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Abstract: Lysine residues in milk proteins become “blocked” when they react with reducing sugars, particularly
lactose, in the Maillard reaction. The blocked or glycated lysines reduce the biological availability of the lysine to
metabolic processes and also hinder hydrolysis of the parent protein by digestive enzymes. Heating and storage of milk
and milk products are the major promotants of the Maillard reaction and resulting chemical damage to the proteins.
Several methods have been proposed to estimate the extent of this protein damage. Two major compounds, furosine, a
product of acid hydrolysis of lactulosyl-lysine, the 1st stable product of the Maillard reaction, and carboxymethyl-lysine are
used for assessing the early and advanced stages of the Maillard reaction, respectively. In addition, several methods are used
for assessing the bioavailability of lysine in a protein; these include chemical, enzymic, and animal-based methods. This
review discusses the Maillard reaction and its significance in milk and dairy products, methods of assessing the extent of
the reaction and of the bioavailability of lysine, and the nutritional significance of blocked lysines and associated Maillard
reaction products in milk proteins.
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Introduction
Production of milk and milk products such as in-container ster-

ilized milk, ultra-high temperature (UHT) milk, condensed milk,
milk powders, and infant formulas involves processes in which
the product receives considerable heat treatment. Heating at high
temperature, which is required for microbiological safety and to
produce certain technological effects, may decrease the nutritive
value of the product and generate compounds which are detri-
mental to health. Major changes in dairy products caused by heat-
ing are largely due to the Maillard reaction. This reaction, which
is actually a series of reactions, is initiated by the interaction of
lactose and other reducing sugars with amino acids, particularly
lysine, but also arginine, methionine, tryptophan, and histidine
in proteins and peptides. It can result in brown discoloration, re-
duction of pH, production of flavor compounds, and potentially
toxic compounds, and, most significantly for this review, it causes
a reduction in nutritive value through (accessibility and availabil-
ity) “blockage” of the essential amino acid lysine (O’Brien and
Morrissey 1989a,b; van Boekel 1998).

Detection of the Maillard reaction products is important for
the quality control of milk and milk products as it provides in-
formation on the amount of modified or blocked lysine, and
also unmodified lysine, referred to as reactive or available lysine,
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produced under certain processing and storage conditions. Several
chemical markers, such as furosine, lactulose, galactose, tagatose,
hydroxymethyl furfural, Nε-carboxymethyl-l-lysine (CML), lysyl-
pyrraline, brown pigments, and fluorescent products, have been
proposed for monitoring the heat treatment given to milk and
dairy products (van Boekel 1998). Early products of the Mail-
lard reaction, the so-called Amadori compounds, which are
usually measured as the acid hydrolysis product furosine (Nε-2-
furoylmethyl-l-lysine), tend to decline during prolonged storage
or after overheating and give rise to advanced Maillard reaction
products (AMRPs) such as CML (Rufiàn-Henares and others
2002; Basto and others 2012). Furosine as a measure of the early
stage of the Maillard reaction and CML as a marker of the advanced
stages of Maillard reaction are discussed in this paper.

Amadori compounds are the 1st stable intermediates resulting
from the early Maillard reaction in foods as a consequence of heat
treatment or storage; they render lysine biologically unavailable
and decrease the digestibility of the protein by reducing access
by proteinases such as trypsin and carboxypeptidase. Hence, the
quantification of Amadori products can be used to evaluate the
nutritional quality of foods (Krause and others 2003). Subsequent
oxidation of the Amadori product produces AMRPs or advanced
glycation end products (AGEs), including CML which is used
as a marker for AGEs in biological systems. Since AGEs have
been shown to cause pathological changes in laboratory animals
(O’Brien and Morrissey 1989a), and also in humans who consume
a large quantity of food containing AGEs, the food safety aspects
of AGEs have recently received considerable attention (Chuyen
and others 2005).
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Figure 1–Formation of furosine and N-carboxymethyl-lysine (CML) from the Amadori Maillard reaction product.

The Maillard Reaction
The Maillard reaction (sometimes referred to as nonenzymatic

glycation or nonenzymatic browning reaction) is a complex series
of chemical reactions 1st described by Louis Camille Maillard, a
French scientist, in the period 1912 to 1917. In milk products, the
carbonyl group of a reducing sugar, principally lactose, initially
reacts with lysine residues in the milk proteins, particularly lysine
residues in caseins as they are more reactive than those in serum
proteins (Turner and others 1978). Although lactose also reacts
with arginine, methionine, tryptophan, and histidine, its reaction
with lysine is the most significant and is the focus of this review.
The lactose reacts with the ε-amino group of lysine residues form-
ing a Schiff’s base (lactosyl-lysine) which is subsequently trans-
formed via an Amadori rearrangement into the protein-bound
Amadori product ε-N-deoxylactulosyl-l-lysine, which is subse-
quently referred to here as lactulosyl-lysine. The reaction then
proceeds through various stages, often referred to as advanced and
final (Mauron 1981), forming a large range of Maillard reaction
products (van Boekel 1998). The advanced stage of the Maillard re-
action involves the breakdown of the Amadori product into AGEs
such as CML (Figure 1), as well as reactions with carbohydrates
and their degradation products. Among the AGEs which have
been studied most, CML is stable and relatively inert, while others
such as dicarbonyls like glyoxal and methylglyoxal are highly reac-
tive (Uribarri and others 2010). Methylglyoxal has recently been
implicated in protein cross-linking in milk protein concentrate
(MPC) (Le and others 2013) and has been reported to have both
toxic and beneficial biological effects (Erbersdobler 1977; Taluk-
dar and others 2008). The final stage of the Maillard reaction
consists of the condensation of amino compounds and sugar frag-
ments into polymerized proteins and production of melanoidins,
brown-colored polymeric substances (van Boekel 1998). Several
reviews have been published on the Maillard reaction (Finot and
others 1977; Mauron 1981; O’Brien 1995; Friedman 1996; van
Boekel 1998; Nursten 2005; Basto and others 2012; Shimamura
and Ukeda 2012).

Lysine in the form of the Amadori compound, lactulosyl-lysine,
is biologically unavailable and, hence, the Maillard reaction results

in a reduction in the biological value of the protein. Quantification
of the Amadori product is therefore used to estimate the extent
of this reduction in nutritional quality of the product (Krause
and others 2003).

While the Maillard reaction on milk proteins is generally con-
sidered to be undesirable, it can also be used to our advantage. For
example, Baechler and others (2012) disclosed a method of im-
proving the flowability and solubility of skim milk powder (SMP)
by controlled heating in the dry state at 60 °C to achieve 10% to
35% lysine blockage. Furthermore, some Maillard products have
antioxidative properties (McGookin and Augustin 1991) which
have been used to effectively protect encapsulated fish oils from
oxidation (Augustin and others 2006). They may also have chemo-
protective properties against growth of some tumor cells (Henle
2005).

Analysis of Blocked Lysine
In order to assess the extent of lysine blockage and, hence,

the reduction in biological value, several methods have been used.
Traditionally, it has been estimated through the analysis of furosine,
which does not exist in milk and dairy products but is formed
during acid hydrolysis of lactulosyl-lysine. Together with the lysine
content which can be quantified independently by, for example,
amino acid analysis or high-performance liquid chromatography
(HPLC), determination of furosine allows the calculation of the
percentage of blocked lysine (Bujard and Finot 1978; Erbersdobler
and Somoza 2007) (see below). An excellent review of furosine as
an indicator of the nutritional quality of foods was published by
Erbersdobler and Somoza (2007).

While lactulosyl-lysine is the major Amadori product formed
in most milk products, certain dairy products such as lactose-
hydrolyzed milk contain the more reactive monosaccharides glu-
cose and galactose, which form fructosyl- and tagatosyl-lysine,
respectively. Resmini and others (1990) found that acid hydrolysis
of both of these Amadori products gave the same yield of furo-
sine. Fructosyl-lysine has also been found in stored UHT milk at
a concentration of about 10% of that of lactulosyl-lysine (Moeller
and others 1977).

C© 2015 Institute of Food Technologists® Vol. 15, 2016 � Comprehensive Reviews in Food Science and Food Safety 207



Blocked lysine in dairy products . . .

Furosine
Since its detection in 1966 (Erbersdobler and Zucker 1966),

furosine has been used as an indicator of thermal damage in foods.
Initially, using ion exchange chromatography with ninhydrin
postcolumn derivatization of the acid hydrolysate prepared
from mildly and severely heated dried skim milk samples,
chromatograms containing a “compound x” were obtained
(Erbersdobler and Zucker 1966; Erbersdobler and Somoza 2007).
Subsequently, this compound was identified as the nonnative
amino acid ε-N-(2 furoylmethyl)-l-lysine and was named furosine
(Heyns and others 1968; Finot and others 1968).

