature on the Maillard reaction between
glucose and lysine. The researchers found that the Maillard reaction rate increased rapidly
with increasing temperature from 100 ◦C to 120 ◦C and then became slower with higher
temperatures. The results suggested that the rate of the Maillard reaction was influenced
by the reaction temperature and that optimum reaction conditions for lysine-glycation of
proteins were achieved at 110 ◦C.

3.2.1. Effect of Temperature on Flavor and Color Development

Temperature plays a significant role in the development of flavor in the Maillard
reaction: at lower temperatures, the Maillard reaction is relatively slow, and the formation
of volatile flavor compounds is lower; at higher temperatures, the reaction rate increases,
leading to the production of a higher number of volatile flavor compounds [54]. The thermal
degradation of amino acids and intermediates due to high temperature is responsible for
the formation of a wide range of aroma compounds in the Maillard reaction. Different types
of flavor compounds are formed depending on the amino acid and sugar composition,
reaction temperature, and reaction time [4,55]. For instance, the Maillard reaction between
asparagine and glucose produces a relatively low amount of volatile flavor compounds at
lower temperatures, while at higher temperatures above 140 ◦C, a high level of pyrazine and
thiazole compounds like 2,5-dimethylpyrazine and 2-acetyl-2-thiazoline is observed. These
compounds give a nutty and popcorn-like flavor to the food products [55]. Temperature
also has a significant impact on the development of color during the Maillard reaction. At
lower temperatures, the reaction is slow, and the browning of food products is relatively
low. At higher temperatures, the reaction rate increases, leading to the production of
more browning pigments such as melanoidins [54]. Melanoidins are responsible for the
development of a brown color and a wide range of color shades during the Maillard
reaction. The type and amount of reaction products depend on various factors, including
the reaction temperature, type of sugar and amino acid, pH, and water activity [45].

3.2.2. Effect of Temperature on the Food Product Safety

The Maillard reaction can lead to the formation of various potentially harmful com-
pounds, including acrylamide, furan, and heterocyclic amines, which can be formed under
specific reaction conditions [4,46,56]. Acrylamide is a known carcinogenic compound
that can be formed during the cooking of foods at high temperatures, particularly in
carbohydrate-rich foods like potato chips and French fries [57]. Similarly, furan is a toxic
compound that can be formed during the thermal processing of foods like coffee and canned
foods through the degradation of carbohydrates and amino acids during the Maillard reac-
tion [58]. Heterocyclic amines are another group of potentially carcinogenic compounds
that can be formed when meat and fish are cooked at high temperatures and are formed
through the reaction between amino acids and creatinine and require temperatures above
150 ◦C [59]. The formation of these harmful compounds is temperature-dependent, mean-
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ing that higher temperatures increase the likelihood of their presence. Higher temperatures
would favor the formation of pyrrole and pyridine derivatives, while the effect on pyrazine
derivatives was less pronounced. Some pyrrole derivatives were only detected at a reaction
temperature of 210 ◦C [46]. To minimize the formation of these potentially harmful com-
pounds, it is essential to optimize the temperature conditions during the Maillard reaction.
The selection of the optimal temperature conditions for product safety can be challenging
as it involves balancing many factors, such as the desired sensory attributes, the type of
food being processed, and the safety considerations [30]. However, for many food products,
it is possible to choose temperatures that both allow for the desired sensory character
and minimize the formation of harmful compounds. For instance, in the processing of
coffee, roasting at lower temperatures can lead to the optimal flavor and aroma while
minimizing the formation of furan. In the production of potato chips, the use of lower
cooking temperatures can reduce the level of acrylamide without negatively affecting the
desired sensory attributes [60].

3.3. Effect of Cooking Time

The relationship between time and the Maillard reaction is important in food prepara-
tion, as the duration of the reaction significantly impacts the development of flavors and
aromas in cooked food. For instance, a short reaction time, such as 60 min, may result
in the Maillard reaction being in its initial stages, leading to weaker meaty flavors and
bitterness. As time progresses, the Maillard reaction intensifies, creating a diverse array
of flavor compounds influenced by factors like food composition, cooking time, and the
presence of air [4].

3.3.1. Reaction Rate as a Function of Time

The rate of reaction in the Maillard reaction is often monitored as a function of time to
determine the reaction progress and optimize processing conditions and can be measured
in various ways, such as monitoring the consumption of reactants or the production of
reaction products [2,13]. The progress of the Maillard reaction can be described by a
reaction curve that displays the reaction rate as a function of time. These reaction curves
can provide information about the optimal processing conditions for the Maillard reaction
proceed effectively without affecting the product’s safety or quality [61]. Generally, the
initial stage of the Maillard reaction is characterized by a slow reaction rate, followed by an
acceleration phase where the reaction rate rapidly increases, and a final stage where the
reaction rate slows down and eventually reaches a plateau. Monitoring the rate of reaction
in the Maillard reaction can have various practical applications [34]. An example would be
in the production of baked goods like bread; the rate of the Maillard reaction during baking
can be monitored to optimize processing conditions like baking time and temperature.
Similarly, in the production of roasted coffee, the Maillard reaction has a significant effect
on the flavor and aroma of the coffee, and controlling the reaction rate during roasting can
lead to the desired sensory attributes [62].

3.3.2. Changes in Flavor and Color over Time

The MRPs flavor profile can change over time if the reaction continues to proceed
beyond the desired state. The sensory changes can be attributed to the formation of
advanced MRPs (AMPs) or oxidation of reaction products. AMPs result from the reaction
between the MRPs in an autocatalytic process. These products can lead to undesirable
sensory attributes such as bitterness and astringency [4]. Additionally, the products of
the Maillard reaction can interact with oxygen molecules to form oxidative products that
can contribute to off-flavors such as rancidity and stale flavors. The MRPs’ color can
also change over time if the reaction continues beyond the desired point, leading to the
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formation of undesired pigments which are often characterized by the color shift from
brown to black [63]. One group of undesired pigments formed during the Maillard reaction
are melanoidins, and if they are present in large amounts in the food products, it can lead
to the darkening of food products, ultimately causing undesirable sensory attributes [45].

3.4. Effect of Water Activity

The relationship between water activity and the Maillard reaction is significant in food
processing. Water activity influences the rate and color of the Maillard reaction, with a peak
reaction rate typically occurring around a water activity of 0.6 to 0.7 (Figure 8). As water
activity approaches 0.70, the Maillard reaction and sugar browning accelerate, but beyond
this point, the reaction slows due to excessive free water diluting the reactants [64].

Figure 8. The impact of water activity on the rate of deteriorative reactions that occur in food
systems [65].

3.4.1. Importance of Water Activity

Water activity (aw) is an essential parameter in the Maillard reaction, as it affects
the reaction rate, product properties, and safety. Water activity measures the amount of
water available for chemical reactions, and it influences the availability of reactants and
the mobility of molecules in the reaction system. The Maillard reaction is sensitive to
water activity since the reaction requires enough water to facilitate the reaction of amino
acids and reducing sugars. Low water activity can lead to decreased reaction rates or
incomplete reaction, leading to the formation of unwanted intermediates as well as limiting
the movement of the reactants, making it more challenging for them to come into contact
and react. This can result in undesired sensory attributes such as a burnt or bitter taste [34].

3.4.2. Influence of Water Activity on the Reaction Rate

Water activity influences the Maillard reaction rate by affecting the availability of
reactants and reaction intermediates. The reaction rate is usually faster at higher water
activity since water facilitates the movement and interaction of reactants, resulting in a
higher collision rate between amino acids and reducing sugars. However, high water
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activity can also lead to the formation of unwanted products, decreased product stability,
and decreased shelf life [5]. The Maillard reaction rate is typically highest in a limited
water system compared to a high-water activity system and is due to fewer available water
molecules that limit the reaction rate by inhibiting the transfer of amino acids and reducing
sugars. Low water activity can also decrease the Maillard reaction rate since it limits the
availability of water for chemical reactions [65].

