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Abstract The demand for duck meat and eggs in Asian
countries increases every year. Duck egg albumen has
become an important ingredient in the food industry
alongside its hen counterpart, because of its excellent
nutritive and functional properties. The major proteins in
duck albumen are ovalbumin, ovomucoid, ovomucin,
conalbumin, and lysozyme. Comparing with hen albumen,
lower contents of ovalbumin, conalbumin, lysozyme and
ovoflavoprotein are found in duck albumen. Nevertheless,
duck albumen shows better gelling and foaming properties
than hen albumen. During storage, duck albumen gel
properties are enhanced, while foam volume and foam
stability are decreased. Moreover, the changes in quality
indices of duck egg including the thinning of the albumen,
an increase in albumen pH, loss of water and carbon
dioxide occur as storage time is increased. Some processes
such as alkaline treatment also cause the loss in nutritive
value of egg albumen. In this review, the composition and
functional properties of duck albumen and how they are
affected by processing conditions are also addressed, in
comparison with hen albumen. A better understanding of
duck egg albumen would be beneficial so that the food
processing industry can exploit the potential of this avian
protein.
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Introduction

Egg and egg products are consumed by people in Asian
countries, regardless of their culture and religion. Eggs
contain almost all essential nutrients including lipids,
minerals, proteins, and all essential vitamins (excluding
vitamin C) (Abeyrathne et al. 2013). In the food industry,
egg products are used not only as nutrients but predomi-
nantly for their sensorial and functional properties (Phillips
and Williams 2011). Based on world ranking, Thailand is
one of the ten major countries for egg production (Fouad
et al. 2018; Huang and Lin 2011). According to Aendo
et al. (2018) in 2015, 13,548,366 ducks were used to pro-
duce eggs in Thailand, of which 51.86% were from free-
grazing duck farms located, mainly in the western and
central areas of Thailand. Globally, hen eggs are most
popular, while duck and quail eggs are also utilized for
consumption. In general, the composition of the egg white
proteins in the duck and hen eggs is different. Duck albu-
men contains about 60% methionine, by 30% threonine, by
25% tryptophan and by 45% sulfur amino acids higher than
that of hen egg. Thus, duck egg may be a better source of
those amino acids (Pikul 1998). Duck eggs, both fresh and
processed, are popular in China and South-East Asia,
representing 10-30% of total egg consumption in those
regions (Pingle 2009). Among commercial avian products,
salted eggs are popular in Asian countries especially in
South-East Asia and China (Ganesan et al. 2014).

An egg contains two important parts for human con-
sumption, the egg yolk and albumen. Albumen contains
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numerous biological substances including ovotransferrin,
ovomucoid, lysozyme, cystatin, and ovoinhibitor (Saxena
and Tayyab 1997). Ovomucoid, ovoinhibitor, and cystatin
are known to be protease inhibitors. Ovotransferrin, avidin,
and ovoflavoprotein are functionally classified as mineral
and vitamin binding agents (Rossi et al. 2013). Duck
albumen has several functional properties including emul-
sifying, foaming and gelling properties and water holding
capacity (Chen et al. 2009). Moreover, albumen proteins
and their derivative-proteins play a major role through their
antimicrobial (Anton et al. 2006), antioxidant (Ren et al.
2014) and anti-cancer properties (Lee et al. 2017). How-
ever, eggs have a limited shelf-life and are prone to quality
loss. During stockpiling or storage, many changes occur.
Those alterations include the thinning of the albumen, an
increase in albumen pH, loss of water and carbon dioxide,
increase in yolk water content, debilitating and extending
of the vitelline membrane, as well as changes in protein
conformation (Qiu et al. 2012) and these changes are likely
to affect the albumen functional properties. Additionally,
processing e.g. salting, drying, and high-pressure process-
ing, also influence the resulting egg albumen proteins
(Katekhong and Charoenrein 2018; Quan and Benjakul
2018b; Yang et al. 2016). In pidan egg albumen, alkaline
treatment causes the formations of lysinoalanine and lan-
thionine, as well as the racemization of amino acids (Chang
et al. 1999). Some amino acids such as leucine, asparagine,
and glutamine were increased during pidan making, while
there was no report regarding the changes in amino acid
compositions of salted duck egg white during salting pro-
cess (Ganesan et al. 2014).

Several reviews or studies of the physicochemical and
functional properties of hen albumen have been published.
However, less information regarding the changes in duck
albumen physicochemical and functional properties during
storage and processing and about its applications exists. In
this paper the composition and functional properties of
duck albumen as affected by storage and processing con-
ditions are reviewed.