Furosine is used for evaluating the early stages of the Mail-
lard reaction. It is formed during acid hydrolysis of the Amadori
compounds lactulosyl-lysine, fructosyl-lysine, and tagatosyl-lysine
produced by the reaction of lysine with lactose, glucose, and galac-
tose, respectively (Finot and Mauron 1972; Erbersdobler and Hupe
1991). In general, the product is digested with concentrated acid,
such as 6 N HCl at 110 °C for 23 h (Elliott and others 2003).
These compounds are all protein-bound, although acid hydrolysis
of free Amadori compounds yields free furosine.

The discovery of furosine has stimulated research in the field
of heat damage to proteins and demonstrated the importance of
the Amadori products in particular (Erbersdobler and Somoza
2007). With advancements in analytical techniques, improvements
in furosine methods have occurred, starting with HPLC tech-
niques (Schleicher and Wieland 1981; Chiang 1983; Resmini and
others 1990). With the availability of pure and stable standards,
Delgado and others (1992) proposed a procedure based on ion-
pairing HPLC by using sodium heptanosulfonate.

Ion-pair reversed-phase HPLC using sodium heptanosulfonate
with detection at 280 nm is now a commonly used technique
for determining furosine in dairy products (Resmini and others
1990; Delgado and others 1992). Even low levels of furosine can
be analyzed by this method (Resmini and others 1990). It has
also been used as a reference method in almost all the studies
intended to develop novel techniques for furosine determination
(Kulmyrzaev and Dufour 2002). For example, Kulmyrzaev and
Dufour (2002) quantified furosine in heat-treated milk using a
front-face fluorescence method and correlated their results with
the reference ion-pair HPLC method. Front-face fluorescence is a
relatively low-cost, rapid, and nondestructive method which could
replace conventional analytical techniques used for the determina-
tion of lactulose and furosine in dairy products (Kulmyrzaev and
Dufour 2002). Furosine can also be quantified by capillary zone
electrophoresis (CZE) although the method is not suitable for test-
ing products with low levels of furosine, like pasteurized milk and
mozzarella cheese. However, speed and low cost make CZE an
attractive method for quality control of moderately heat-treated
dairy samples if such equipment is available (Tirelli and Pellegrino
1995; Delgado-Andrade and others 2005).

During acid hydrolysis of protein-bound Amadori products of
lysine, the yield of furosine is considered to be constant under
controlled conditions, thus enabling the amount of blocked lysine
to be calculated. However, published yields range from 20% to
32% after hydrolysis in 6 M HCl and from 29% to 46% after hy-
drolysis in 7.8 M HCl (Brandt and Erbersdobler 1972; Finot and
others 1977; Resmini and others 1990). Furthermore, Resmini
and others (1990) reported that hydrolysis with 8 M HCl resulted
in a higher yield of furosine from Amadori compounds containing
a fructosyl moiety: 46% for fructosyl-lysine, 50% for lactulosyl-
lysine, and 51% for maltulosyl-lysine. Therefore, the conversion
factor for calculating the content of Amadori product from the

furosine content remains uncertain (van Boekel 1998). However,
the recovery rate of furosine is reproducible if all conditions of
hydrolysis and chromatography are kept stable (Brandt and Erbers-
dobler 1972; Krause and others 2003; Erbersdobler and Somoza
2007).

It is now generally accepted that acid hydrolysis of protein-
bound lactulosyl-lysine using 6 M HCl produces lysine and furo-
sine in yields of 40% and 32%, respectively, together with 28% of
pyridosine (Finot and others 1968; Bujard and Finot 1978; Finot
and others 1981; Baptista and Carvalho 2004; Nursten 2005). The
yields from free lactulosyl-lysine (50% and 20%, respectively) dif-
fer from these figures but are not applicable in milk and dairy
products. Using the 1st 2 figures, the percentage of blocked lysine
residues can be calculated as follows from the analyses of furosine
and lysine after acid hydrolysis.

blocked lysine (%) = 3.1 furosine

total lysine + 1.87 furosine
× 100

The factors are derived as follows: 100/32 = 3.1 and 60/32
= 1.87. Total-Lys represents the lysine recovered in the analysis,
namely, unreacted lysine plus lysine recovered from lactulosyl-
lysine residues during acid hydrolysis (Nursten 2005). However,
as indicated above, some authors have found slightly different
figures for the yields of products from the acid hydrolysis of
protein-bound lactulosyl-lysine. For example, Rufián-Henares
and others (2007) reported 40% lysine, 36% furosine, and 24%
pyridosine, while Marconi and others (2002) reported 30% furo-
sine, 45% lysine, and 12% pyridosine. Therefore, the percentage
blocked lysine calculated using the different yield figures will vary
from those using the above equation.

The determination of blocked lysine from furosine analysis has
the disadvantage that it is formed from Amadori products with
a yield of only 30% to 40%, although the recovery rate is repro-
ducible if consistent analytical conditions are applied. The progress
of the Maillard reaction in more severely heated samples leads
to the formation of further intermediates and end products that
decrease Amadori products and, hence, their measured furosine
contents (Erbersdobler and Somoza 2007). This, together with
the fact that furosine and, hence, lysine blockage, increases during
storage of long shelf-life products needs to be taken into account
when assessing the effect of processing on available lysine.

The extent of blocked lysine determined from the furosine
level is expressed as the percentage of lysine in the parent protein.
This means that a lysine analysis must be conducted to be able
to use the above formula. An alternative is to make an estimate
based on a knowledge of the reported lysine contents of casein
and whey proteins and the proportion of each in the product.
This is important for infant formulas where the casein-to-whey
protein ratio can vary from 4:1 to 1:1. Assuming the lysine contents
of casein and whey proteins are 0.56 mol/kg and 0.84 mol/kg
(8.2% and 12.2%) (Walstra and others 1999), the approximate
percent lysine blockage can be calculated by using a multiplication
factor as shown in Table 1. The factor is based on the assumption
that the furosine yield from acid hydrolysis of the protein is 32%
and that furosine is expressed as mg/100 g protein. An example
of the application of the multiplication factor is given in column
4 of Table 1 for a furosine value of 100 mg/100 g.

Carboxymethyl-lysine (CML)
Various advanced AGE are formed during Maillard reac-

tions and one of them is CML (Goldberg and others 2004;
Ahmed and others 2005; Nguyen and others 2014). In severely
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Table 1–Calculation of approximate percentage lysine blockage from furosine values.

Casein:whey protein ratio
Theoretical lysine (g/100 g

protein)

Multiplication factor to convert
furosine in mg/100 g protein into

% blocked lysine

Example: calculated lysine
blockage (%) for furosine of

100 mg/100 g protein

100:0 8.2 0.038 3.8
80:20 (normal milk) 9 0.034 3.4
70:30 9.4 0.033 3.3
60:40 9.8 0.032 3.2
50:50 10.2 0.030 3.0
40:60 10.6 0.029 2.9
0:100 12.2 0.025 2.5

Table 2–CML content in milk and dairy products.

Category CML (mg/kg protein) References

Analyzed using instrumental methods
Raw milk 20a Ahmed and others (2005)
Pasteurized skimmed milk 10.4 Assar and others (2009)
Pasteurized milk 16.3 Assar and others (2009)
Pasteurized low-fat milk 53a Ahmed and others (2005)
Pasteurized whole milk 16.2 Fenaille and others (2006)
In-container sterilized milk 343 Drusch and others (1999)

126a Ahmed and others (2005)
Sterilized flavored milk 164 Drusch and others (1999)
UHT milk 34.1 Fenaille and others (2006)
UHT skimmed milk 32.5 Hull and others (2012)
UHT whole milk 63.5 Hull and others (2012)
UHT flavored milk 67 Drusch and others (1999)
Evaporated whole milk 563 Assar and others (2009)
Condensed milk 390 Hartkopf and Erbersdobler (1995)
Cheddar cheese 23.2 Assar and others (2009)
Infant formula 30 Hartkopf and Erbersdobler (1995)
Powdered infant formula 60.1 Fenaille and others (2006)
Liquid infant formulas 62.9 Fenaille and others (2006)

Analyzed using ELISA
UHT-sterilized infant formulas 1.39 Birlouez-Aragon and others (2004)
Bottle-sterilized infant formulas 1.68

aCalculated from original data assuming protein content of 33 g/kg.

heat-treated food items, in which furosine levels have already
peaked, CML can provide additional information on the pro-
tein damage. However, unlike for furosine, the pathways by
which CML is formed are not unique (Erbersdobler and So-
moza 2007). The relationship between furosine and CML
is not uniform, which suggests different pathways of CML
formation (Zyzak and others 1994; Kasper and Schieberle 2005).
CML is stable and exists in the bound form and is frequently used
as a marker for AGE formation in food (Ames 2008; Nguyen and
others 2014). In milk, the bound form is generated by oxidative
cleavage of the Amadori product lactulosyl-lysine (Figure 1). CML
can be produced in the laboratory by acid hydrolysis and perio-
date oxidation of lactulosyl-lysine; in this way it can be used as an
alternative method of estimating lactulosyl-lysine (O’Brien 1995).