3.4.3. Effect of Water Activity on Product Texture and Quality

A low water activity level results in a hard, dense, and dry product because there
is no free water for reactions or moisture redistribution, resulting in a loss of domain
interconnectivity and porosity. In contrast, greater water activity results in a softer and
moister product due to higher water mobility. Thus, determining the correct range of
water activity is critical in generating the desirable textures of MRPs [66] and optimal
overall quality.

The ideal water activity range allows the Maillard reaction to take place without
causing any negative impacts on the end-product’s quality. Water activity values have a
significant impact on the color development, scent, taste, and texture of the finished prod-
uct [67]. Furthermore, water activity influences the Maillard reaction’s ultimate product
color, with low water activity levels resulting in a darker product due to higher molecular
crowding and more effective production of intermediate products, which leads to the
formation of undesired brown melanoidins. Medium to high water activity levels result in
light to dark brown products with the necessary balanced browning hue [68].

3.5. Presence of Amino Acids and Reducing Sugars

Amino acids and reducing sugars are the main reactants in the Maillard reaction,
leading to the creation of diverse flavor compounds. Reducing sugars like glucose and
ribose readily react with amino residues in proteins and free amino acids, initiating this
complex chemical process [69].

Amino acids contribute to the flavor and nutritional quality of foods, while reducing
sugars act as a source of energy and contribute to the sweetness of foods [13].

Amino acids are the primary building blocks of proteins, and their presence is required
for the Maillard reaction to proceed [70]. During the Maillard reaction, amino acids undergo
several chemical modifications, including deamination, decarboxylation, and cyclization,
which result in the creation of a variety of reactive intermediates [71]. These reactive
intermediates can subsequently undergo further reactions, resulting in the creation of a
diverse spectrum of MRPs, such as flavor and fragrance molecules [70]. Different amino
acids have varying degrees of reactivity with reducing sugars. For example, the amino
acids lysine and arginine are extremely reactive and are frequently employed in Maillard
reaction research. Different amino acids exhibit varying degrees of reactivity with reducing
sugars and vice versa. For example, fructose interacts more easily with amino acids than
glucose. The reactivity of reducing sugars towards amino acids is determined by a number
of parameters, including the reducing sugar’s chemical structure, reactant concentration,
and reaction circumstances such as temperature and pH [69].

3.5.1. Influence of the Type and Concentration of Amino Acids and Reducing Sugars on the
Reaction Rate and Product Formation

The type and concentration of amino acids significantly affect the rate and product
formation of the Maillard reaction. Different amino acids exhibit varying degrees of
reactivity towards reducing sugars, and the reaction’s outcome depends on the type and
concentration of amino acids [4]. Lysine and arginine, which contain primary amino groups,
are highly reactive towards reducing sugars and are frequently used in Maillard reaction
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studies to investigate reaction mechanisms and product formation [72]. In contrast, amino
acids such as alanine, glycine, and proline are less reactive towards reducing sugars and
contribute to the structural stability of proteins and are less likely to participate in the
Maillard reaction [73]. The concentration of amino acids also affects the Maillard reaction’s
rate and product formation. In general, a higher concentration of amino acids leads to
faster reaction rates and higher product yields [74]. However, at high concentrations, amino
acids can also compete with each other for reaction with reducing sugars, leading to the
formation of unwanted byproducts [56].

The interactions between amino acids and reducing sugars can lead to the formation
of different MRPs [4]. For example, the reaction between lysine and fructose can lead
to the formation of a specific MRP: fructoselysine [75]. Another example is the reaction
between glutamine and glucose, which can lead to the formation of an intermediate
product: 5-hydroxymethylfurfural [76]. Additionally, the presence of other components
such as lipids, minerals, and vitamins can also affect the rate and product formation of the
Maillard reaction by catalyzing or inhibiting the reaction [77].

Lateral Secondary Amino Group of Proteins: Residues of Histidine

Histidinyl residues (His, H) contain a secondary amino group (R–NH–R′) that can
participate in nucleophilic addition reactions which have been rarely described. One
reason is the relatively low abundance of histidine residues in proteins, accounting for
approximately 2.2% of amino acid residues [78]. While secondary amino groups are
nucleophilic, the pKa of a typical secondary amino group is around 9. For histidinyl groups,
however, the pKa is lower, approximately 6.8 [79], making them poorer nucleophiles.
Consequently, the alkylation of histidine residues occurs less frequently than lysine residues,
which have a higher pKa (~10) and are stronger nucleophiles.

Histidinyl residues are utilized in bioconjugation strategies through alkylation reac-
tions (Maillard reaction) to label proteins selectively, thereby avoiding the labeling of Cys,
Lys, or Tyr residues [78]. Additionally, the reaction of histidine residues with secondary oxi-
dation products, such as aldehydes like 4,5-epoxy-2-alkenals [25] or 4-hydroxynonenal [24],
has been observed. This reaction is illustrated in Figure 9.
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Figure 9. In the early stages of the Maillard reaction, the imidazole side chain of histidine can act
as a nucleophile, attacking the electrophilic carbonyl carbon of reducing sugars. This nucleophilic
addition leads to the formation of a Schiff base, which can undergo further rearrangements and
reactions, contributing to the complex network of Maillard reaction products. Such interactions may
result in the alkylation of the histidine residue, forming stable adducts that can influence the structure
and function of proteins.

Lateral Guanidine Group of Proteins: Residues of Arginine

Arginyl residues (Arg, R) contain a guanidino group (H2N–C(=NH)–NH–R) and can
participate in nucleophilic addition reactions which have been rarely described. This is
mainly because the pKa value of the guanidinium group is very high, and the typical
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pH range of food systems (pH 5–7) is far from this value. The pKa of the guanidinium
group in free arginine is approximately 13.8 [80]. In reality, the pKa of arginyl residues in
proteins depends on the specific position of the residue within the protein structure and
the local electronic microenvironment, with reported pKa values ranging from 11.5 to 15.0.
A commonly accepted average pKa value is around 12 [81].

The MRPs involving arginyl residues include advanced glycation end-products (AGEs)
and advanced lipoxidation end-products (ALEs), formed through reactions with carbonyl
groups from lipid oxidation products. These include structures such as imidazolone and
pyrimidine (Figure 10). Additionally, arginine and lysine residues can be cross-linked
through the formation of compounds like pentosidine or glucosepane, leading to protein
crosslinking, as illustrated in Figure 11 [82].
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Figure 10. Nucleophilic addition of arginine residues to carbonyl compounds leading to the forma-
tion of imidazolone and pyrimidine adducts. The guanidino group of arginine reacts with reactive
carbonyl species resulting in the formation of advanced glycation end-products (AGEs) like imida-
zolones and pyrimidines. These modifications can alter protein structure and function, contributing
to changes in food quality and potential health implications. R′ = H or CH2OH.

Maillard reactions are used to modify and functionalize proteins, such as pea pro-
teins. The modification of arginine residues is considered a primary factor in altering the
functional properties of proteins, comparable to the modification of lysine residues [83].

Lateral Primary Amino Group of Proteins; Lysine Residues

Lysyl residues (Lys, K) possess primary amino groups (R–NH2) and are extensively
involved in nucleophilic addition reactions. An additional ε-amino group is also avail-
able, making lysine particularly reactive in Maillard-type reactions. In fact, reactions
involving lysyl residues are the most widely, and almost exclusively, described in scien-
tific literature. The pKa values of lysyl residues vary depending on their position within
the three-dimensional structure of the protein. For example, in mammalian calmodulin,
the pKa values of the seven lysyl residues range from 9.3 to 10.2 [84]. Lysyl residues
located within the hydrophobic core of proteins can exhibit very low pKa values—as low
as 5.3—due to the reduced polarity and polarizability of the environment compared to
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residues exposed to the aqueous phase. Thus, depending on the structural location, lysyl
residues may have pKa values ranging from 5.3 to 9.3. In contrast, lysyl residues exposed
to the aqueous phase generally exhibit consistent pKa values around 10.4 [85].
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Figure 11. Nucleophilic addition of lysine and arginine residues to carbonyl compounds leading to
protein cross-linking. The ε-amino group of lysine and the guanidino group of arginine react with
reactive carbonyl species, resulting in the formation of advanced glycation end-products (AGEs) like
pentosidine or glucosepane. These modifications can lead to protein cross-linking, altering protein
structure and function, which may impact food quality and have potential health implications.