Duck albumen proteins and their characteristics
Duck albumen composition

Eggs generally consist of three important parts: the yolk,
the albumen or white, and the eggshell with the eggshell
membrane. The yolk is encompassed by the albumen and
both are further wrapped by the eggshell membrane within
the outer covering of a hard eggshell (Hincke et al. 2012)
(Fig. 1). Because of the many varieties of laying duck
species worldwide, duck egg weight ranges from approxi-
mately 60 to 90 g. The egg yolk, albumen, and eggshell

account for 28-35%, 45-58%, and 11-13% (based on the
whole-egg weight), respectively (Huang and Lin 2011).
Duck eggs have a relatively higher percentage of egg yolk,
compared to other avian eggs. Congjiao et al. (2017)
studied the divergent proteomic patterns of egg white
proteins from chickens, turkeys, ducks, quails, pigeons, and
geese using tandem mass tag quantification technology,
and totals of 148, 162, 138, 183, 179, and 150 proteins,
respectively, were identified. Generally, duck and goose
albumen had the highest similarity of protein composition
(about 78%). Furthermore, dBPS; and dBPS, were the two
basic proteins isolated from duck egg albumen, which
share a basic lineage with the cygnin and meleagrin of
swan, turkey and chicken eggs (Naknukool et al. 2008).

Duck albumen has water (88.3%) as its main component
and it is rich in protein (8.8%). The remainder includes ash
(0.53%), and trace amounts of lipids (0.13%) (Huang and
Lin 2011). In descending order, the main albumen proteins
are ovalbumin (40% of dry matter), ovomucoid (10%),
ovomucin (3%), ovotransferrin (2.0%), and lysozyme
(1.2%). The major proteins in duck albumen are ovalbu-
min, ovomucoid, ovomucin, conalbumin, and lysozyme.
Comparing protein compositions between hen and duck
albumen, there are slight differences. Their compositions
and biologically functional properties are presented in
Table 1 (Belitz et al. 2009; Huang and Lin 2011). How-
ever, Hu et al. (2016) did not detect extra-cellular fatty
acid-binding protein precursor (ex-FABP), ovomucoid,
prostaglandin D2 synthase (PG D2 synthase) or clusterin in
duck albumen proteins. Nevertheless, two main proteins,
vitellogenin-2 and the “deleted in malignant brain tumors
1” protein (DMBT1), were found in duck albumen based
on a 2-DE gel map. The diversity of proteins determines
the gelling, emulsifying, and foaming properties of egg
albumen, which are the critical factors governing the
quality of food using albumen as an ingredient (Congjiao
et al. 2017).

Several protease inhibitors are present in hen egg
albumen and can inhibit serine protases such as ovomucoid
and ovoinhibitor, while cystatin is an inhibitor of thiol
proteases (Réhault 2007; Stevens 1991). However, those
protease inhibitors could not be found in duck egg albumen
by 2-dimensional polyacrylamide gel electrophoresis (2-
DE) (Hu et al. 2016). Quan and Benjakul (2018b) reported
protease inhibitor from duck albumen with molecular
weight of 44 kDa based on inhibitory activity staining.
This protein was plausibly ovalbumin, which had inhibi-
tory activity toward trypsin (Takenawa et al. 2015).
Ovalbumin is known as a member of serpin family and
shares sequence homology with o4-protease inhibitor,
antithrombin III and angiotensinogen (Saxena and Tayyab
1997). In food industry, protease inhibitors have been used
as the food additives to improve textural property of
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Fig. 1 Duck egg (a) and cross
section of duck egg (b); 1:
eggshell; 2: shell membrane; 3:
air cell; 4: thin albumen; 5:
thick albumen; 6: egg yolk; 7:
chalaza; 8: vitelline membrane;
9: germinal disc

several food products e.g. surimi, meat ball, and sausage,
etc. (Klomklao et al. 2016). Duck albumen also showed
higher inhibitory activity toward trypsin than hen coun-
terpart (Quan and Benjakul 2018a). Therefore, duck egg
albumen could be used as the substitute for hen egg albu-
men in some surimi-based products as the source of pro-
tease inhibitor, in which the protein degradation can be
prevented (Quan and Benjakul 2018a).

Functional properties of egg albumen
Gelling property

Due to the superior foaming and gelling capacities of
albumen in food systems, its use is preferred in food
products to whole egg or egg yolk. Gelation has an
essential role in a number of widely available products, e.g.
imitation crab, reformulated meat products, tofu, fish ball,
and surimi (Alleoni 2006). Egg albumen is a regularly used
ingredient for improving gel strength or the water-holding
capacity of many food products. The rheological and tex-
tural properties of many products depend on the gelling
properties or heat coagulation of egg proteins (Ren et al.
2010). Some foods (e.g. meringues and angle cakes)
require egg albumen as a foaming agent. However, the
gelling characteristics and coagulation temperature of duck
and hen eggs are quite different. Pikul (1998) noted that the
gelling temperature of duck albumen was 67.5 °C, while
that of hen albumen was found to be 75.0 °C. Further,
Pikul (1998) found that gel from duck eggs was firmer than
that of hen eggs when the same temperature and heating
time were applied. The highest hardness of gel from duck
albumen was obtained at 80 °C, while that of hen eggs
reached its maximum at 85 °C. Moreover, gels from duck
albumen showed higher cohesiveness and higher water
binding than those from hen eggs. Thus, duck albumen is
superior to the hen counterpart in improving gelation in
food products. In addition, because egg albumen also
contains protease inhibitors, these can help prevent protein
degradation during gel formation in some muscle foods,
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such as surimi, etc. Recently, Quan and Benjakul (2018a)
documented that sardine surimi gel with duck albumen
added had higher hardness, breaking force, chewiness, and
gumminess than that with hen albumen when the same
level of albumen was incorporated due to the higher effi-
ciency of duck albumen in preventing autolysis of surimi
gel. Thus, duck albumen can be considered as protein
additive in some products, where duck albumen protein is
used a gelling agent to alleviate gel weakening.

