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Glycation, otherwise known as Maillard reaction, endows food proteins with improved functional properties,
such as solubility, water retention capacity, gelling capacity, and emulsifying properties, and it occurs under
mild and safe conditions and requires no extraneous chemicals. These make the glycation a promising meth-
od for protein modification in food industry. Recent years have seen an increasing interest in physicochemical
properties and structure of glycoconjugates, for a better understanding of the relationship between the struc-
ture and functional properties. Thus exploring the systematic research methods and information of physico-
chemical properties and structure will be very helpful. The aim of the present review is to summarize the
state-of-the-art about research methods and results of physicochemical properties and structure of
glycoconjugates of food proteins. Physicochemical properties include glycation extent, isoelectric point, sur-
face hydrophobicity, and rheology. Structure analysis consists of microstructure of glycoconjugates, primary,
secondary, and tertiary/quaternary conformation of proteins influenced by glycation. Finally, a way for a bet-
ter understanding of the structure–function relationship is proposed. This review provides approaches to
study the structure–function relationship of glycated proteins and can also be considered as a basis for fur-
ther research.

© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Food proteins are an essential component of the diet needed for
survival of animals and humans. Their basic value in nutrition is to
supply adequate amounts of needed amino acids (Friedman, 1996a).
Apart from nutritional value, food proteins would provide unique
functional properties, which affect their behavior in food systems
during preparation, processing, storage, and consumption, and con-
tribute to the quality and sensory attributes of food system. These
functional properties of vital importance for proteins in food applica-
tions are solubility, swelling, water retention capacity, foaming prop-
erties, gelling capacity, emulsifying and fat binding properties (Zayas,
1997). These diverse properties are attributed to both intrinsic (mo-
lecular structure, composition) and extrinsic (temperature, pH, envi-
ronmental chemicals) factors (Damodaran, 1996). When these
factors are changed, food proteins' functional properties vary easily.
Especially during food processing, proteins' functional properties are
destroyed upon exposed to extrinsic factors.

Glycation is an effective method for improving the functional proper-
ties of food proteins and even endows them with novel functionality
(Oliver, Stanley, & Melton, 2006). Although various techniques are avail-
able to prepare synthetic glycoproteins (Caer, Baniel, Subirade, Gueguen,
& Colas, 1990; Christopher, Stowell, & Lee, 1980; Colas, Caer, & Fournier,
1993; Hattori, Aiba, Nagasawa, & Takahashi, 1996; Kitabatake, Cuq, &
Cheftel, 1985), the glycoconjugates between proteins and polysaccha-
rides using the Maillard reaction has received much attention in recent
years. The Maillard reaction, which was first observed by the French
chemist, Louis-Camille Maillard (1912), is a complex form of non-
enzymatic browning resulting from a chemical reaction between an
available amino group and a carbonyl-containing moiety (usually a re-
ducing sugar). Glycation is based on the Amadori rearrangement steps
in the Maillard reaction. Several reaction factors, such as temperature,
time, pH, water activity (aw), intrinsic properties of protein and sugar,
and the amino group:reducing suger ratio influence the yields and
types of Maillard reaction products (MRPs) (Labuza & Baisier, 1992;
Van Boekel, 2001), and consequently physicochemical properties, struc-
ture and functional properties of modified food proteins. Owing to pro-
ceeding under mild and safe conditions requiring no extraneous
chemicals, this reaction is superior to other types of chemical modifica-
tion for food proteins, and poses a promising application for proteins
modification in food industry.

It has been widely documented that glycation via the Maillard reac-
tion can improvemany important functional properties of food proteins,
as reviewed by Oliver et al. (2006). Many of these studies, however,
focus mainly on the improvement of functional properties, and pay
less attention on physicochemical properties and structure of
glycoconjugates. Due to lack of systematic research methods and infor-
mation of physicochemical properties and structure, there is poor un-
derstanding of the relationship between the structure and functional
properties of the glycoconjugates. The aim of the present review is to
summarize the state-of-the-art about research methods and results of
physicochemical properties and structure of glycoconjugates derived
from the Maillard reaction. This review will provide the systematic
methods to get insight into the information about the physicochemical
properties and structure of glycoconjugates, and practically supplies

approaches to study the structure–function relationship. Therefore,
this review can also be considered as a basis for further research.

2. Maillard reaction and food protein glycation

2.1. Maillard reaction

The MRPs provide tastes, smells and colors that are much desired
and lend their characteristics to a variety of foods. Since Louis-Camille
Maillard first discovered the reaction in 1912, the first coherent
Maillard reaction scheme was not put forward until 1953 by Hodge
(1953) (Fig. 1).

Actually, theMaillard reaction can be divided into three stages: early,
advanced, and final stages. In an early stage, a reducing sugar, such as
glucose, condenses with a specific compound possessing a free amino
group (of an amino acid or in proteins mainly the ε-amino group of ly-
sine, but also the α-amino groups of terminal amino acids) to form a
Schiff base with the release of water. The Schiff base subsequently cy-
clizes to the correspondingN-substituted glycosilamine, which then un-
dergoes an irreversible Amadori rearrangement to form the Amadori
rearrangement product (ARP), 1-amino-1-deoxy-2-ketose (Ames,
1992). The subsequent degradation of the Amadori product is depen-
dent on the pH of the system. At pH=7 or pHb7, it undergoes
1,2-enolization mainly with the formation of furfural (when pentoses
are involved) or hydroxymethylfurfural (HMF) (when hexoses are in-
volved). At pH>7, thedegradation of the Amadori compound is thought
to involvemainly 2,3-enolization,where reductones, such as 4-hydroxy-
5-methyl-2,3-dihydrofuran-3-one (HMFone), and a variety of fission
products, including acetol, pyruvaldehyde, and diacetyl are formed. All
these compounds are highly reactive and take part in further reactions.
Carbonyl groups can condense with free amino groups, which results
in the incorporation of nitrogen into the reaction products. Dicarbonyl
compoundswill react with amino acids with the formation of aldehydes
andα-aminoketones. This reaction is known as the Strecker degradation.
In an advanced stage, a range of reactions involving various divergent
pathways occur, including cyclizations, dehydrations, retroaldolizations,
enolizations, oxidations, fragmentations, acid hydrolysis, isomerizations,
rearrangements, free radical reactions, and further condensations, lead-
ing to the formation of a large multiplicity of poorly characterized com-
pounds (Friedman, 1996b; Ledl & Schleicher, 1990; Martins, Jongen, &
Van Boekel, 2001). Most of the color is not presented until the final
stage when highly colored, water-insoluble, nitrogen-containing poly-
meric compounds known as “melanoidins” are produced (Friedman,
1996b; Martins et al., 2001; Zhang & Zhang, 2007).

AlthoughHodge'swork is very important andhisfindings are still use-
ful today, it remains a controversial issue regarding themechanism of the
Maillard reaction. Firstly, the chemical structures and corresponding for-
mation mechanism of advanced glycation end products (AGEs) have
drawn wide attention (Ahmed, Frye, Degenhardt, Thorpe, & Baynes,
1997; Aoki et al., 2000; Dyer, Blackledge, Thorpe, & Baynes, 1991;
Grandhee & Monnier, 1991; Machado et al., 2006; Méndez & Leal, 2004;
Miyata & Monnier, 1992; Nagaraj & Monnier, 1992; Nagaraj,
Portero-Otin, &Monnier, 1996; Obayashi et al., 1996; Tessier, Obrenovich,
& Monnier, 1999). Secondly, only partial structures of melanoidins have
been elucidated. Several review articles have summarized the researches
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