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The Maillard reaction is of great significance in food, herb medicines, and life processes. It is usually occurring during the process
of food and herb medicines processing and storage. The formed Maillard reaction productions (MRPs) in food and herb medicines
not only generate a large number of efficacy components but also generate a small amount of harmful substance that cannot be
ignored. Some of the MRPs, especially the advanced glycation end products (AGEs) are concerning humans, based on the
possibility to induce cancer and mutations in laboratory animals. Numerous studies have been reported on the formation,
analysis, and control of the potentially harmful MRPs (PHMRPs). Therefore, the investigation into the formation, analysis, and
control of PHMRPs in food and herb medicines is very important for improving the quality and safety of food and herb medicines.
This article provides a brief review of the formation, analysis (major content), and control of PHMRPs in food and herb medicines,
which will provide a base and reference for safe processing and storage of food and herb medicines. Practical Applications. The
formed Maillard reaction productions in food and herb medicines not only generate a large number of functional components but
also generate a small amount of harmful substance that cannot be ignored. This contribution provides a brief review on the
formation (including the correlative studies between MRs and the PHMRPs, mechanisms, and the main pathways); analysis
(major content, pretreatment for analysis, qualitative and quantitative analysis, and structural identification analysis); and control
(strategies and mechanisms) of PHMRPs in food and herb medicines, which will provide a solid theoretical foundation and a
valuable reference for safe processing and storage for food and herb medicines.

1. Introduction

The Maillard reaction (MR) is also called the amino-car-
bonyl reaction, nonenzymatic browning, or protein glyca-
tion reaction. It is originally described by Louis Maillard
[1, 2], concerning a serious of reactions between carbonyl
and amino compounds. The MR is occurring in dried,
heated, or stored herb medicines, food, and in vivo mam-
malian organisms. MR usually occurs during the process and
storage of food and herb medicines because of the abundant
carbonyl and amino compounds contained in them. MR in
food and herb medicines processing and storage process not
only produces a large number of active ingredients but also
generates a small number of potential harm compounds

which cannot be ignored. Many contributions reported the
formation, analysis, and control of potentially harmful
Maillard reaction productions (PHMRPs) in food and herb
medicines [3, 4]. Harris et al. [5] reported that some MRPs
such as e-N-2-furoylmethyl-L-lysine (furosine, FML) could
degrade to form different advanced glycation end products
(AGEs). However, recent evidence shows that MRPs, es-
pecially AGEs, have a propensity to generate reactive oxygen
species (ROS), and partial MRPs had been proven to be
related to some kind of diseases such as Parkinson’s disease
[6], chronic diabetes [7], Alzheimer’s disease [8], and also
aging (normal aging) [7, 9]. AGEs in bodies of humans are
mainly derived from two pathways, in vitro intake and in
vivo transformation, and the intake from food and herb
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medicines is the main source of the formed AGEs [10].
During the process, two types of MRPs can generate, and
they can be distinguished by the cross-linking structures and
fluorescence properties, depending on the temperature, pH,
and characters of the reactants (e.g., type of amino acid,
sugar, or protein); one is cross-linking and fluorescent
MRPs, such as crossline, FML, 2-(2-furoyl)-4(5)-(2-fur-
anyl)-1H-imidazole (FFI), methyl-glyoxal-lysine dimer
(MOLD), glyoxal-lysine dimer (GOLD), fluorolink, pento-
sidine, and vesperlysines A, B, and C (Figure 1(a)) and
another is non-cross-linking and nonfluorescent AGEs, such
as argpyrimidine, Ne-(carboxymethyl)lysine (CML), Ne-
(carboxyethyl)lysine (CEL), 3-DG-imidazolones, MG-imi-
dazolones, acrylamide (AA), and pyrraline (Figure 1(b)). The
maxima excite wavelengths of 340-370nm and emit
wavelengths of 420-470 nm for the compounds concerning
the fluorescent MRs; their intensities are related to the level
of AGE [11]. The present article reviews the formation,
analysis, and control of the MRPs, consisting of formation
(pathways and mechanisms), analysis (major content, pre-
treatment for analysis, qualitative and quantitative analysis,
and structural identification analysis) and with an emphasis
on control (strategies and mechanisms) of the PHMRPs. The
aim of this paper is to search for strategies for preventing or
inhibiting the undesired MRPs formation during the storage
and processing of food and herb medicines, which will
provide a base and reference for the safety of utilization.