Various methods (instrumental or immunochemical) are used
for measuring CML content (Ames 2008). It can be determined by
reversed-phase HPLC after derivatization with o-phthalaldehyde
(OPA), gas chromatography coupled with mass spectrometry
(GC-MS) following methylation of carboxylic groups and acyla-
tion of amine groups, and liquid chromatography coupled with
mass spectrometry (LC-MS) (Hartkopf and others 1994; Kislinger
and others 2003; Charissou and others 2007; Assar and others
2009). Assar and others (2009) reported that ultra-high pressure
LC and matrix-assisted laser desorption/ionization time-of-flight
mass spectrometry provided significantly better resolution and
was less time consuming than conventional LC-MS; the latter GC
method involves double-derivatization and, hence, the GC-MS
method is quite time consuming (Charissou and others 2007;
Nguyen and others 2014).

Recently, Xu and others (2013) used high-performance anion-
exchange chromatography with pulsed amperometric electro-
chemical detection for the analysis of CML in thermally processed
milk. This method demonstrated a low limit of quantification
(0.385 to 0.866 mg/L) and proved to be useful for simultaneous
analysis of CML, lysine, and reducing sugars (glucose, galactose,
and lactose) in the Maillard reaction system.

CML analyses in foods are also performed by the specific
enzyme-linked immunosorbent assay (ELISA). This method is
suitable for quantitative CML analysis both in biological samples
and food (Goldberg and others 2004). Tauer and others (1999)
developed a competitive ELISA to analyze CML-modified pro-
teins. They claimed the anti-CML antibody had specificity for
protein-bound CML and that the ELISA was a fast, specific, and
easy-to-handle method to evaluate CML formation in heated milk
products without a clean-up procedure. Using the same antiserum,
they also showed sodium dodecyl sulfate–polyacrylamide gel elec-
trophoresis (SDS–PAGE)/immunoblotting to be capable of detect-
ing CML in insoluble food proteins. Birlouez-Aragon and others
(2004) also quantified CML in milk products without a prelimi-
nary clean-up step using ELISA; when compared with GC-MS, it
gave satisfactory results for powdered, but not for liquid, formu-
lations (Charissou and others 2007). ELISA assays have not been
used as widely as instrumental methods for the determination of
CML in food samples (Nguyen and others 2014). They have not
yet been validated for most foods, and the units (kU/100 g food
or ng/mg protein) used to express CML in food using ELISA
are often not consistent or comparable with those from instru-
mental methods (Hull and others 2012). Compared with ELISA
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methods, instrumental methods provide more reliable data but
require highly trained personnel and are relatively costly.

Table 2 shows reported CML contents of some milk and dairy
products obtained using both instrumental and immunochemical
methods. While the values for most products are quite low, the
concentrated products and in-container sterilized milks stand out
for their relatively high levels.

Analysis of Chemically Reactive and Bioavailable
Lysine

Several methods, both chemical and biological, are available
for determining the amount of unblocked lysine in a food pro-
tein. These have been reviewed by Hurrell and Carpenter (1981a,
1981b) and Rutherfurd and Moughan (2007, 2008). While several
authors have equated chemically reactive lysine with biologically
available lysine, Rutherfurd and Moughan (2005) pointed out that
this is not necessarily correct for all proteins as some chemically
reactive lysine may not be biologically available. However, because
of the relative ease of obtaining estimates of chemically reactive
lysine compared with biologically available lysine, much more ex-
tensive data exist for the former than the latter. Furthermore, some
biological methods involving animals have been criticized because
of the large coefficient of variation due to inherent experimental
difficulties. An example of such difficulties is with protein effi-
ciency ratio assays for heated protein where the available lysine
in the unheated protein exceeds the animal’s requirements and a
difference between the heated and unheated protein is not imme-
diately observed if at all (Hurrell and Carpenter 1981a, 1981b).

Chemically reactive lysine
The literature contains a wide range of terms which purport

to refer to the amount of lysine in a protein or protein-
containing food which could be utilized by animals including
humans (Rutherfurd and Moughan 2007). Many workers have
determined chemically reactive lysine using chemical tests and
described it as total available lysine (Rehman 2006), chemically
available lysine (Desrosiers and others 1989), chemically reactive
lysine (Henle and others 1991), reactive lysine (Friedman and
others 1984; Vigo and others 1992; Torbatinejad and others 2005),
available lysine (Couch and Thomas 1976; Fernandez-Artigas and
others 1999; Rufián-Henares and others 2006), and bioavailable
lysine (Erbersdobler and Hupe 1991). In this review, the term
chemically reactive lysine will be used for values obtained by
chemical analyses.

Traditionally, amino acids have been determined in proteins
after acid hydrolysis. However, as noted above in the discussion
on furosine, the amount of reactive lysine cannot be determined
in this way, because some of the lysine which has been modi-
fied to lactulosyl-lysine by the Maillard reaction reverts back to
lysine, which would give an overestimation of the amount of
unblocked lysine. Hence, other more specific chemical meth-
ods have been sought for determining chemically reactive lysine.
These methods include the furosine method, as discussed above,
and the 1-fluoro-2,4-dinitrobenzene (FDNB), trinitrobenzene-
sulfonic acid (TNBS), guanidination, sodium borohydride, OPA,
and dye-binding methods.

FDNB was the 1st reagent used to measure chemically reac-
tive lysine in food products (Carpenter and Ellinger 1955; Car-
penter 1960, Erbersdobler and Anderson 1983). It reacts with
the free ε-amino group of lysine and, after acid hydrolysis, yel-
low dinitrophenyl (DNP)-lysine is produced which can be mea-
sured colorimetrically or by HPLC. While suitable for most dairy

products, the presence of starch or other polysaccharides can lead
to a loss of DNP-lysine during the acid-hydrolysis stage and hence
give an underestimate of lysine reactivity.

Kakade and Liener (1969) introduced TNBS as an alternative
to FDNB. It gives a yellow product, trinitrophenyl (TNP)-lysine.
However, like DNP-lysine, TNP-lysine is also reduced in the
presence of carbohydrate (Posati and others 1972; Hurrell and
Carpenter 1974). Hurrell and Carpenter (1981a, 1981b) sug-
gested a difference procedure to overcome the lack of quantitative
recovery of DNP-lysine in the presence of starch. The difference
between total lysine (as measured after acid hydrolysis) and
blocked lysine (as measured after treatment with FDNB and
acid hydrolysis) consists of the reactive lysine residues (which
had reacted with FDNB). The method assumes that DNP-lysine
does not yield any lysine on acid digestion.

Another method for determining reactive lysine involves the
guanidination reaction, in which the ε-amino group of lysine re-
acts with O-methylisourea (OMIU) to produce the acid-stable
homoarginine (Bujard and Mauron 1964; Nair and others 1978)
(Figure 2). Homoarginine as determined by ion-exchange or GC
represents the reactive lysine. The fact that OMIU will only re-
act with the ε-amino group of lysine (Zhang and others 2006)
is considered as one of the main advantages of the guanidination
method over all the other reactive lysine assays. The reactive ly-
sine (%) can be estimated by the formula homoarginine (%)/(MW
homoarginine × MW Lys) (Pahm and others 2008).

Alternatively, sodium borohydride can be used to reduce lactulosyl-
lysine to compounds that do not include lysine. Therefore, subse-
quent analysis of lysine in the acid hydrolysate yields only reactive
lysine. (Hurrell and Carpenter 1974; Couch and Thomas 1976;
Hurrell and Carpenter 1981a, 1981b).