As expected, the reactive groups involved in Maillard reactions are typically located
on the protein surface. Analysis of lysyl residue alkylation during Maillard reactions
between lactoferrin or β-lactoglobulin and lactose shows preferential glycation of surface-
exposed lysyl residues. In lactoferrin, Lys47 and Lys627 are particularly susceptible to
glycation [86], while in α-lactalbumin and β-lactoglobulin, Lys5 (α-lactalbumin) and Lys47
(predominantly), as well as Lys138 and Lys141 (β-lactoglobulin), are preferential sites
of glycation [87]. These observations likely correlate with the surface exposure of these
residues. Therefore, in subsequent discussions, a pKa value of 10.4 will be considered
for lysyl groups that are accessible to water and available for reaction with carbonyl
compounds in the aqueous phase.

Peptides and proteins contribute through their terminal α-amino groups and predom-
inantly through ε-amino groups from lysine residues. The amino group content, when
proteins are the substrate, depends on the primary structure of the protein. For instance,
αs1-casein (a milk protein) contains 14 lysine residues among 199 aminoacyl residues, and
αs2-casein contains 24 lysine residues among 207 aminoacyl residues [88]. In contrast,
gluten proteins, such as gliadins and glutenins, are very poor in lysine and are mainly
composed of glutamine, proline, phenylalanine, tyrosine, and glycine residues [89], which
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have side chains lacking amino functions. In these proteins, lysine residues account for less
than 1% of aminoacyl residues [90,91].

Effect of the Type and Concentration of Reducing Sugars on Maillard Reaction

The type and concentration of reducing sugars also significantly influence the reaction
rate and product formation of the Maillard reaction [56]. Different reducing sugars exhibit
varying degrees of reactivity towards amino acids, and the choice of the reducing sugar
affects the reaction outcome [55,92]. For example, fructose is more reactive towards amino
acids than glucose, leading to a higher rate of Maillard reaction and formation of specific
MRPs. The concentration of reducing sugars also affects the reaction rate and product
formation. A higher concentration of reducing sugars leads to a faster reaction rate and
higher product yields. However, at high concentrations, reducing sugars can also lead to
the formation of unwanted byproducts such as acrylamide [93].

Common examples of reducing sugars include ribose, glucose, fructose, lactose, and
maltose. Notably, sucrose is not classified as a reducing sugar and therefore does not
participate directly in the Maillard reaction under standard conditions. Monosaccharides
are predominantly present in their cyclic forms, while the carbonyl group exists only
in the open-chain structure. In aqueous solutions, the open-chain (anomeric) form is
in equilibrium with the cyclic structure. For example, in glucose, the cyclic pyranose
form represents 99.9974% of the total glucose, with only 0.0026% existing as the open-
chain form [94]. In contrast, sucrose does not form an open-chain structure and therefore
lacks a reactive carbonyl group. As a result, sucrose is not a direct substrate for the
Maillard reaction, unless it undergoes hydrolysis to yield glucose and fructose, which
are reactive substrates. The addition of sucrose to formulations, intended to provide
sweetness, generally does not promote the Maillard reaction under mild heating conditions.
Conversely, to enhance the Maillard reaction, the addition of glucose or fructose (for sweet
products) or lactose (to limit sweetness) is a more effective formulation strategy.

3.5.2. Effect of Amino Acid and Reducing Sugar Content on Product Safety and Quality

The amino acid and reducing sugar content can significantly affect the safety and
quality of MRPs. The Maillard reaction can lead to the formation of harmful compounds
such as acrylamide, which is a carcinogen. Therefore, controlling the amino acid and
reducing sugar content is crucial in regulating acrylamide formation while maintaining
desirable product properties [4,95]. The amino acid and reducing sugar content can also
affect product quality, with higher concentrations leading to a faster reaction rate and
the formation of undesirable products, such as dark colors and off-flavors [56]. Lower
concentrations, on the other hand, can lead to a slower reaction rate, leading to reduced
color and aroma. The formation of polymers between amino acids and reducing sugars
during the Maillard reaction can cause amino acid decomposition and ultimately generate
in-situ ammonia [96]. The formation of mutagenic compounds is a major concern when
it comes to the pyrolysis of Maillard polymers. Therefore, controlling amino acid and
reducing sugar content is critical in maintaining product safety and quality while achieving
the desired flavor and color development [2,97].

3.6. Vitamin C Degradation

From a structural perspective, ascorbic acid (vitamin C) is a reducing carbohydrate,
making it actively involved in the Maillard reaction along with amino acids, peptides, and
proteins. Vitamin C degradation occurs through Maillard reaction, where vitamin C reacts
with amino acids, peptides, and proteins, leading to the formation of various end-products
like carbonyl compounds, carboxylic acids, and amides (Figure 12). Maillard-induced
degradation of vitamin C can result in browning of cut fruits, changes in food flavor,
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and potentially negative effects on health such as clouding of the lenses in the eyes and
age-related loss of skin elasticity [98].

 

Figure 12. Diagram illustrating the proposed mechanism for the Maillard reaction between ascorbic
acid (vitamin C) and whey protein isolate (WPI) [99].

3.6.1. Effect of the MRPs on Vitamin C Degradation

The Maillard reaction has a significant impact on the degradation of vitamin C, an
essential nutrient in foods that is prone to deterioration under various circumstances
like heat, pH fluctuations, and chemical processes [100]. This reaction occurs at high
temperatures and in acidic environments, contributing to the breakdown of vitamin C.
During the Maillard reaction, reactive compounds are produced, which can interact with
vitamin C, leading to its degradation. The degree of vitamin C degradation is influenced
by factors such as the duration, the intensity of the Maillard reaction, and the specific
food type. Therefore, it is crucial to regulate the Maillard reaction to minimize vitamin C
degradation while preserving the desired quality of the product [14].

The Maillard reaction not only impacts vitamin C degradation but can also give rise
to various compounds that influence this process. Depending on the reaction conditions,
products like melanoidins, furans, and pyrazines are formed. These compounds can interact
with vitamin C, contributing to its degradation [56]. Specific MRPs, such as acrylamide,
have been identified as factors that accelerate vitamin C degradation. Conversely, certain
products from the Maillard reaction can scavenge free radicals, potentially mitigating
their detrimental effects on vitamin C stability. This intricate interplay between MRPs
and vitamin C degradation underscores the importance of meticulous consideration when
developing food formulations [101].

3.6.2. Effect of Vitamin C Degradation on Product Quality and Safety

As a vital antioxidant, vitamin C plays a crucial role in preserving the stability and
nutritional integrity of food items. Its degradation can result in diminished antioxidant
properties and shortened product shelf-life [14]. Moreover, the breakdown of vitamin C
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can give rise to the formation of detrimental compounds like diketopiperazines, posing
potential risks to product safety. Hence, effective management of vitamin C degradation is
paramount for preserving the quality and safety standards of food products [11]. Given
the impact of the Maillard reaction on vitamin C degradation, meticulous control over the
reaction’s processes and conditions is essential for safeguarding the nutritional value and
safety of food products. On the other hand, and to minimize the formation of harmful
compounds, additives like ascorbic acid and cysteine are used which were shown to inhibit
the formation of acrylamide during the Maillard reaction [29].