2. PHMRPs Formation and Mitigation

The MRs are usually concerning three stages: the initial,
intermediate, and final stage [12]. So, the obtained MRPs
conclude initial MRPs, advanced MRPs, and AGEs (Fig-
ure 2). The initial stage starts from a reaction between
carbonyl group compounds (such as sugar) and free amino
group compounds (e.g., sugars, peptides, or proteins),
leading to form an unstable Schiff base, which then generates
a stable Amadori product. It is reported that the Schiff base is
highly prone to form reactive carbonyl compounds (e.g.,
oxoaldehydes, glyoxal, and methylglyoxal) [13]. On the other
side, reduced sugars such as glucose can autooxidize to form
hydrogen peroxide and keto aldehydes in the specific
conditions [14] and subsequently to form AGEs. Conse-
quently, the Amadori products react with the amino acids to
form CML or regenerate amines and subsequently to form
dicarbonyls such as 1-deoxyglucosone (1-DG), 3-DG, and
glycolaldehyde. Finally, the final advanced stage of the re-
action occurs. In this stage, the highly reactive DG reacts
with lysine or lysine residues in proteins to form pralines.
Meanwhile, cross-linking and fragmentation formed in the
protein molecule, leading to protein denaturation and
damage. During the process of the MRs, two types of AGEs
are formed: one is cross-linking and fluorescence AGEs and
the other one is non-cross-linking and nonfluorescence
AGEs. In addition to pentosidine and pyrraline, other types
of AGEs such as CML, CEL, FFI, GOLD and MOLD, and
melanoidins, as well as other compounds, which have not yet
been identified, can be generated from the Amadori prod-
ucts. Table 1 concludes the notification, structure, and

Journal of Food Quality

source of Maillard reaction productions in food and herb
medicines.

3. PHMRPs Analysis

The analysis of PHMRPs is very important for quality and
safety evaluation for food and herb medicines. Up to date,
various methods have been developed dealing with analysis
for MRPs, including pretreatment for analysis, qualitative
and quantitative analysis, and structural identification
analysis. First, the pretreatment for analysis includes
chromatography, extraction, and membrane dialysis
methods. Second, the qualitative and quantitative analysis
methods include thin-layer chromatography, ultraviolet-
visible spectroscopy (UV spectroscopy), high-performance
liquid chromatography (HPLC), gas chromatography (GC),
mass spectrometry (MS), fluorescent spectrometry (FL),
chemiluminescence (CL), and electrochemical detection
(ECD). In addition, structural identification and analysis
methods include infrared spectrum (IR), MS, and nuclear
magnetic resonance (NMR). The analysis of MRPs in food
and herb medicines on the current status and the
achievements made are included, the existing challenges are
addressed, and the future perspectives are provided.

3.1. The Pretreatment for PHMRPs Analysis. At present, the
MRPs, especially the PHMRPs in food and herb medicines,
cannot be analyzed and detected accurately; one of the most
important reasons is that the complex products cannot be
purified effectively to obtain the pure substances. So, the
pretreatment of MRPs including extraction, separation, and
purification is very important for detection. Because most of
the MRPs are water-soluble ingredients, the extraction
methods include water extraction or water solvent extraction
[15].

The separation of MRPs includes chromatography [16],
extraction, dialysis, and other methods. Chromatography is
a separate and determination method used by isolated MRPs
with the differences of physical and chemical properties,
such as adsorption, molecular shape, size, molecular affinity,
and partition coefficient. Soldo et al. [17] applied a LC
method combining with the taste dilution analysis and
succeeded in identifying the potential bitter suppressing
candidate.