Reaction of OPA (and mercaptoethanol and SDS to dissociate
the protein) with the ε- and α-NH2 groups of proteins forms a
fluorescent product which can be measured almost immediately
without any heating or hydrolysis (Goodno and others 1981). It is
claimed to be rapid, simple, sensitive, and also suitable for routine
analyses of reactive lysine. After correction for the contribution
from the terminal amine groups, the authors found a strong lin-
ear correlation between the lysine content and the fluorescence
generated with 16 different proteins.

A popular simple method is the dye-binding method in which
an azo dye such as Acid Orange 12 (1-phenylazo-2 naphthol-6
sulfonic acid) binds with the basic groups of proteins by electrova-
lent attraction (negatively charged azo dyes interact with positively
charged basic amino group of lysine). The binding precipitates the
reacted proteins, and the amount bound can be estimated, by
difference, from the concentration of the remaining dye in the
solution (Hurrell and others 1979). An issue with this method
is that the reactive lysine is overestimated by the reaction of the
dye with histidine and arginine. This can be overcome by 1st re-
acting the sample without modification and then neutralizing the
ε-amino group with propionic anhydride before reacting with the
dye again. The difference between the 2 dye-binding results rep-
resents the reactive lysine (Hurrell and Carpenter 1981a, 1981b).

Hurrell and Carpenter (1981a, 1981b) concluded that, although
the chemically reactive lysine methods cannot be expected to be
highly precise measures, they are useful to gain an approxima-
tion of the biologically available lysine in food proteins. They
concluded that some methods are poor indicators of early-stage
changes due to the Maillard reaction, and the best methods for de-
termining reactive lysine at this stage are the FDNB, borohydride,
and guanidination methods, as well as furosine for milk proteins.
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Acid hydrolysis  

Reac�ve lysine

Trinitrobenzene 
sulfonic acid

O-methyl isourea

HomoarginineTNP-lysine 
(yellow color)

1-fluoro-2,4,-
dintrobenzene

DNP-Lysine 
(yellow color)

Figure 2–Methods of estimating chemically reactive lysine.

Table 3–Lysine (g/100 g protein) in milk powders and evaporated milk determined by 4 methods (Adapted from Mottu and Mauron 1967).

Sample After acid digestion After enzymic digestion FDNB Rat growth assay

Lyophilized milk powder 8.3 8.3 8.4 8.4
Evaporated milk 7.6 6.2 6.4 6.1
Spray-dried milk powder 8.0 8.3 8.2 8.1
Roller-dried milk powder—low-heat 7.6 6.8 5.5 6.3
Roller-dried milk powder—conventional 7.1 5.4 4.6 5.9
Roller-dried milk powder—high-heat 6.1 2.3 1.9 2.0

Biologically available lysine
These can be divided into in vitro or enzymatic and in vivo

or animal-based methods. Theoretically, the use of enzymes to
match those in the human digestive system should provide a good
means of hydrolyzing the protein into amino acids, both free and
blocked, which could then be analyzed to determine the amount
of biologically available lysine. Such enzymic digestions do not
reach 100% hydrolysis (use of pronase results in 85% according
to Hurrell and Carpenter 1981a, 1981b), and hence the figures
obtained must be referred to a standard of reference which is taken
as 100% and adjusted accordingly (Bujard and others 1967). Mottu
and Mauron (1967) analyzed the availability of lysine in condensed
milk and a range of milk powders after enzymatic digestion of the
products with pepsin and pancreatin by the method of Mauron and
others (1955), and they compared the lysine figures obtained with
those from 3 other methods: acid digestion with lysine analysis,
the FDNB method of Carpenter (1960) and an in vivo method
based on rat growth (Gupta and others 1958). The results of a
selection of these are shown in Table 3. They clearly illustrate
the relative sensitivity of the different methods to blockage of the
lysine residues, as well as the effect of heat during processing on
the lysine values measured.

Pereyra Gonzáles and others (2003) used a pH stat method
involving trypsin, chymotrypsin, and porcine peptidase to evalu-
ate protein digestibility. The digestibility was estimated from the
amount of sodium hydroxide required to maintain the pH at 7.98
for 10 min using the method of Pedersen and Eggum (1983).

Many animal-based biological methods have been used for the
determination of available lysine. These include methods for as-
sessing the availability of lysine from foods based on the growth of
rats (Schweigert and Guthneck 1953; Guthneck and others 1953).

A later method based on growth of rats is the slope-ratio assay
developed by Batterham and others (1979) for determining bio-
logically available lysine. Animals are fed diets containing graded
levels of synthetic lysine, and a curve relating animal growth to
lysine level is constructed. The procedure is repeated with graded
amounts of the test protein added to the diet. The slopes of the
curves for the test protein diets and the synthetic lysine diets are
then compared and the available lysine content of the test protein
is estimated. The test is based on the assumption that all of the syn-
thetic lysine is utilized by the animal (Rutherfurd and Moughan
2007).

Another approach is the determination of an animal’s utiliza-
tion of dietary lysine by fecal analyses of lysine (Kuiken and
Lyman 1948). However, Moughan (2009) stated that the determi-
nations based on fecal measurement were flawed and a more accu-
rate method was the true ileal lysine digestibility assay (Moughan
2003). This involves determining unabsorbed lysine in the digesta
at the end of the ileum. A test diet containing the target protein is
fed to an animal (or human) and digesta are collected from the ter-
minal ileum. The lysine content of the test diet and the collected
digesta are analyzed by amino acid analysis after acid hydrolysis
and the total lysine consumed is determined through the use of
an indigestible marker. The true ileal lysine digestibility is deter-
mined from the difference in lysine content of the target diet and
collected digesta as a measure of biologically available lysine. This
method is suitable for assessing available lysine in proteins which do
not contain blocked lysine molecules. For processed food proteins
which contain blocked lysines, a variation of the true ileal lysine
digestibility assay has been developed (Moughan and Rutherfurd
1996). This method, now commercialized as the BIOLYSINETM

assay, involves determination of the chemically reactive lysine in
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Table 4–Furosine content (mg/100 g protein) of milk and dairy products.

Category Furosine (mg/100 g protein) References

Raw milk 3 to 5.5 Henle and others (1995); Van
Renterghem and De Block (1996)

Pasteurized milk 4 to 7 Van Renterghem and De Block (1996);
Resmini and Pellegrino (1992)

Sterilized milk 220 to 372 Van Renterghem and De Block (1996)
250 to 450 Resmini and Pellegrino (1992)

360 Erbersdobler and others (2002)
Sterilized evaporated milks 995 Erbersdobler and others (2002)
Sterilized creams 393 Erbersdobler and others (2002)
Sterilized chocolate drinks 446 Erbersdobler and others (2002)
Direct UHT milk 35 to 109 Van Renterghem and De Block (1996)

50 to 170 Resmini and Pellegrino (1992)
89 to 155 Corzo and others (1994b)

Indirect UHT milk 54 to 263 Corzo and others (1994b)
150 to 300 Resmini and Pellegrino (1992)

Indirect UHT milk (plate type) 108 to 240 Van Renterghem and De Block (1996)
Indirect UHT milk (tubular type) 118 to 193 Van Renterghem and De Block (1996)
UHT flavored milks 269.4 Erbersdobler and others (2002)
UHT creams 137.5 Erbersdobler and others (2002)
UHT chocolate drinks 161.7 Erbersdobler and others (2002)
Dried skim milks 536.9 Erbersdobler and others (2002)
Skim milk powder (extra, low, and medium heat) 100 to 120 Van Renterghem and De Block (1996)
Milk powder 150 to 1200 Rufián-Henares and others (2002)
Infant baby food powder 660 to 1890 Henle and others (1995)
Infant baby liquid food 730 to 1250 Henle and others (1995); Van

Renterghem and De Block (1996);
Martysiak-Zurowska and Stolyhwo
(2007)

both the target diet and the digesta using either the guanidina-
tion or FDNB method and measures the true ileal reactive lysine
digestibility which the authors maintain is the best measure of
biologically available lysine in processed foods. It is sensitive and
accurate and less labor-intensive, less expensive and less variable
than the slope-ratio and other assays based on animal growth rates
(Rutherfurd and Moughan 2007). The reactive lysine digestibility
of a range of milk products, including infant formulas ranged from
91% to 100%, with the lowest being for infant formulas and the
highest for UHT milk (Rutherfurd and Moughan 2005). These
data have to be interpreted as the percentage of reactive lysine,
determined by the guanidination method, which was digested by
the end of the ileum.