4. S-Maillard Reaction
The Maillard reaction, first described by Louis-Camille Maillard in 1912, is a complex

series of non-enzymatic browning reactions that occur during thermal food processing.
Particularly important are the sulfur-containing compounds, such as cysteine, which
drastically influence flavor, aroma, and color formation. Recent advances have shown
that the presence of thiol groups can significantly alter the pathways and outcomes of the
Maillard reaction.

Cysteinyl residues (Cys, C) contain thiolate groups (R–S−) that can participate in nu-
cleophilic addition reactions which have not been frequently reported in the literature. The
pKa value of the sulfhydryl/thiolate acid–base couple can vary widely [102], ranging, for
example, from 6.7 to 9 for two cysteinyl residues within the same protein [103]. The position
of the Cys residue within the protein structure and the electronic environment surrounding
the sulfhydryl/thiolate group have a major influence on its pKa value. Factors such as
temperature and the experimental methods used can also affect the pKa measurements.
For instance, the pKa value of a cysteine (thiol) residue in a peptide, without the influence
of a folded protein structure, has been estimated between 7.57 and 7.68 [104]. In contrast,
the pKa value of a thiol group in β-lactoglobulin has been reported to be 9.35 [105].

Cysteine can react with carbonyl compounds in a Maillard-type reaction. Specifically,
cysteine reacts with glyoxal (a dialdehyde) to form a thiohemiacetal, which can subse-
quently undergo a Cannizzaro rearrangement to yield S-carboxymethylcysteine [82]. The
reaction between thiol groups and carbonyls, leading to the formation of thiohemiacetals
as the initial product, was first described earlier (Figure 13) [106].

Figure 13. Nucleophilic addition of cysteine residues to carbonyl compounds during the early
stages of the Maillard reaction. The thiol group of cysteine reacts with reactive carbonyl species,
such as reducing sugars, leading to the formation of thiohemiacetal intermediates. These initial
adducts can undergo further transformations, contributing to the development of flavor and color in
food products.

The addition of thiol compounds, such as garlic-derived thiols or cysteine, is used
to limit the consequences of the Maillard reaction by ‘trapping’ hydroxymethylfurfural, a
key intermediate produced during the reaction. The competitive reaction between cysteine
and hydroxymethylfurfural (a carbonyl compound) reduces the interaction between lysyl
residues and hydroxymethylfurfural, thereby preventing the formation of melanoidins and
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other advanced glycation end-products [107]. The nucleophilic addition of thiol groups
to the aldehyde involves one mole of hydroxymethylfurfural and two moles of cysteine,
resulting in the formation of 1-dicysteinethioacetal-5-hydroxymethylfurfural.

Cysteinyl residues are also involved in sugar-independent pathways, reacting with ly-
syl or other cysteinyl residues which contributes to protein crosslinking. Cysteine residues
(as well as serine residues) can undergo β-elimination, resulting in the formation of dehy-
droalanine residues. The latter can then react with lysine or cysteine residues, in competi-
tion with the Maillard reaction, particularly during the heating of milk proteins (caseins
and whey proteins) in the presence of lactose. These reactions lead to the formation of
lanthionine (Ala–Cys ε-bond) and lysinoalanine (Ala–Lys ε-bond) residues, both of which
promote protein crosslinking [108].

When the nucleophile is a thiolate group rather than an amino group, its content in
proteins is very low. Most cysteine residues in globular proteins form disulfide bonds
(R–S–S–R), and free cysteinyl residues with thiolate functions are rare. For example,
β-lactoglobulin has only one free thiolate group among 162 aminoacyl residues [88],
while ovalbumin from egg white contains four free thiol groups among 385 aminoacyl
residues [109,110].

A significant discovery by Noda et al. [111] was the identification of a new Maillard
pigment, pyrrolothiazolate, formed from L-cysteine and D-glucose. This compound dis-
played strong antioxidant properties, indicating that not all Maillard pigments are merely
by-products but can also contribute functional benefits to foods.

While the Maillard reaction enhances flavor, it also produces harmful compounds
like acrylamide. Augustine and Bent (2022) [101] emphasized that sulfur-containing com-
pounds, particularly thiols, are efficient inhibitors of acrylamide formation. However, their
effectiveness may come at the cost of altering the sensory properties of the final product.

The dual role of cysteine in the Maillard reaction was highlighted by Sun et al. [112].
Their research revealed that the thiol group in cysteine inhibits color formation with dihy-
droxyacetone, whereas the amino group enhances browning. This discovery is particularly
useful in applications like sunless tanning, where controlled color development is desired.

Sulfur compounds play a major role in flavor development. Research by Zhang
et al. [113] explored how the combination of vegetable oils and a D-xylose/L-cysteine
system could produce rich meaty aromas without the use of animal-derived ingredients.
Similarly, Yu et al. [114] showed that sulfur-containing volatile compounds, such as thio-
phenes and thiazoles, generated from reactions between L-ascorbic acid and cysteine, are
crucial for delivering roasted and meaty flavors.

Billaud et al. [115] reported that certain MRPs derived from thiol compounds effec-
tively inhibit enzymatic browning in fruits and vegetables. The most potent inhibitory
products were obtained when combining glucose with cysteine or glutathione, offering an
appealing natural alternative to sulfites.

In a seminal study, Hofmann and Schieberle (2002) [116] investigated the chemi-
cal mechanisms underlying aroma staling in coffee beverages. They demonstrated that
odor-active thiols such as 2-furfurylthiol and 2-methyl-3-furanthiol, essential for the char-
acteristic sulfury–roasty aroma, are rapidly lost when coffee is kept warm. Their experi-
ments revealed that thiols are not simply oxidized but become covalently bound to coffee
melanoidins via Maillard-derived pyrazinium intermediates (specifically, CROSSPY-type
radicals). For instance, the concentration of 2-furfurylthiol decreased by a factor of 16 upon
interaction with melanoidins. This binding significantly diminishes the overall sulfury
perception in coffee and is considered a major cause of flavor deterioration during storage.

Recent studies shed new light on the multifaceted role of sulfur-containing compounds
in the Maillard reaction. From promoting antioxidant pigment formation to enhancing
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flavor or even controlling toxic by-products, thiols and related sulfur molecules are invalu-
able tools in food chemistry. Furthermore, Hofmann’s findings on the binding of thiols to
melanoidins offer critical insight into aroma stability, an aspect crucial not only for coffee
but also for a broader range of thermally processed foods. Future work will likely focus on
controlling these reactions to optimize food quality and shelf life.

5. Advantages and Beneficial Nutritional Effects of Maillard Reaction
The Maillard reaction is a highly important process in the food industry that pro-

duces many of the pleasant attributes we associate with various foods. Some of its
benefits include:

5.1. Improvement in Color, Odor, and Flavor

Because of the physical and chemical characteristics of lactose, it is frequently used in
the food sector. When lactose reacts with protein and amino acids in food, it can provide a
variety of foods, including dairy products, candies, baked goods, sauces, quick drinks, beer,
etc., an appealing look and flavor. The interaction of lactose with milk protein produces
most of the aromas in some heat-treated dairy products, such as ultra-heat treated (UTH)
milk, milk powders, cheese, etc. According to research done by Xiang et al. [5], MRPs like
2-acetylfuran, furfuran, hydroxymethylfurfural, furtol, and furfuryl alcohol are the primary
source of these scents. The aroma in milk powder is linked to MRPs, including aldehydes,
furaneol, and maltol. Additionally, food flavor could be enhanced by the Maillard reaction.
Cantonese sausages’ stickiness might be decreased and their chewiness could be increased
by the MRPs created by the combination of sugars and amino acids, which would enhance
the sausages’ flavor.