Extraction usually transfers MRPs from one solvent to
another by using the different solubility in different solvents.
Extraction generally includes liquid-liquid extraction, solid-
phase microextraction, and accelerated solvent extraction.
Zhang et al. [7] studied the different levels of MRPs in
different extract conditions such as aqueous extract, ethanol
extract, infusion, decoction, and sterilization. Combined
with LH-20 separation, and absorption of UV measurement
at 420 nm indicates that steam sterilization can lead to the
formation of MRPs [18]. Shi et al. developed the method to
extract acrylamide in heat-processed Chinese herb Radix
Asparagi using water, and the result indicated that the ex-
tract efficiency was good [19]. Zhou and Zheng [20]
employed the accelerated solvent extraction (ASE) method
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FIGURE 1: Chemical structures of the two types of ages: (a) fluorescence and cross-linking ages and (b) nonfluorescence and non-cross-

linking ages [10].

to extract 5-hydroxymethyl furaldehyde (5-HMF) in coked
Angelica sinensis. Compared with traditional extraction
techniques such as reflux extraction and ultrasonic extrac-
tion, ASE is more convenient, more effective, and quicker.
The method can also be used for other MRPs analyses in
food and herb medicines, providing a new eflicient, fast, safe,
and energy-saving extracting method for components
analysis in food and herb medicines.

MRPs flow by a semipermeable membrane by a dialysis
method, and the unreacted raw materials and the small
molecules flow by the opposite side, which could remove
effectively other substances from MRPs. The MRPs can be
selected with different molecular weights by different dialysis
modalities so that the molecular structure and the com-
position can be analyzed accurately. Melanoidins generated
in the reactions of glucose and maltose with glycine (MW
>12500 and 3500) was studied by microanalysis. Finally, the
relationship between the molecular weight of the Mela-
noidins and the elemental composition of amino acids and
sugars was discussed [21]. Cammerer et al. [22] used mo-
lecular weights of 12000-14000 Da cellulose dialysis mem-
branes to analyze the MRPs before and after the dialysis,
respectively.

3.2. The Analysis of PHMRPs

3.2.1. The Qualitative and Quantitative Analysis Methods.
Up to now, the qualitative and quantitative analysis methods
for PHMRPs include thin-layer chromatography, UV-Vis
spectrometry, HPLC, GC, MS, FL, CL, and electrochemical
method. Table 2 lists the qualitative analysis of Maillard

reaction productions in Chinese herbal medicine materials
and food.

3.2.2. TLC. TLC is a qualitative analysis method which
compared their retention time (Rf). Jia et al. [36] reported 5-
HMEF was separated from the cibot rhizome for the first time.
The silica gel 60 F254 TLC plate was coated by ascending
development in a solution of the cyclohexane-ethyl acetate-
acetone with a ratio of 3:3:1. The results showed that the
established methods had good reproducibility and the spots
were distinct.

3.2.3. UV Spectroscopy. The chromophoric groups, molec-
ular structure, and extinction property in MRPs could be
obtained using the UV-vis spectroscopy method. The UV
absorbance at 280 and 420 nm is due to the formation of
initial MRPs and the AGEs (e.g., melanoidins) for MRPs
individually. Obulesu and Bhattacharya [39] investigated the
color changes of the different stages for Tamarind pulp fruit
development and storage, and the relationship between the
UV absorption properties and pharmacodynamics activity
was also discussed. Yamabe et al. [40] reported the MRs
model experiment using glycine and ginsenoside Re mixture
to investigate the renoprotective role of MRPs from gin-
senosides, and the absorbance at 420 nm was measured for
studying the MRPs level. At the same time, the relationship
between the MRPs level and the possible application as a
renoprotective agent was recommended. Jia et al. [36]
identified the compound by TLC as the 5-HMF and then
detected by UV-vis. The results indicated that the maximum



4 Journal of Food Quality

Propagate stage Propagate stage

Proteins/amino acids Reduced sugars Wolff pathway (2) |
(-NH,) (-CHO) -+ --- -+ I Prrr e S p| Dicarbonyls

T AGE formation

v (OFluorescent or nonfluorescent

Schiffb. . ®Protein cross-linking
Cnil ase i
i ©1-DG/3-DG : ®Loss of protein functions
f : ®GO/MG (@Recognition by receptor or AGEs
: : ®Glycolaldehyde :
®Other
Amadori products | ... - o

FiGure 2: The outlines of the MPRs formation. Schiff bases are produced during reducing glucose-protein reaction. Reactive dicarbonyl
precursors of ages are formed through the degradation of Schiff base intermediates (Namiki pathway) or through metal-catalyzed au-
toxidation of the reducing sugar (Wolft pathway) [10].

TaBLE 1: The classification, nomenclature, molecular formula, structure, and source of Maillard reaction productions.