Moehn and others (2005) developed a method for the determi-
nation of lysine bioavailability in animal feed based on the indi-
cator amino acid oxidation technique. It involves either infusing
phenylalanine into the bloodstream of pigs or feeding a radioac-
tive phenylalanine along with the pig’s feed. At the same time,
the pig receives a test diet formulated to contain lysine in a con-
centration below the lysine requirement of the animal. Oxidation
of phenylalanine is determined in the test diet and compared to
that in the control diets for which the lysine content was known.
Phenylalanine oxidation increases as dietary bioavailable lysine de-
creases. This assay measures lysine metabolic availability, while the
ileal digestibility methods provide an estimate of lysine digestibil-
ity. Moehn and others (2005) point out that animal growth assays
to determine amino acid bioavailability are expensive and labori-
ous; their indicator oxidation test offers a rapid and less expensive
alternative.

Blocked/Available Lysine in Milk and Dairy Products
Brandt and Erbersdobler (1972) determined furosine in acid-

hydrolyzed milk products of different origin and showed that it
is a useful indicator of lysine damage in milk products. It can be
used as a criterion to distinguish between UHT milk, pasteurized
milk, and in-container sterilized milk (Burton 1984). Furosine

can also be used as a quality parameter to identify the presence of
reconstituted milk powder in raw or pasteurized milk (Resmini
and others 1992), prolonged heating, or inadequate storage of milk
and milk products (Corzo and others 1994a,b).

Table 4 summarizes the reported data on furosine in milk and
dairy products. However, it must be remembered that the condi-
tions of both the processing and storage of these products affect
the Maillard reaction, and hence, the level of Maillard reaction
products from the early to the late phase. Therefore, the data in
the table should be taken as a guide only.

Furosine has also been used to estimate the percentage of
blocked lysine. Some reported blocked lysine data obtained by
this method are given in Table 5 together with data for chemically
reactive lysine obtained using the methods outlined above.

Effect of heat treatment
The Maillard reaction in milk and dairy products is initiated

during heat processing but continues during storage, particularly in
long-life products such as powders and sterilized milk. It occurs at
any temperature, but the rate is greatly accelerated at temperatures
higher than 30 °C. For example, the reactive lysine content of
SMP stored for 3 mo decreased by 5% when stored at 30 °C, but
by 14% when stored at 45 °C (Rutherfurd 2010).

A direct steam injection process generated 3.6% (at 120 °C
for 400 s) and 6.8% (at 130 °C for 290 s) of blocked lysine in
whole milk, while indirect heating at 115 °C for 10 to 40 min
resulted in 11.0% to 13.0% blocked lysine (Finot and others 1981).
Elliott and others (2005) reported lower furosine values in com-
mercial directly processed UHT milk than in commercial indi-
rectly processed UHT milk. During storage at room tempera-
ture for 14 wk, the furosine levels increased from 29 to 132
mg/100 g protein and 124 to 183 mg/100 g protein in the di-
rectly and indirectly processed milk samples, respectively.

Van Renterghem and De Block (1996) noted that milk powders
are far more susceptible to lactosylation than UHT-treated milks.
Similarly, lysine residues in SMP were found to be more susceptible
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Table 5–Blocked lysine in milk and dairy products.

Product Percentage blockage References

Based on furosine determination
Raw milk 0 Nursten (2005)
Pasteurized milk 0 to 2 Nursten (2005)
UHT milk 0 to 10 Finot (1983); Erbersdobler and Hupe (1991)
In-container sterilized 10 to 15 Finot (1983)
Cooked cream pudding 2.5 Pizzoferrato and others (1998)
Evaporated milk 15 to 20 Nursten (2005)
Sweetened condensed 0 to 3 Nursten (2005)
Condensed milk 14, 36 Erbersdobler and Hupe (1991); Pizzoferrato and

others (1998)
Milk tablet (88% to 92% skim milk +
carbohydrates)

11 to 12.5 Pizzoferrato and others (1998)

Freeze-dried powder 0 Finot (1983)
Spray-dried powder 7, 0 to 3 Erbersdobler and Hupe (1991); Nursten (2005)
Spray-dried infant formulae 5 to 10 Finot (1983)
Roller-dried powder
(without precondensation)

10 to 15 Finot (1983)

Roller-dried powder (conventional) 20 to 50, 10 Finot (1983); Erbersdobler and Hupe (1991)
Infant formulas 26 to 34, 8 to 10 Erbersdobler and Hupe (1991);

Martysiak-Zurowska and Stolyhwo (2007)
Follow-up infant formulas 20 to 25 Martysiak-Zurowska and Stolyhwo (2007)
Infant formulas—lactose as only reducing
carbohydrate

13 to 27 Evangelisti and others (1994)

Infant formulas—lactose + maltodextrins as
reducing carbohydrates

5 to 18 Evangelisti and others (1994)

Infant formulas—maltodextrins as only
reducing carbohydrates

5 to 15 Evangelisti and others (1994)

Infant formulas—maltodextrins + glucose as
only reducing carbohydrates

20 to 32 Evangelisti and others (1994)

Infant formulas—casein: whey protein, 4:1 17 to 21 Birlouez-Aragon and others (2004)
Infant formulas—casein: whey protein, 6:4 to
4:6

25 to 30 Birlouez-Aragon and others (2004)

Milk-based sports supplements 0.2 to 37a Rufián-Henares and others (2007)
Skim milk powder—high flowability 10 to 35 Baechler and others (2012)

Based on reactive lysine methods
Skim milk powder—unstored 14.3b El and Kavas (1997)
Skim milk powder stored 6 mo 27.5b El and Kavas (1997)
Skim milk powder stored 18 mo 29.2b El and Kavas (1997)
Adapted infant formula stored 6 mo 3.3c Ferrer and others (2003)
Adapted infant formula stored 12 mo 11.7c Ferrer and others (2003)
Follow-up infant formula stored 6 mo 16.4c Ferrer and others (2003)
Follow-up infant formula stored 12 mo 24.5c Ferrer and others (2003)
Commercial infant formulas (×13) 8 to 55d Pompei and others (1988)

aDetermined on basis of 36% yield of furosine from lactulosyl-lysine; other furosine-derived data based on 32% yield.
bDye-binding method (Hurrell and others 1979).
cOPA method (Goodno and others 1981).
dTNBS method (Kakade and Leiner 1966).

to heating than those in liquid skim milk (Henle and others 1991).
The availability of lysine in SMP decreased during the drying
process by about 14.5% and during storage at 20 to 30 °C for 6 mo
by 15.5% and 18 mo by approximately 17.5% (El and Kavas 1997).
Furosine formation in powder was mainly affected by the drying
process because the water activity passes through values optimal
for the Maillard reaction during drying (Renner 1988). Normal
preheating seemed to have little or no effect on furosine formation
(Resmini and Pellegrino 1994; Van Renterghem and De Block
1996). Van Renterghem and De Block (1996) found the furosine
content in SMPs for which the milk was preheated at temperatures
below 105 °C to be 170 to 300 mg/100 g protein. However, under
extreme conditions of preheating (temperature > 105 °C, hold for
60 and 180 s), the furosine level was considerably increased. The
extent of lysine blockage in milk powders is also dependent on
the method of drying. Drum-drying, which involves the most
severe heat treatment of the product, causes more blockage than
spray-drying (Anderson 1980) which causes more blockage than
freeze-drying.

Van Renterghem and De Block (1996) demonstrated the in-
fluence of storage temperature on furosine content of SMP. The

furosine content of the milk powders stored at 37 °C was 10 to
20 times higher than that of the milk powders stored at 14 °C. Le
and others (2011) showed that MPC with 80% protein (MPC80)
showed a more rapid rise in furosine during storage as the tem-
perature was increased from 25 to 40 °C.

Relative humidity
Relative humidity also affects the level of furosine formation

in milk powders during storage. Van Renterghem and De Block
(1996) observed higher furosine contents in SMP when stored
at 65% relative humidity than at 45% or 85% relative humidity.
Similarly, Loncin and others (1965) found that browning and loss
of lysine were highest between 55% and 75% relative humidity.
These results are consistent with the data of Le and others (2011)
for SMP and whole milk powder (WMP) stored at 44%, 65%, and
84% relative humidity for 14 wk. However, MPC80 and whey
protein powder (WPC) showed greater increases in furosine at
84% than at 66% and 44% relative humidities. This was attributed
to the lower lactose-to-protein ratios in MPC80 and WPC than
in SMP and WMP.
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Blocked/Available Lysine in Infant Foods
A large range of infant formulas in the form of powders, liq-

uid concentrates, and ready-to-consume liquids is available in the
market. The products are formulated to suit infants of various
ages and contain a range of ingredients including milk proteins,
milk protein hydrolysates, nonfat dry milk as protein sources,
minerals, vitamins, and lactose, starch, sucrose, and corn syrup
as carbohydrate sources, and also fats or oils. The requirement
for lysine is high in infants (103 mg/kg per day compared to
12 mg/kg per day for adults) and, consequently, any reduction in
available lysine is of concern. Infant formula is recommended to
contain not less than 6.7 g of available lysine per 100 g protein
(Nursten 2005).