The Maillard reaction produces a variety of chemicals, including pyrazines, furans,
and aldehydes, which contribute to the pleasant flavor of the food [13]. Furthermore,
improved flavor can have a beneficial impact on nutrition. Foods that are more appealing
and flavorful are more likely to be consumed in larger quantities, ensuring that people
get enough nutrients. This is particularly beneficial for people with dietary limitations or
requirements, as it may encourage them to add nutrients to their diet [4].

5.2. Shelf-Life Extension

For several food products, the Maillard reaction is essential to extend their shelf-life.
Although improving flavors, smells, and appearance is the main goal of the Maillard reac-
tion, it also produces chemicals with antibacterial qualities. These antimicrobial substances,
like furans, make the environment unfavorable for bacteria that cause food spoiling and
prevent their proliferation, therefore, slow down the spoiling process and extend the fresh-
ness and shelf-life of food products [2,4,117]. It is well recognized that microorganisms,
such as molds, yeasts, and bacteria, are mostly responsible for food spoilage. The growth
and multiplication of these organisms can result in unfavorable alterations to the texture,
flavor, and appearance of food, making it unfit for human ingestion [118].

Research is still ongoing to determine the methods by which the chemicals involved in
the Maillard reaction exert their antimicrobial properties. These substances could damage
cell membranes, block enzymes required for microbial growth, and interfere with metabolic
processes in microorganisms. Moreover, they might have antioxidant properties which
prevent oxidative damage and the development of spoilage microorganisms [119].

The food product and its composition have a significant impact on how well the Mail-
lard reaction, and its resulting antimicrobial chemicals, enhance shelf-life. Also, shelf-life
can be affected by several variables, including pH, water activity, and the presence of other
reactants. For instance, since acidic environments are less favorable to microbial growth,
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lower pH values might increase the antimicrobial effect of the Maillard reaction [120]. On
the other hand, food producers frequently use the antibacterial characteristics of Maillard
reaction chemicals in various processed and packaged food products. These molecules have
the potential to operate as natural preservatives, allowing for a longer shelf life without
the use of synthetic additives. This not only satisfies customer demand for clean label
products but also adds another layer of defense against microbial deterioration [119]. In
contrast, while MRPs may suppress spoiling microorganisms, they may not be effective
against pathogenic germs that can cause foodborne diseases. As a result, adequate food
safety standards, such as optimal temperature storage and adherence to hygiene practices
during food preparation, remain critical in maintaining the safety of food products. Also,
MRPs can help inhibit oxidative deterioration, extend shelf life, and improve overall food
quality [121].

5.3. Increased Nutrient Density and Bioavailability

Aside from its role in flavor and aroma enhancement, the Maillard reaction can con-
tribute to the densification and enhanced bioavailability of particular nutrients in food [2,4].
For example, amino acids and reducing sugars can create complexes that enhance mineral
solubility and absorption, such as iron and zinc. These complexes are more readily absorbed
by the body, boosting nutritional bioavailability [4]. Furthermore, the Maillard reaction
can produce compounds with health benefits, such as antioxidants like melanoidins and
some phenolic compounds [122]. The melanoidins are brown-colored polymers generated
during the Maillard reaction; they were found to be potent antioxidants, and can scavenge
free radicals, prevent lipid peroxidation, and protect the cells from damage caused by
oxidation. These antioxidant properties may aid in the prevention of chronic diseases such
as cardiovascular disease, cancer, and neurological disorders [123]. In addition, depending
on the amino acids and reducing sugars involved, the Maillard reaction can result in the
synthesis of a variety of phenolic compounds who also possess antioxidant capacity; they
are known to scavenge free radicals, chelate metal ions, and inhibit certain oxidizing en-
zymes. These phenolic substances may exhibit more potent antioxidant activity than their
precursors [124]. It is important to note that the Maillard reaction’s effect on nutrient den-
sity and bioavailability varies based on parameters such as cooking temperature, time, and
ingredients. Overcooking or high heat can cause nutrients’ breakdown or the development
of potentially hazardous chemicals. Therefore, to preserve maximal nutritional density and
bioavailability, it is critical to use suitable cooking procedures [12].

An example of increased bioavailability is represented by the availability increase of
antioxidants, such as phenolic compounds and flavonoids, which add to the body’s ability
to neutralize damaging free radicals. The Maillard reaction can result in the production
of antioxidant compounds as well as the degradation of bigger antioxidants into smaller,
more absorbable forms [125].

5.4. Improved Protein Digestibility

Proteins are essential macronutrients involved in tissue development and repair,
enzymatic synthesizing, and the manufacturing of hormones. Certain proteins, on the other
hand, may be difficult for the body to properly break down and absorb effectively. Protein
digestibility improves when it undergoes the Maillard process [68]. Protein structure can
be altered by the chemical changes that occur during the Maillard reaction, making them
more disposed to enzymatic degradation by digestive enzymes. This improves the body’s
digestion and absorption of amino acids. This is particularly beneficial for people with
poor digestion, such as the elderly or those suffering from gastrointestinal diseases [34].
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6. Disadvantages of Maillard Reaction
The products of the Maillard reaction can be beneficial to human health, but they can

also be harmful. The principal negative effects of the Maillard reaction are as follows:

6.1. Elimination of Important Amino Acids and Limiting Their Bioavailability

The loss of vital amino acids during food preparation and cooking is one of the
potential downsides of the Maillard reaction. Amino acids are the building blocks of
proteins, and they are required for many biological activities in the body, such as tissue
repair, enzyme synthesis, and hormone manufacturing. When amino acids interact with
reducing sugars throughout the Maillard reaction, they may undergo chemical changes,
making them less available for protein synthesis or other critical functions [4]. As previously
shown, amino acids undergo glycation via the Maillard reaction, where they react with
reducing sugars to create advanced glycation end-products. While advanced glycation
end-products contribute to the pleasant colors and flavors of cooked foods, they can also
affect amino acid absorption and functionality [6]. The production of advanced glycation
end-products might lead to a decrease in protein digestibility and efficiency. In fact,
advanced glycation end-products can reduce the availability of proteins for absorption in
the gastrointestinal system by inhibiting the activity of digestive enzymes that break them
down. As a result, the capacity to obtain and utilize the amino acids required for optimum
biological activities may be compromised [6]. The DIAAS (digestible indispensable amino
acid score), the only nutritional quality parameter for protein recognized by the FAO,
is decreased by Maillard reaction due to loss of lysine by Maillard reaction (irreversible
alkylation of lysine) [126–128].

Furthermore, AGE accumulation in the body has been related to a variety of health
problems, including diabetes, chronic renal disease, and coronary artery disease. Advanced
glycation end-products lead to inflammation and oxidative stress, both of which are linked
to the advancement of various diseases. The Maillard reaction may indirectly lead to an
increased risk of developing certain health problems by restricting the availability and
functionality of essential amino acids.

6.2. Formation of Potentially Harmful Substances

Although known for its capacity to enhance flavors and fragrances, the Maillard
reaction can also result in the creation of potentially hazardous chemicals during food
processing and cooking [4]. Acrylamide, a chemical molecule recognized as a possible
human carcinogen by the International Agency for Research on Cancer (IARC), is formed
during high heat cooking such as frying, baking, or roasting by a reaction between the amino
acid asparagine and reducing sugars such as glucose and fructose (Figure 5). Carbohydrate-
rich foods with low moisture content, such as potatoes, coffee, and crispy snacks, are
especially prone to acrylamide formation by the Maillard reaction [7]. In addition, as
previously shown in Figure 5, HMF is formed as a product of the Maillard reaction. While
HMF is believed to possess certain beneficial biological properties, such as antioxidant
activity and the ability to inhibit red blood cell sickling, it is metabolized in humans
to 5-sulfoxymethylfurfural (SMF) and 5-hydroxymethyl-2-furoic acid (HMFA). SMF can
form adducts with DNA or proteins, and toxicology studies in rodents have showed
potential genotoxic and carcinogenic effects [30]. Moreover, Furan is detected in canned
and jarred foods and baby food. It is categorized as possibly carcinogenic to humans
by the IARC. One of the pathways of its formation is the Maillard reaction [129]. Other
potentially dangerous compounds produced by the Maillard reaction include heterocyclic
amines (HCAs) (Table 1). HCAs are generated when amino acids, creatinine, and sugars
react at high temperatures, generally when meat, poultry, or fish are cooked [130]. These
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substances have been linked to an increased risk of cancer, including colorectal, stomach,
and pancreatic cancer. In addition, N-Carboxymethyllysine (CML), another MRP, is also
associated with multiple pathological conditions. Several mechanisms have been described
by which CML can cause tissue damage. It was found to trigger inflammatory reactions,
hyperglycemia, hyperlipidemia and enhanced oxidative stress, a typical metabolic profile
in obesity and obesity-related complications [131].