Classification of Nomenclature Molecular Structure Chinese herbal medicine Main source
MRPs formula
0 \OH
Arg-Fru C;,H,5NO 7 Panax ginseng, Panax Arginine, fructose
g 122225 8 OH CH,NHCHCH,CH,CH,NHCH=NH quinquefolius g ?
Initial MRPs
CH,OH TOOH . o
Arg-Fru-Glc CisH36NO 14 / I Panax ginseng, 'Panax Arginine,
ot N, quinquefolius fructose, glucose
N P j P Mal i
Maltol CHLO; EI"““ anax ginseng, Panax a toset amino
o quinquefolius acid
>-Furanmethanol C,H;CH,OH HO/\Q Panax gmseng, ‘Punax Fructose., amino
quinquefolius acid
Acrylamide C5H;NO CH=CHCONH, radix asparagi Asp z.iraglnes,
reducing sugars
Panax ginseng, Rhizoma
Advanced Polygonati, Ligustrum
MRPs P . lucidum, Paeonia
5-Hydroxymethylfurfural CsHgO3 N \ suffruticosa, cibot Glucose, fructose
rhizome, Rehmannia root,
Pseudolarix amabilis,
Amarind, malt
2,3-Dihydro-3,5- ; .
dihydroxy-6-methyl-4- CoHyO, OJ%I Panax ginseng, .Punax Maltoset amino
i on quinquefolius acid
pyrone o
Unsaturated
Advanced Panax ginseng, Panax carbonyl
Glycation End Melanoidins quinquefolius, Radix compounds,
Products Glycyrrhizae reducing sugars,
aldehydes

absorption wavelength was 280nm, indicating that the  derivatization based on the Amadori compound-Cu**
MRPs were the initial products. Yu et al. [41] first developed =~ complexes. The results showed that this was a convenient
the capillary electrophoresis method to detect five Amadori  and reliable method for rapid analysis of the Amadori
compounds by UV at 236nm without separation and  compounds.
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3.2.4. HPLC. HPLC is an effective method to separate and
analyze components in a mixture. G6kmen [42] reported a
rapid method for the simultaneous determination of HMF
and patulin in apple juice. Vifias et al. [43] developed a
reversed-phase gradient-elution HPLC method for the si-
multaneous determination of methyl anthranilate and 5-
HMEF in honey. The proposed method can be used for both
the quality evaluation of honey based on the methyl an-
thranilate and the quality control based on the 5-HMF.

3.25. GC. GC is a good tool to analyze the vaporized
compounds without decomposition. Venskutonis et al. [44]
used the headspace and gas sensor techniques to detect
volatiles (Maillard reaction productions) in the model system.
The methods can be used for assessing the volatile compounds
generated during the thermal browning process of
the glucose-glycine model system. Lojzova et al. [45] analyzed
substituted pyrazines and other volatile aromatic compounds
formed during MRs in potato chips by an alternative GC-MS
method (including gas chromatography-ion trap mass
spectrometry, gas chromatography-time-of-flight mass
spectrometry, and comprehensive two-dimensional gas
chromatography-time-of-flight mass spectrometry), both
having the good effect.

3.2.6. MS. MS is a common analytical technique based on
their mass-to-charge ratio. Cagliero et al. [46] described a
polymeric ionic liquid sorbent coating in direct immersion
solid-phase microextraction method for the analysis (es-
pecially trace-level) of AA in coffee powder. Pollien et al. [47]
investigated the formation of AA during the thermal
treatment (120-170°C) of potato as well as in Maillard model
systems (composing reducing sugars and asparagine). It was
achieved by online monitoring of AA released into the
headspace of the samples using proton transfer reaction
mass spectrometry. It was found that the level of AA released
into the headspace during thermal treatment of potato was
positively correlated to temperature.

3.2.7.  Chemiluminescence. Chemiluminescence is the
emission of light produced in certain chemical reactions
without light, heat, or electromagnetic excitation. Lakeev
et al. [48] investigated the complex fluctuation dynamics of
the MR, that is, a multistage reaction between a carbonyl-
containing compound and the nucleophilic amino group of
an amino-containing compound at different temperatures,
as visualized by chemiluminescence.