Mixing of ingredients, heating, concentration, and spray-drying
are the principal processes used in manufacturing infant foods.
Heat treatments including UHT and retort sterilization (for liq-
uid formulas), high-temperature, short-time and UHT treatments
are employed before spray-drying to produce powdered formulas
(Nasirpour and others 2006). Due to their high content of lysine
and reducing sugars and their neutral pH, infant foods are suscep-
tible to Maillard reactions, both during production and storage.
Important production factors that influence the Maillard reaction
are the moisture content of input concentrated milk, and the in-
let and outlet temperatures in the drier (Guyomarc’h and others
2000). During storage of powdered formula, De Block and oth-
ers (1998) reported early-stage Maillard reaction at 45% RH at
temperatures as low as 5 °C. The Maillard reaction rate in infant
formulas is affected by composition, presence of various ingredi-
ents, pH, moisture content, and temperature of storage (Labuza
and others 1970; Franzen and others 1990; Chávez-Servı́n and
others 2006). Evangelisti and others (1994) found that for infant
formulas, the extent of lysine blockage increased with the lactose
to protein ratio.

Ferrer and others (2003) studied chemically reactive lysine in
milk-based infant formulas during storage using the fluorimetric
OPA assay. They observed decreases in available lysine from
9.78 to 7.85 and to 7.45 g/kg sample in 24 mo at 20 and
37 °C, respectively. There was a corresponding increase in
furosine content from 187 to 750 and to 1001 mg/kg sample,
respectively (161 to 647 and to 862 mg/100 g protein). The
corresponding figures for follow-up infant formula were: reactive
lysine from 12.63 to 6.62 and to 6.48 g/kg and furosine from
225 to 758 and to 1121 mg/kg, respectively (141 to 473 and to
701 mg/100 g protein). The furosine increase correlated well with
lysine loss over the 1st 12 mo of storage, but less well thereafter,
presumably due to degradation into AMPs or AGEs. Martysiak-
Zurowska and Stolyhwo (2007) found high furosine contents
averaging 1320 to 1551 mg/100 g protein in infant formulas
from 4 manufacturers and from 932 to 1157 mg/100 g protein in
follow-up formulas from 4 manufacturers. Using furosine contents
and the formulas of Finot and others (1981), these authors calcu-
lated the blocked lysine to range from 19.6% to 34% of total lysine.

There is no European Union legislation defining the allowable
level of protein degradation of food products destined for infants.
Martysiak-Zurowska and Stolyhwo (2007) suggested there should
be a maximum allowable furosine level of 700 mg/100 g protein in
infant formulas and follow-up formulas. Furosine as an indicator
is used for regulatory purposes; for instance, for the production
of mozzarella cheese where the furosine content indicates the
addition of heat-treated cow milk to the original product made
purely from low-temperature-treated buffalo milk (EC 1998

and Erbersdobler and Somoza 2007). Italian legislation limits
the furosine content of peroxidase-positive pasteurized milk to
8 mg/100 g protein (<0.3% blocked lysine according to Table 1)
so as to prevent the use of materials other than raw milk for the
production of pasteurized drinking milk (Van Renterghem and
De Block 1996).

The alternative approach to setting limits for lysine blockage is
to specify minimum levels of available lysine. Pereyra Gonzáles and
others (2003) analyzed 19 commercial milk protein-based infant
formulas and measured their “available lysine” (chemically reac-
tive lysine according to the nomenclature adopted in this review)
contents by the fluorimetric OPA method of Goodno and others
(1981) and found that they ranged from 41 to 81 mg/g protein,
that is, 4.1 to 8.1 g/100 g protein. Based on the recommended
daily intake of infants up to 6 mo of 103 mg/kg body weight
and consumption according to the manufacturer’s recommenda-
tions, the authors concluded that all formulas analyzed provided
more than the recommended daily lysine requirement. However,
according to Nursten (2005) the level of available lysine in in-
fant formulae should be �6.7 g/100 g protein (67 mg/g protein),
which is similar to the mean value accepted for human milk of
6.6 g/100 g protein (Pereyra Gonzáles and others 2003); 8 of
the 19 milk protein-based formulas analyzed by Pereyra Gonzáles
and others (2003) would not meet the Nursten criterion. It is
also instructive to consider the percentage blocked lysine which
can be estimated by considering the total lysine in casein-based,
milk-based (casein-to-whey protein ratio of 4:1), and whey pro-
tein/casein (6:4)-based formulas using the lysine data in Table 1.
This yields blocked lysine figures of 10% to 50%; for comparison,
Nursten’s 6.7% criterion equates to 18% to 37% blocked lysine
for the 3 types of milk-based infant formulae. This suggests that
it can be misleading to consider only % blocked lysine without
considering the level of available lysine. Pereyra Gonzáles and oth-
ers (2003) also determined the protein digestibility of the milk
protein-based infant formulas by the pH-stat enzymic procedure
of Pedersen and Eggum (1983), and they found it to be in the
range 87.3% to 98.3%. It is unclear how these data relate to the
apparent levels of blocked lysine.

Nutritional Significance of Blocked Lysine and AGEs
Lysine is one of the essential amino acids for human health that

cannot be made by the body. It is responsible for, or aiding nu-
merous functions including production of carnitine which is useful
in converting fatty acids into energy, lowering cholesterol levels,
and absorption and conservation of calcium which is required for
bones and connective tissues. Diets having too little lysine cause
kidney stones, nausea, loss of appetite, fatigue, slow growth, ane-
mia, and other physiological disorders (Căpriţă, and Rodica 2009).
Hence any process, such as the Maillard reaction, which reduces
the availability of dietary lysine has nutritional significance. The
Maillard reaction is often described in food systems but it also
occurs in living organisms, in which case it is usually referred
to as glycation. Protein is modified by reacting with carbohy-
drates to produce glycated proteins which have impaired nutri-
tional value. There are 3 major areas of concern: reduced avail-
ability of lysine for metabolic purposes; reduced digestibility of
proteins through impaired access by proteolytic enzymes; and pos-
sible pathogenic effects of advanced Maillard products or AGEs.

The bioavailability of lysine in milk and dairy products is
reduced when it is glycated and the digestibility of the milk
proteins (by enzymes) decreases (El and Kavas 1997; Guyomarc’h
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and others 2000). These aspects have been discussed above in
relation to the various methods used to measure the impairment
of proteins by reaction with lactose and other reducing sugars.

When the Maillard reaction occurs in biological systems the
products formed after the initial Amadori product are referred to
as AGEs. AGEs, such as CML, are ingested with food and ab-
sorbed together with endogenous AGEs which occur naturally
in the body of healthy people. They have been reported to pro-
mote the progression of diseases such as diabetes (Monnier and
others 1996; Barbosa and others 2008, 2009). There is a direct
correlation between the amount of AGEs consumed and their
concentration in the blood (Barbosa and others 2009). Somoza
and others (2006) administered CML to rats and revealed that the
kidneys are the main organs in which it accumulates and through
which it is excreted. In that study, the dietary CML excreted in
the urine was 29% of ingested CML. The rate of absorption and
renal excretion of Maillard reaction products depends on dietary
intake and the presence of pathologies as well as the amount and
type of the critical compounds ingested (Basto and others 2012).
AGEs, both endogenous and exogenous, have been implicated
in the development of uremia (Uribarri and others 2003). Henle
(2003) reported that the total amount of AGEs ingested from the
diet is usually higher than the total amount of AGE in plasma and
tissues, due to excretion through the kidneys. Therefore, dietary
AGEs could contribute significantly to the load of AGEs in the
body in patients whose kidney function is impaired.