Table 1. Heterocyclic aromatic amines (HAA) that were classified by IARC as carcinogenic (2A:
probably carcinogenic to humans, 2B: possibly carcinogenic to humans [130]).

Name Abbreviation Structure IARC Carcinogenic
Goup *

Polar HAAs (“thermic compounds”)

2-amino-3-methylimidazo
[4,5-f]quinoline IQ 2A

2-amino-3,4-
dimethylimidazo
[4,5-f]quinoline

MeIQ 2B

2-amino-3,8-
dimethylimidazo
[4,5-f]quinoxaline

MeIQx 2B

2-amino-1-methyl-6-
Phenylimidazo
[4,5-b]pyridine

PhIP 2B

* IARC classification groups: 1—carcinogenic to humans; 2A—probably carcinogenic to humans; 2B—possibly
carcinogenic to humans; 3—not classifiable as to its carcinogenicity to humans.

Acrylamide and furans are heat-induced toxicants that pose significant toxicological
concerns due to their genotoxic and carcinogenic potential. Acrylamide, formed during
high-temperature processing via the Maillard reaction, is metabolized to glycidamide, a
reactive epoxide capable of forming DNA adducts [132,133]. Glycidamide has been linked
to neurotoxicity and carcinogenesis in rodent models, with estimated dietary exposures
ranging from 0.3 to 1.0 µg/kg bw/day in humans [134]. In contrast, furan is primarily
hepatotoxic, metabolized by cytochrome P450 enzymes to the reactive intermediate cis-2-
butene-1,4-dial, which can bind to nucleophilic sites in proteins and DNA [135]. Chronic
exposure to furan has been associated with hepatocellular adenomas and carcinomas
in rats, with a BMDL10 (benchmark dose lower confidence limit) for cancer of approxi-
mately 0.064 mg/kg bw/day [136]. Both compounds exhibit dose-dependent toxicity, and
quantitative risk assessments underscore the need for mitigation in thermally processed
foods [137,138].

6.3. Nutrient Loss

The Maillard reaction can cause nutrient loss, especially in heat-sensitive vitamins such
as vitamin C and thiamin [4]. Vitamin C, commonly known as ascorbic acid, is a necessary
nutrient that serves as an antioxidant and aids in collagen formation, iron absorption, and
immunological functions. Vitamin C is highly heat sensitive and easily destroyed during
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cooking, and this could be caused by the Maillard reaction since high temperatures are
required for the mechanism to occur. High temperatures and extensive cooking times
associated with this reaction might cause vitamin C breakage and loss [8].

Thiamin, often known as vitamin B1, is another heat-sensitive vitamin that can be
affected by heating and cooking techniques that cause the Maillard reaction. Thiamin is
essential for energy metabolism and nervous system functions [139]. Furthermore, the
Maillard process can produce complex molecules that trap lysine, an essential amino acid,
thus reducing the overall nutritional value of food. Lysine is required for protein synthesis
and is a component of many compounds in the body [34].

6.4. Browning Restrictions

Excessive browning can produce harsh or scorched flavors, making the meal unpleas-
ant or even inedible to consumers. Brown pigment, like melanoidins, that are responsible
for the pleasant scent and flavor associated with well-cooked foods, are among the chem-
icals produced by the Maillard reaction [140]. While browning is usually desired, it can
occur when foods is cooked at extremely high temperatures or for a prolonged period. This
might result in the formation of bitter and unpleasant flavors, which can overshadow the
dish’s intended flavor character. The level of acrylamide, the previously stated potentially
dangerous chemical, can also increase in severely browned and overdone foods [141].

6.5. Difficulty to Regulate

The Maillard reaction is a complex chemical process that can be difficult to control
due to a variety of reasons, for instance, the pH of the food or cooking environment, which
is an important factor that controls the Maillard reaction [2]. On the other hand, higher
temperatures can speed up the reaction, causing it to brown and produce flavor faster.
However, precisely regulating the temperature becomes difficult, especially during cooking
procedures where heat distribution may not be consistent. Temperature variations across
the cooking surface can cause uneven browning and degrade the overall quality of the
food [22]. In addition, the presence of water can speed up the reaction, and the amount
of moisture in the meal can influence the rate of browning. Controlling the water content
of foods while cooking can be tricky since different components have different moisture
levels and heating behavior [22]. Furthermore, the duration of the Maillard reaction is
an important consideration. Depending on the cooking time, the reaction may progress
differently, affecting the extent of browning and taste development. Achieving the proper
level of browning without going too far becomes difficult, since prolonged heat exposure
can result in excessive browning and unwanted flavors [22].

7. Mitigation of Maillard Reaction Products
The MR and its products were found to possess many biological activities like an-

tioxidant [142–144], antimicrobial [117,142,143], antihypertensive, α-glucosidase inhibitory,
antihypertensive, antiproliferative [144,145], and anti-inflammatory [146]. Also, MRPs
were found to influence the composition of the intestinal microbiota in both humans and
rats; they might be beneficial for the maintenance of intestinal health [147,148]. In addition,
Maillard reactions can sometimes have beneficial effects by altering allergen epitopes and
lowering their allergenic potential. However, they may also worsen allergic reactions by
modifying epitope motifs or creating new allergenic structures (neoallergens) [149].

In contrast, a higher dietary intake of these compounds has been associated with an
increased risk of pathological conditions such as diabetes, cancer, chronic heart failure,
Parkinson’s disease, and Alzheimer’s disease [56]. Therefore, implementing strategies
to reduce or prevent their formation in heat-processed foods is crucial [150–152]. Conse-
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quently, various mitigation techniques have been studied to limit their occurrence, like
phenolic compounds, food additives, thermal and non-thermal techniques, enzymes and
encapsulation of metal ions.