3.2.8. Electrochemical Method. The electrochemical method
can be employed as a useful tool for the analysis of Maillard
intermediates and final products. Galvanic potentials serve
as useful indicators for reductones, Amadori compounds,
and pyranones analyzed readily by HPLC-ECD techniques.
Electrochemical methods provide valuable noninvasive
probes to follow the stages of the Maillard reaction and for
investigating its mechanism [49]. Rizzi et al. [50] investi-
gated the electrochemical properties of p-alanine/

carbohydrate MRPs using a combination platinum/Ag-AgCl
(CI") redox electrode. Joo et al. [23] detected and quantified
redox-active Maillard reaction intermediates and products
by a variety of electrochemical techniques. Amperometry in
the form of electrochemical detectors was used in con-
junction with chromatographic separation to analyze
Amadori compounds and pyranones.

3.2.9. Fluorescent Spectrum. Trevisan et al. [51] explored the
fluorescent method to investigate the effect of cooking
conditions on MRPs in beef. It was found that fluorescence
intensity changed consistent with the results of FML levels.

Hu et al. [52] reported a fluorescent sensing method
based on AA polymerization and the unique photo-physical
properties of quantum dots (QDs) detecting AA [53, 54].
The correlation was established between the concentrations
of AA and changes of fluorescence intensities after UV ir-
radiation can be used as the base of the detection of AA. The
lower sensitivity of this method limits it to be used for
detecting AA in various food samples.

3.3. Structure Identification Analysis of PHMRPs. At present,
the methods of structure identification analysis for MRPs in
food and herb medicines are mainly including infrared
spectrum (IR spectrum), nuclear magnetic resonance
(NMR), and MS.

3.3.1. IR Spectrum. Because the functional groups are
generally associated with the IR spectrum frequencies, it can
be used to determine the structures of the compounds or to
determine the functional groups. IR spectroscopy is one of
the main means to study the structures of organic molecules
and has been applied to analyze the molecular structures of
the MRPs. Gullon et al. [55] used the IR spectrum to analyze
the functional groups and evaluate the introduction of
glucose into the chitosan molecule. After reaction, it can be
observed that the absorption bands of Chit showed changes
from 1697 cm™ to 1596cm™" (C-N double bond), which
suggesting it was formed Schiff base between the reducing
termination of Glc and the amino groups of Chit [56].

3.3.2. NMR. The most commonly studied nuclei are 'H and
C NMR. "H NMR was used to monitor ligand-exchange
reactions on the compounds, and ">C NMR was used to
investigate the structures of the compounds. Gullén et al.
[55] used '"H NMR to analyze the functional groups and
study the reaction between glucose and chitosan. Comparing
the spectra of the original glucose and chitosan, one of the
most important differences is the new signals appearing at
2.09ppm, indicating the new formation of NH-CH,
(Amadori product). Wu [57] studied the effect of gamma
irradiation on the browning of depolymerized chitosan; the
result showed that gamma irradiation was an effective
technology to inhibit browning during the depolymerization
of chitosan. Lima-Dellamora et al. [18] found that the so-
dium bisulfite added could cause the absorbance of



Echinodorus grandiflorus at 420nm dropped comparison
with the control.

3.3.3. MS. MS is an analytical tool that makes use of the
mass-to-charge ratio (m/z) of particles to determine the
molecular formula of a compound. In the lab, the tool is very
powerful in making sure of the known and unknown
compounds [58]. MS is a key tool to explore the reactions
and the different reaction products in food and herb medical
field. [58]. Pollien et al. [47] established a PTR-MS method
to monitor AA formation online during Maillard reaction
systems and processed food. The PTR-MS ion signal at m/z
72 was shown to be exclusively due to protonated AA ob-
tained without fragmentation. Kislinger et al. [59] used
matrix-assisted laser desorption/ionization time of flight
mass spectrometry (MALDI-TOF MS) to qualitatively study
the formation of early Maillard products of lysozyme,
produced upon incubation with seven different sugars (D-
ribose, L-rhamnose, D-glucose, D-fructose, D-galactose,
D-lactose, and D-maltose) in solution, in the presence of
oxygen. The report first reported the use of MALDI-TOF MS
peptide mapping as a quick and highly selective method for
the detection of early-stage Maillard products produced
upon incubation of lysozyme with seven different reducing
sugars. Linda et al. [60] prepared MRPs by the reaction of 5-
hydroxymethylfurfural (5-HMF) separately with glucose
and glycine. The spectra display two responses (one for each
isotope) that are separated by a mass number that directly
corresponds to the number of nitrogen atoms present in the
MRP.