Conclusions
The Maillard reaction is very significant in milk and dairy

products, including infant formulae. While it is best known for
nonenzymic browning due to the late-stage production of brown
pigments (melanoidins), it also has significant effects on flavor,
functional properties, and nutritive value in all stages. Its effect on
nutritive value is mostly due to the production of the early-stage
Amadori products, particularly lactulosyl-lysine, in which the ly-
sine is rendered biologically unreactive or unavailable, and also to
the production of advanced Maillard products or AGEs, such as
carboxymethyl-lysine (CML) which is used as a marker of AGEs.
AGEs have been reported to be associated with some pathological
conditions. A major product in which the Maillard reaction is of
concern is infant formula. These products often contain certain
ingredients and undergo processing which promote the Maillard
reaction. While up to 30% of the lysine in some infant formulas is
blocked, the remaining available lysine is usually still higher than
the recommended level. Due to the vulnerability of infants, it is
preferable to minimize the Maillard reaction in infant formulas
by controlling the process and storage conditions. Severe heating
during manufacture and storage under unfavorable conditions of
temperature and, in the case of powdered products, relative hu-
midity, are the most important factors which promote Maillard
reactions.
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Chávez-Servı́n JL, Castellote AI, López-Sabate MC. 2006. Evolution of
potential and free furfural compounds in milk-based infant formula during
storage. Food Res Intl 39:536–43.

Chiang GH. 1983. A simple and rapid high-performance liquid
chromatographic procedure for determination of furosine, a lysine reducing
sugar derivative. J Agric Food Chem 31:1373–4.

Chuyen NV, Arai H, Nakanishi T, Utsunomiya N. 2005. Are food advanced
glycation end products toxic in biological systems? Ann NY Acad Sci
1043:467–73.

Corzo N, Delgado T, Troyano E, Olano A. 1994a. A ratio of lactulose to
furosine as indicator of quality of commercial milks. J Food Prot 57:737–9.

Corzo N, Lopez-Fandino R, Delgado T, Olano A. 1994b. Changes in
furosine and proteins of UHT-treated milk stored at high ambient
temperature. Z Lebensm Unters Forsch 198:302–6.

Couch JR, Thomas MC. 1976. A comparison of chemical methods for the
determination of available lysine in various proteins. J Agric Food Chem
24:943–6.

De Block J, Merchiers M, Van Renterghem R. 1998. Capillary
electrophoresis of the whey protein fraction of milk powders. A possible
method for monitoring storage conditions. Intl Dairy J 8(9):787–92.

Delgado T, Corzo N, Santa-Maria G, Jimeno ML, Olane A. 1992.
Determination of furosine in milk samples by ion pair reversed phase liquid
chromatography. Chromatographia 33:374–6.

C© 2015 Institute of Food Technologists® Vol. 15, 2016 � Comprehensive Reviews in Food Science and Food Safety 215



Blocked lysine in dairy products . . .

Delgado-Andrade C, Rufian-Henares JA, Morales FJ. 2005. Fast method to
determine furosine in breakfast cereals by capillary zone electrophoresis. Eur
Food Res Technol 221:707–11.

Desrosiers T, Savoie L, Bergeron G, Parent G. 1989. Estimation of lysine
damage in heated whey proteins by furosine determinations in conjunction
with the digestion cell technique. J Agric Food Chem 37:1385–91.

Drusch S, Faist V, Erbersdobler HF. 1999. Determination of
Nε-carboxymethyllysine in milk products by a modified reversed-phase
HPLC method. Food Chem 65:547–53.

El SN, Kavas A. 1997. Available lysine in dried milk after processing. Intl J
Food Sci Nutr 48:109–11.

Elliott AJ, Dhakal A, Datta N, Deeth HC. 2003. Heat-induced changes in
UHT milks—part 1. Aust J Dairy Technol 58:3–10.

Elliott AJ, Datta N, Amenu B, Deeth HC. 2005 Heat-induced and other
chemical changes in commercial UHT milks. J Dairy Res 72(4):442–6.

Erbersdobler HF. 1977. The biological significance of carbohydratelysine
crosslinking during heat treatment of food proteins. In: Friedman M, editor.
Protein crosslinking. Nutritional and medical consequences. Advances in
Experimental Medicine and Biology. Vol. 86B. New York and London:
Plenum Press. p 367–78.

Erbersdobler HF, Anderson TR. 1983. Determination of available lysine by
various procedures in Maillard-type products. In: Waller GR, Feather MS,
editors. The Maillard reaction in foods and nutrition. Vol. 215. Washington
DC: American Chemical Society Symposium Series. p 419–27.

Erbersdobler HF, Hupe A. 1991. Determination of lysine damage and
calculation of lysine bio-availability in several processed foods. Zeitschrift fur
Ernahrungswissenschaft 30:46–9.

Erbersdobler HF, Somoza V. 2007. Forty years of furosine—forty years of
using Maillard reaction products as indicators of the nutritional quality of
foods. Mol Nutr Food Res 51:423–30.

Erbersdobler HF, Zucker H. 1966. Untersuchungen zum Gehalt an Lysin
und verfugbarem Lysin in Trockenmagermilch. Milchwiss 21:564–8.

Erbersdobler HF, Drusch S, Faist V. 2002. Nutritional role of dairy products.
Effects of processing on protein quality of milk and milk products. In:
Roginski H, Fuguay JW, Fox PF, editors. Encyclopedia of dairy sciences.
San Diego: Academic Press/Elsevier Science. p 2137–43.

Evangelisti F, Calcagno C, Zunin P. 1994. Relationship between blocked
lysine and carbohydrate composition of infant formulae. J Food Sci
59:335–7.

Fenaille F, Parisod V, Visani, P, Populaire S, Tabet JC, Guy PA. 2006.
Modifications of milk constituents during processing: a preliminary
benchmarking study. Intl Dairy J 16:728–39.

Fernandez-Artigas P, Garcia-Villanova, B, Guerra-Hernandez, E. 1999.
Blockage of available lysine at different stages of infant cereal production. J
Sci Food Agric 79:851–4.

Ferrer E, Alegria A, Farre R, Abellan P, Romero F, Clemente G. 2003.
Evolution of available lysine and furosine contents in milk-based infant
formulae throughout shelf-life storage period. J Sci. Food Agric 83:465–72.

Finot P. 1983. Chemical modification of the milk proteins during processing
and storage. Nutritional, metabolic and physiological consequences. Kieler
Milch Forschung 35:357–69.

Finot PA, Mauron J. 1972. Le blockage de la lysine par la reaction de
Maillard. II. Propriete chimiques des derives N-(desoxy-1-D-fructosyl-1) et
N-(desoxy-l-D-lactulosyl-1) de la lysine. Helv Chim Acta 55:1153–64.

Finot, PA, Bricout J, Viani R, Mauron J. 1968. Identification of a new lysine
derivative obtained upon acid hydrolysis of heated milk. Experientia
24:1097–9.

Finot PA, Bujard E, Mottu F, Mauron J. 1977. Availability of the true Schiff’s
bases of lysine. Chemical evaluation of the Schiff’s bases between lysine and
lactose in milk. In: Friedman M, editor. Protein crosslinking. Nutritional
and medical consequences. Advances in Experimental Medicine and
Biology. Vol. 86B. New York and London: Plenum Press. p 343–65.

Finot PA, Deutsch R, Bujard E. 1981. The extent of the Maillard reaction
during the processing of milk. Prog Food Nutr Sci 5:345–55.

Franzen K, Singh RF, Oko MR. 1990. Kinetics of nonenzymatic browning
in dried skim milk. J Food Engr 11:225–39.

Friedman M, Pang J, Smith GA. 1984. Ninhydrin-reactive lysine in food
proteins. J Food Sci 49:10–3.

Friedman M. 1996. Food browning and its prevention: an overview. J Agric
Food Chem 44:631–53.

Goldberg T, Cai W, Peppa M, Dardaine V, Baliga B, Uribarri J, Vlassara H.
2004. Advanced glycoxidation end products in commonly consumed foods.
J Am Diet Assoc 104(8):1287–91.

Goodno CC, Swaisgood HE, Catignani GL. 1981. A fluorimetric assay for
available lysine in proteins. Anal Biochem 115:203–11.

Gupta JD, Dakroury AM, Harper AE, Elvehjem CA. 1958. Biological
availability of lysine. J Nutr 64:259–70.

Guthneck BT, Bennett BA, Schweigert BS. 1953. Utilization of amino acids
from foods by the rat. II. Lysine. J Nutr 49:289–94.

Guyomarc’h F, Warin F, Muir DD, Leaver J. 2000. Lactosylation of milk
proteins during the manufacture and storage of skim milk powders. Intl
Dairy J 10:863–72.

Hartkopf J, Erbersdoble HF. 1993. Stability of furosine during ion-exchange
chromatography in comparison with reversed-phase high-performance
liquid chromatography. J Chromatogr 635:151–54.