7.1. Use of Additives

A study by Zhang et al. [153] reported that flavonoids are effective in reducing acry-
lamide formation. Constantinou and Koutsidis [154] showed that epicatechin reduced
by 25–75% acrylamide content. Bhuiyan et al. [155] showed that quercetin acted as an
effective inhibitor of advanced glycation end-products (AGEs) formation. Similarly, Culetu
et al. [156] used theanine and polyphenol-enriched fractions derived from tea dust to
inhibit fluorescent AGE formation in a bread model system. Moreover, Shen et al. [157]
reported that resveratrol exhibited a strong inhibitory effect on AGE formation. Several
bioactive compounds have been investigated for their potential to inhibit the formation
of advanced glycation end-products (AGEs) like chlorogenic acid, and epigallocatechin
gallate, extracted from black bitter plum [158], flavonoids [159], alkaloids [160], polysac-
charides [161], hawthorn-derived polysaccharides [162], and terpenoids [163]. Studies
have explored the use of natural product extracts and spices with antioxidant properties
to reduce the formation of heterocyclic amines (HAAs). Plant-based extracts have demon-
strated inhibitory effects on HAA formation, including ethanol-extracted nutmeg [164],
blueberry, and propolis extracts [165], Portulaca oleracea extract [166], Sonchus oleraceus
extract [167], olive leaf extract [168], Adinandra nitida leaf extract [158], avocado peel ex-
tract [169], hawthorn extract [170], chrysanthemum extract [171], raspberry, blueberry,
and strawberry extracts [172], and blueberries, cherries, and grapes [173]. These plant
sources are rich in natural antioxidants that can inhibit HAA formation [174]. Moreover,
several spices have been studied for their HAA mitigation, including turmeric, cloves,
cinnamon, rosemary, black pepper, garlic, black cumin, and chili pepper. The authors
of [175] reported that garlic, black pepper, and chili pepper significantly inhibited HAA
formation during sausage processing. To mitigate acrylamide (AA) formation, various
inhibitors such as vitamins, natural extracts, amino acids, and other compounds have
been studied. Arámbula Villa et al. [176] showed that soaking potato slices in magnesium
chloride and calcium chloride solutions reduced AA levels by 74% and 67%, respectively.
Additionally, glutathione was found to reduce AA formation [177]. Several natural ex-
tracts have also been used to mitigate AA formation, including procyanidins [178,179],
tomato, and pomegranate extracts [180], bamboo leaf, and buckwheat extracts [166], as
well as 1% ginger powder [181]. The formation of 5-hydroxymethylfurfural (HMF) during
food processing can be effectively reduced through the incorporation of additives. Zhu
et al. [182] reported that the addition of 2% histidine to cookie formulations inhibited HMF
formation by up to 90%. Phenolic compounds have also shown significant potential in
reducing HMF levels. Pedreschi et al. [183] demonstrated that polyphenolic extracts from
Caesalpinia spinosa (tara pods) effectively decreased HMF content in bread. Similarly, Zhang
and An [184] found that quercetin, when added to potato chips and bread, reduced HMF
formation by 50% to 86%. In another study, Abrantes et al. [185] reported that gallic acid
also contributed to a reduction in 5-HMF formation.

7.2. Thermal and Non-Thermal Techniques

Recent advancements in food processing have led to the development of both thermal
and non-thermal technologies that aim to improve product quality and to mitigate the
formation of MRPs. Variables such as processing time, pH, temperature, concentration
and availability of reactants, water activity, as well as the presence of metal ions, can be
investigated to mitigate MRPs [43]. Innovative thermal techniques, such as vacuum frying,
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vacuum drying, and vacuum roasting, offer improved control over MRPs formation as
compared to conventional heat treatments. In addition, several non-thermal methods like
pulsed electric fields (PEF), high-pressure processing, ohmic heating, and infrared heating
are investigated for the same reason. PEF technology has gained attention for its ability to
process food with minimal thermal processing effect. The frequency, width, and polarity of
the electric pulses significantly influence the extent of MRPs formation [2,62,186].

7.2.1. Microwave Heating

Microwave heating is an energy-efficient and cost-effective technique that contributes
to the reduction of acrylamide (AA) formation in food products. This method effectively
lowers moisture content, reduces frying temperature, and shortens frying duration, factors
that limit AA production [187]. Sansano et al. [188] showed that microwave-assisted frying
can reduce acrylamide levels by 37–83% compared to traditional deep-frying methods.
Furthermore, microwave processing has been shown to significantly reduce processing time
and energy consumption while maintaining the nutritional quality of food. It also serves
as a promising method to limit the formation of harmful compounds such as acrylamide
during frying [189].

7.2.2. High Pressure Processing

High pressure processing (HPP) is a non-thermal preservation method that effectively
limits the formation of thermally induced compounds in food. Yi et al. [190] reported
that HPP-treated apple juice contained fewer heat-induced compounds compared to tra-
ditionally pasteurized juice. One of the main advantages of HPP is its low processing
temperature, which causes minimal chemical alterations in food matrices [62]. Interest-
ingly, Avila Ruiz et al. [191] found that combining high pressure (700 MPa) with elevated
temperatures (123 ◦C) effectively suppressed the Maillard reaction and preserved the color
in whey protein–sugar systems.

7.2.3. Ohmic Heating

Ohmic heating involves the direct conversion of electrical energy into thermal energy
as current flows through food, which acts as an electrical resistor [192]. This technology
enables rapid and uniform heating, leading to reduced formation of MRPs [2]. Several
studies have demonstrated that ohmic heating results in lower MRP levels than conven-
tional thermal methods [62,192,193]. Pires et al. [194] reported a significant reduction in the
formation of HMF and related degradation products using this method.

7.2.4. Air Frying and Vacuum Frying

Air frying operates at lower temperatures than conventional frying and has been
shown to effectively reduce acrylamide formation while maintaining desirable sensory
characteristics [195]. Verma et al. [196] observed that both air frying and vacuum frying
significantly decreased acrylamide and HMF concentrations in French fries, with inhibition
rates of 78.7% and 81.14%, respectively, in potato chips. Belkova et al. [197] reported a 98%
reduction in acrylamide formation compared to traditional frying, along with decreased
pyrazine levels. According to Devseren et al. [198], optimal vacuum frying conditions
(124.39 ◦C for 8.36 min) produced chips with improved color, flavor, and minimal acry-
lamide content.

7.3. Enzymatic Treatment

The use of enzymes, particularly asparaginase, is among the most promising strategies
for acrylamide reduction. Asparaginase catalyzes the hydrolysis of asparagine into aspartic
acid, thus preventing acrylamide formation during high-temperature processing [141]. Luo



Foods 2025, 14, 1881 30 of 43

et al. [199] used 1 U/mL glucose oxidase to treat melon juice at 35 ◦C for 180 min, observing
reduced degradation of key aroma compounds associated with Maillard and oxidation
reactions. The effectiveness of asparaginase in acrylamide mitigation has been validated
across various food systems [200,201].

7.4. Fermentation

Fermentation also offers potential for mitigating harmful Maillard reaction products.
Lemos et al. [202] reported that fermentation can convert 5-hydroxymethylfurfural (HMF)
into its less harmful alcohol derivative, hydroxymethylfurfuryl alcohol (HMF alcohol),
thereby reducing HMF levels in food matrices.

8. Food Industrial Applications of the Maillard Reaction
The Maillard reaction is extensively utilized in the agri-food industry for various food

processing applications to enhance flavors and colors desired by consumers. This reaction
is crucial in food productions like coffee and bakery products with appealing color and
flavor profiles [56].

The Maillard reaction occurs in food processing at high temperatures such as baking,
roasting, frying or others as well as extrusion or long storage [203]. It is of interest in
the manufacturing of various food items such as bread, cakes, meat, fish, potato-based
products, cocoa, coffee, dairy desserts, etc. to enhance their color, texture, and flavor,
making them more appealing to consumers. However, the Maillard reaction can have
undesirable outcomes in certain products such as in milk and fruit juices, due to the
development of an unappealing brown color [56]. The influence of different heat treatments
techniques in food processing on the MRPs formation is of high importance in the food
industry. The effect of different techniques is shown in Figure 14. Blanching, a low-thermal
treatment, is primarily used to stop enzymatic activity and inhibit microbial proliferation
in freshly harvested foods. This process often yields low MRPs levels, notably in the case
of acrylamide formation in French fries. On the other hand, dehydration removes water
using heat. As a result, MRPs are frequently found in dehydrated products like orange
juice, raisins, onions, garlic, etc. On the other side, frying techniques seem to be closely
linked to the production of MRPs, particularly acrylamide. Boiling processes are found to
favor the Maillard reaction, particularly in products such as beers, milk, and rice wines.
The effect of ohmic heating on the production of MRPs in foods is primarily determined by
the time/temperature combinations used. Pasteurization and sterilization are known to
influence MRP output in different foods [204].