4. PHMRPs Control

The Maillard reaction paths taking place depend strongly on
pH, temperature, and the properties of the reactants (e.g.,
types of sugar, amino acid, and protein) [61]. It is ac-
knowledged that, in the case of proteins or peptides, the
reactive amino groups are available for the MR or the
Strecker reaction. In the case of proteins, the MR often leads
to cross-link formation [62]. Deoxyosones are considered
essential intermediates for the general MRs [63]. An alter-
native view on the MRs has been given by Yaylayan [64] who
considers the initial stage as three primary fragmentation
pools arising from sugars, amino acids, and Amadori/Heyns
products. Lysine is the major amino acid that contributes to
MRs as it has a free amino group that can readily react with
reducing sugars [65]. Recent evidence suggests that AGEs
have a propensity to generate reactive oxygen species (ROS)
[66]. Furthermore, glucose and other aldehydes, free or
protein-bound, can undergo autooxidation reactions and
generate radicals and other reactive intermediates (e.g.,
H,0, and other peroxides) that contribute to AGE for-
mation. Ma et al. [67] reported that acylation of antioxidant
of bamboo leaves with fatty acids by lipase and the acylated
derivatives’ efficiency in the inhibition of acrylamide for-
mation in fried potato crisps. Wu [57] investigated the effect
of oxygen and pH on the browning of chitosan exposed to
gamma radiation. It was found that oxygen and pH value
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could play important roles in inhibiting browning of irra-
diated chitosan. Przygodzka et al. [68] reported that the
furosine was decreased in cakes with cloves, allspice, spice
mix, and vanilla, which will provide a base for the
application.

5. Conclusions and Future Research Outlook

During the past few years, it has been of concern that partial
MRPs in food and medicines are harmful to the human body
because they have been proven to be closely related to a
variety of diseases such as chronic diabetes, Parkinson’s
disease, Alzheimer’s disease, and aging and also induce
cancer and heritable mutations in laboratory animals. Many
contributions reported the formation, analysis, and control
of PHMRPs in food and herb medicines; with also some
progress being achieved.

As for the outlook of future research, an acknowledged
fact is that PHMPRs in the MRs need to be more ade-
quately demonstrated. Overtly, the formation, analysis,
and control of PHMPRs in food and Chinese herbal
medicine started late, and the structures of the MRPs are
complex and varied. First, the preliminary research on the
formation of PHMPRs only stays in a single factor or a
macrolevel. However, if not studying their formation
from a molecular level, it cannot accurately reveal the
PHMPRs formation regulation from the raw material,
processing conditions, and chemical microenvironment.
Second, the separation, purification, qualitative and
quantitative analysis, and structure analysis are of great
difficulty because of the complexity of the PHMPRs.
Furthermore, the contents of some MRPs are very low and
cannot be easy to separate, and various related factors
bring many challenges to the analysis of PHMPRs in food
and Chinese herbal medicines. In addition, the analysis of
MRPs is far behind the analysis of sugar, amino acid, and
protein in food and Chinese herbal medicines. There have
been many theoretical and practical problems to be solved
and most of the analysis is still in the laboratory stage of
exploration and really can’t be used in actual application,
far from being able to meet the urgent need for people’s
understanding of its structure and function.

In conclusion, first, we study the PHMPRs formation
from a molecular level. Second, we establish a high sensi-
tivity and high accuracy analysis method that is an important
issue in the analysis of PHMPRs in the future, with the
development of various analytical techniques in the sepa-
ration and analysis of PHMPRs in pharmacology and other
fields. Third, the preliminary research on the formation of
PHMPRs limited effective directional control of PHMPRs in
food and medicines. MR is consecutive and parallel reaction
steps, which is very complex. Therefore, fundamental
studies, especially kinetic research during the progress of the
MR, need to be further investigated. On the other hand, the
optimized processing parameters are important factors to
minimize AGEs formation. The ultimate challenge will be to
achieve a substantial reduction of PHMPRs while keeping
desirable product attributes such as flavor and color, which
are generated by similar MR pathways.
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