Hartkopf J, Erbersdobler HF. 1995. Model experiments with sausage meat
on the formation of Nε-carboxymethyllysine. Z Lebensm Unters Forsch
201:27–9.

Hartkopf J, Pahlke C, Ludemann G, Erbersdobler HF. 1994. Determination
of Nε-carboxymethyllysine by a reversed-phase high-performance liquid
chromatography method. J Chromatogr A 672:242–6.

Henle T. 2003. AGEs in foods: do they play a role in uremia? Kidney Intl
Suppl 63:S145–7.

Henle T. 2005. Protein-bound advanced glycation endproducts (AGEs) as
bioactive amino acid derivatives in foods. Amino Acids 29(4):313–22.

Henle T, Walter H, Klostermeyer H. 1991. Evaluation of the extent of
the early Maillard-reaction in milk products by direct measurement of
the Amadori-product lactuloselysine. Z Lebensm Unters Forsch A 193:
119–22.

Henle T, Zehetner G, Klostermeyer H. 1995. Fast and sensitive
determination of furosine. Z Lebensm Unters Forsch 200:235–7.

Heyns K, Heukeshoven J, Brose K-H. 1968. Der Abbau von
Fructose-Aminos uren zu N-(2-Furoylmethyl)-Aminos uren.
Zwischenprodukte der Br unungsreaktionen, Angew Chem 80:627.

Hull GLJ, Woodside JV, Ames JM, Cuskelly GJ. 2012.
N-epsilon-(carboxymethyl)lysine content of foods commonly consumed in
a Western-style diet. Food Chem 131:170–4.

Hurrell RF, Carpenter KJ. 1974. Mechanisms of heat damage in protein.4.
The reactive lysine content of heat-damaged material as measured in
different ways. Br J Nutr 32:589–604.

Hurrell RF, Carpenter KJ. 1981a. The estimation of available lysine in
foodstuffs after Maillard reactions. Prog Food Nutr Sci 5:159–76.

Hurrell RF, Carpenter KJ. 1981b. The estimation of available lysine in
foodstuffs. In: Eriksson C, editor. Progress in food and nutritional science,
Maillard reaction in foods. Vol. 5. Oxford, UK: Pergamon Press. p 156–76.

Hurrell RF, Lerman, P, Carpenter KJ. 1979. Reactive lysine in foodstuffs as
measured by a rapid dye-binding procedure. J Food Sci 44:1221–8.

Kakade ML, Liener IE. 1969. Determination of available lysine in proteins.
Anal Biochem 27:273–80.

Kasper M, Schieberle P. 2005. Labeling studies on the formation pathway of
N-ε-carboxymethyllysine in Maillard-type reaction. In: Baynes JW,
Monnier VM, Ames JM, Thorpe SR, editors. The Maillard
reaction—chemistry at the interface of nutrition, aging, and disease. New
York, N.Y.: New York Academy of Sciences. p 59–62.

Kislinger T, Humeny A, Peich CC, Zhang X, Niwa T, Pischetsrieder M,
Becker CM. 2003. Relative quantification of
N(epsilon)-(carboxymethyl)lysine, imidazolone A, and the Amadori product
in glycated lysozyme by MALDI-TOF mass spectrometry. J Agric Food
Chem 51:51–7.

Krause R, Knoll K, Henle T. 2003. Studies on the formation of furosine and
pyridosine during acid hydrolysis of different Amadori products of lysine.
Eur Food Res Technol 216:277–83.

Kuiken KA, Lyman CA. 1948. Availability of amino acids in some foods. J
Nutr 36:359–68.

Kulmyrzaev A, Dufour E. 2002. Determination of lactulose and furosine in
milk using front-face fluorescence spectroscopy. Lait 82:725–35.

Labuza TP, Tannenbaum SR, Karel M. 1970. Water content and stability of
low-moisture and intermediate-moisture foods. Food Technol 24(5):
35–42.

Le TT, Bhandari BR, Holland J, Deeth HC. 2011. Maillard reaction and
protein crosslinking in relation to solubility of milk powders. J Agric Food
Chem 59:12473–9.

Le TT, Holland JW, Bhandari, B, Alewood PF, Deeth HC. 2013. Direct
evidence for the role of Maillard reaction products in protein cross-linking
in milk powder during storage. Intl Dairy J 31:83–91.

216 Comprehensive Reviews in Food Science and Food Safety � Vol. 15, 2016 C© 2015 Institute of Food Technologists®



Blocked lysine in dairy products . . .

Loncin M, Jacqmain D, Tutundjian-Provost AM, Lenges JP, Bimbenet JJ.
1965. Influence de l’eau sur les reactions de Maillard. C R Acad Sci Paris
260:3208–11.

Marconi E, Caboni MF, Messia MC, Panfili G. 2002. Furosine: a suitable
marker for assessing the freshness of royal jelly. J Agric Food Chem
50:2825–9.

Martysiak-Zurowska D, Stolyhwo A. 2007. Content of furosine in infant
formulae and follow-on formulae. Pol J Food Nutr Sci 57(2):185–90.

Mauron J. 1981. The Maillard reaction in food: a critical review from the
nutritional standpoint. Prog Food Nutr Sci 5:5–35.

Mauron JF, Mottu EB, Egli RH. 1955. The availability of lysine, methionine
and tryptophan in condensed milk and milk powder in vitro digestion
studies. Arch Biochem Biophy 59:433–51.

McGookin BJ, Augustin MA. 1991. Antioxidant activity of casein and
Maillard reaction products from casein-sugar mixtures. J Dairy Res
58:313–20.

Moehn S, Bertolo RFP, Pencharz P, Ball RO. 2005. Development of the
indicator amino acid oxidation technique to determine the availability of
amino acids from dietary protein in pigs. J Nutr 135:2866–70.

Moeller AB, Andrews AT, Cheeseman GC. 1977. Chemical changes in
ultra-heat-treated milk during storage. II. Lactuloselysine and fructoselysine
formation by the Maillard reaction. J Dairy Res 44(2):267–75.

Monnier VM, Nagaraj RH, Portero-Otin M, Glomb M, Elgawish A-H, Sell
DR, Friedlander MA. 1996. Structure of advanced Maillard reaction
products and their pathological role. Nephrol Dial Transplant 11:20–6.

Mottu F, Mauron J. 1967 Differential determination of lysine in heated
milk. 2. Comparison of in vitro methods with biological evaluation. J Sci
Food Agric 18:57–62.

Moughan PJ. 2003. Amino acid availability: aspects of chemical analysis and
bioassay methodology. Nutr Res Rev 16:127–41.

Moughan PJ. 2009. Milk proteins: a cornucopia for developing functional
foods. In: Thompson A, Boland M, Singh H, editors. Milk proteins. From
expression to food. Amsterdam: Academic Press/Elsevier 483–99.

Moughan PJ, Rutherfurd SM. 1996 A new method for determining
digestible reactive lysine in foods. J Agric Food Chem 44:2202–9.

Nair BM, Laser A, Burvalla A, Asp NG. 1978. Gas chromatographic
determination of available lysine. Food Chem 3:283–91.

Nasirpour A, Scher J, Desobry S. 2006. Baby foods: formulations and
interactions (A review). Crit Rev Food Sci Nutr 46(8):665–81.

Nguyen Ha T, van der Fels-Klerx HJ, van Boekel MAJS. 2014.
N-(carboxymethyl)lysine: a review on analytical methods, formation, and
occurrence in processed food, and health impact. Food Rev Intl
30(1):36–52.

Nursten H. 2005. The Maillard reaction: chemistry, biochemistry and
implications. Cambridge: Royal Society of Chemistry.

O’Brien J. 1995. Heat-induced changes in lactose: isomerisation,
degradation, Maillard browning in heat-induced changes in milk. Intl Dairy
Fed Doc 9501:134–70.

O’Brien J, Morrissey PA. 1989a. Nutritional and toxicological aspects of the
Maillard browning reaction in foods. Crit Rev Food Sci Nutr 28:211–48.

O’Brien J, Morrissey PA. 1989b. The Maillard reaction in milk products. Intl
Dairy Fed Doc 238:53–61.

Pahm AA, Pedersen C, Stein HH. 2008. Application of the reactive lysine
procedure to estimate lysine digestibility in distillers dried grains with
solubles fed to growing pigs. J Agric Food Chem 56:9441–6.

Pedersen B, Eggum BO. 1983. Prediction of protein digestibility by an in
vitro enzymatic pH-stat procedure. J Anim Physiol An Nutr 49:265–77.
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