8.1. Soybean Processing

Soybeans are used in many applications such as in cooking oil, granules, grits pro-
ductions, and others. They contain omega-3 fatty acids, known to have beneficial effects
on the cardiovascular system and to possess anticancer activity [205,206]. Soybeans can
be heated using three different techniques: microwave heating, extrusion heating and
infrared heating.

There are two methods for applying microwave heating treatment. The first, known
as short-time heating, would acquire 1–2 min, while the second would acquire 3–5 min
and is known as long-time heating [205,207]. When soybeans are heated in the microwave
in the short-time method, acrylamide is abundantly formed. On the other hand, if it is
heated for a long time, the formation of acrylamide decreases [187,205]. In addition, the
formation of acrylamide under extrusion and infrared heating varies greatly depending on
the temperature and the time: Increasing the temperature and prolonging the application
time results in higher formation of acrylamide. In addition, HMF production is time and
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temperature dependent [208]. When the temperature and time are raised, HMF production
increases. Also, microwave heating treatment conditions were found to improve the
antioxidant capacity of soybeans [205,208].

Figure 14. The influence of heat treatments in food processing on MRP formation [204].

8.2. Milk Processing

Milk, consumed across the world, is a complex mixture containing fats, sugars, and
proteins. In milk processing, there are primarily two types of heat treatment methods: ultra-
high temperature (UHT) treatment and conventional sterilization [205,209]. As a result of
heat treatment, MRPs can be formed. A reaction may occur between milk lactose and the
amino group of lysine, which causes its loss in milk. This affects the nutritional value of
milk. The degree of lysine loss is proportional to the heating temperature used [5,205]. In
addition, the MRPs may have ion-chelating capacity, which decreases mineral bioavail-
ability. Solubility loss in milk protein concentrate powder is a relatively new phrase. This
solubility loss is said to be caused by the Maillard reaction [5,205].

Milk contains, approximately, 80% casein and 20% whey protein, along with high
levels of lactose; therefore, MRPs are produced when processed into products such as
UHT milk and milk powder, especially during storage [210]. Li et al. [211] investigated
the impact of different heat treatments on MRP formation in whole milk powder (WMP)
during storage. Their findings showed that low-heat WMP had higher furosine levels,
whereas high-heat WMP exhibited elevated amounts of HMF, Nε-(carboxyethyl)lysine
(CEL), and CML. Similarly, Nielsen et al. [108] observed an increase in MRPs like CEL and
furosine with heat treatment. They also noted that dehydroalanine derivatives, including
lanthionine and lysinoalanine, increased with heat in both casein and whey protein isolates,
regardless of the presence of lactose.

8.3. Meat Processing

Maillard reaction is used in meat processing to change the color and flavor of the meat.
In meat preparation, elevated temperatures may increase the amount of potentially toxic
heterocyclic amine (HCA) [4,205]. Food frying and boiling increase HCAs, and these HCAs
are responsible for various flavors and tastes. In fact, it has been discovered that several
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heterocyclic compounds such as pyrazine, oxazole, and thiazoles are responsible for the
roasted flavor. Pyrazine content increases during high heat treatment like grilling [4,205].

Li et al. [211] reported that during the production of dry fermented meat products,
amino acids play a key role in generating volatile compounds through Maillard reaction, a
process further enhanced by microbial activity. Amino acids, along with reducing sugars,
fats, and thiamine, serve as essential flavor precursors in meat, contributing to its distinctive
aroma when subjected to heat treatment. Dong et al. [212] found that ultrasonic-assisted
heat treatment promotes amino acid–sugar cross-linking while reducing the bitterness of
MRPs, suggesting its potential for enhancing Maillard-derived flavors. This technique
also holds promise for the utilization of mussel meat in developing flavor enhancers and
functional foods. Tavares et al. [213] observed a lower formation of MRPs during the early
and advanced stages of boiling hairtail fillets, compared to baking and frying. Specifically,
CML and furosine levels in these fillets ranged from non-detectable to 4.24 mg/100 g protein
and 4.25 to 20.95 mg/100 g protein, respectively. Furthermore, Tamanna and Mahmood [4]
highlighted that pan-frying leads to higher MRP formation compared to other cooking
methods such as charcoal grilling, deep frying, roasting, microwaving, or boiling.

8.4. Brewing Industry

Flavor is a fundamental factor in determining beer quality and a critical component of
consumer acceptance. Many variables, such as yeast strain, malt type, and fermentation
parameters, can influence the distinctive flavor profile of beer, whereas the perceived flavor
of beer is attributed to the specific ratios of a variety of compounds, such as higher alcohols
and esters, rather than the impact of a single compound. Volatile (aldehydes, ketones)
and non-volatile compounds (organic salts, sugars, amino acids, and organic/inorganic
acids) both contribute to the organoleptic profile of beer, but higher alcohols and esters
are regarded as the most important flavor active compounds [214]. Malting barley kernels
produce enzymes that break down high molecular weight nutrients, such as starch granules
and insoluble proteins, into lower molecular weight components that are substrates for
fermentation [215]. Malt kilning, which is the drying and heating of the germinated malt,
creates the right conditions for the Maillard reaction. Due to the low moisture level at
the end, kilning is controlled by maltsters to produce the numerous color and flavor
combinations that brewers use to create distinct beer styles. Depending on the temperature,
they may obtain green malt, caramelized malt, chocolate malt and black malts. These are
significantly brighter in color and have stronger, possibly harsher flavors.

8.5. Baking Industry

Baking is a traditional cooking method of cereal-based products which consumers like
to eat because of their sensory characteristics, such as flavor, color, texture, and aroma. The
baking process involves a combination of heat and mass transfer, namely non-enzymatic
browning, protein denaturation and starch gelatinization, which collectively produce the
distinctive structure of the end-product [216,217]. Baked products such as bread, cookies,
biscuits, crackers, cakes, brownies, and pies are very popular among consumers. Baking
can be divided into three phases: dough expansion, surface desiccation, and crust browning.
These phases are regulated by the temperature increase during baking, with browning
typically occurring at around 160 ◦C. The Maillard reaction and caramelization are the
two non-enzymatic browning reactions involved in the coveted color and aroma changes
during baking [218]. On the other hand, during this stage of high temperature baking,
toxic acrylamide and HMF can be formed, as well as numerous volatile compounds like
alcohols, aldehydes, ethers, ketones, esters, acidspyrazines, pyrolines, lactones, sulfur
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compounds and furans. These volatile compounds are mainly present in the crumb or the
crust (Figure 15) [219].

 

Figure 15. Formation of harmful compounds during baking [220].

According to Zilic et al. [221], the development of MRPs in cereal-based foods is
influenced by the initial levels of sugars, proteins, and total lysine. Compounds such
as glyoxal (Go), methylglyoxal (MGo), dimethylglyoxal (DMGo), hydroxymethylfurfural
(HMF), and 3-deoxyglucosone were found in cookies made from various cereal grains. The
researchers found that Go levels were particularly high in cookies made from rye, oats,
and barley. Additionally, as baking time increased, the concentration of 3-deoxyglucosone
decreased, leading to a rise in HMF formation. Similar different concentrations of MRP
formation were also reported by Çelik and Gokmen [222] in bread made from different
cereal flours, including whole and refined wheat, rye, oats, corn, and einkorn.

9. Conclusions
In conclusion, the Maillard reaction is a complex chemical reaction that influences

the flavor, color, and texture of many foods. Several conditions influence the reaction,
including temperature, time, water activity, pH, the presence of amino acids and reducing
sugars, and vitamin C. The reaction has both benefits and drawbacks in the food industry,
and its nutritional repercussions are complicated and vary depending on the food matrix
and the intensity of the reaction. The Maillard reaction is also important in the brewing,
pharmaceutical, and cosmetic sectors. Additional research is required to better understand
the impact of the Maillard reaction on health and to find techniques for decreasing the
development of hazardous chemicals during food preparation and cooking.
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