Mechanism of egg albumen gel formation The gelation of
egg albumen is considered to be a two-step process. Firstly,
some proteins are denatured, while the second step
involves the aggregation of the denatured proteins. The
extent of denaturation is associated with the unfolding of
the proteins, the nature of the interactions or bondings, and
the kinetics of the aggregation process, and these factors
determine the type and characteristics of the resulting gels
(Campbell et al. 2003). For gelation, complete denaturation
of proteins is not required because of the formation of
insoluble precipitates mediated by extensive hydrophobic
interactions or hydrogen-bonding between the unfolded
protein chains (Campbell et al. 2003). The partially
unfolded egg proteins are able to form complexes, resulting
in the formation of a gel (i.e. the ordered formation of a
3-dimensional network) or a coagulum (a random interac-
tion between egg proteins) depending on the gelling con-
ditions (Ren et al. 2010). With varying environmental
conditions, such as protein concentration, heating condi-
tions, ionic strength and pH, a transparent/turbid solution
and transparent/turbid gel may be formed. Gel hardness is
generally maximal under conditions that induce the for-
mation of a slightly turbid or transparent gel (Phillips and
Williams 2011).

The oxidation of SH groups into S-S bonds and the
disulfide (S—S)/sulfhydryl (SH) interchange reaction are the
key factors determining the intermolecular S-S bonds in
the avian protein gel network. Ovalbumin (OVA) contains
both S-S bonds and SH groups in its molecule. Native
OVA has one S-S bond in each species. Nevertheless,
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avian species contain different SH groups, with hen albu-
men containing four OVA (Cys'', Cys®®, Cys*®’, and
Cys*®?), and duck albumen containing two (Cys'' and
Cys™'). Only one SH radical of the hen OVA molecule is
readily available for heat induced aggregation (Sun and
Hayakawa 2002). The differences in number of free SH
groups in albumen probably affect the heat-induced gela-
tion and gelling properties of hen and duck albumen.

Factors affecting the gelling properties of egg albu-
men Albumen forms a 3-dimensional gel network as a
result of the interaction between the protein chains. The
physicochemical conditions of the medium such as its ionic
strength, type of salts, pH, protein concentration, and its
interaction with other components have an impact on the
quality of the gel (Croguennec et al. 2002; Raikos et al.
2007).

pH

The pH is an essential factor affecting the net charge of
proteins. At high pH values, the reactivity of the SH group
is augmented. The pHs of egg albumen increases after eggs
are stockpiled and stored. Those changes are coincidental
with increases in the viscosity index, penetration force, and
gel elasticity (Croguennec et al. 2002). The increase in pH
from 8.66 to 9.11 found by Quan and Benjakul (2018e)
after 3 days of storage was in line with the increased
cohesiveness, chewiness, gumminess, and hardness of duck
albumen gel. The alkaline pH of duck egg albumen is able
to induce the unfolding of protein molecules as a result of
enhanced repulsion between negatively charge domains.
As a consequence, the interactions between unfolded pro-
teins favor the formation of inter-junction zones in the gel
network (Quan and Benjakul 2018e). The lowest cohe-
siveness and gel strength were found at pH values in the
range of 67 as a result of the low net charge of albumen
proteins. Gel strength increased with increasing pH, and
the highest gel strength for duck albumen was observed at
pH 9 by Ren et al. (2010), while at a low pH (pH < 6), the
resulting gels were more brittle but firmer with poor water-
binding properties and low elasticity. Houska et al. (2004)
investigated the effects of dry matter content and pH on the
gel strength of native albumen and the gel strength was
found to increase with increasing pH and dry matter con-
tent. Raikos et al. (2007) also reported that a higher gel
strength was found among egg samples at pH 5 and 8 than
at pH 2. At high ionic strength and near the isoelectric
point, coagula or soft/turbid gels of egg albumen were
formed. The presence of these coagula within the gel net-
work led to the formation of opaque gels. Nevertheless, the
maximum gel hardness was obtained at the critical point,
where the interaction between the linear protein chains was
balanced by electrostatic repulsive forces (Phillips and
Williams 2011). Hence, duck egg was suggested to be

Miguel et al. (2005)
Hytonen et al. (2003), Miguel et al.
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stored at 4 °C not longer than 6 days, in which albumen
from duck egg could be used as the potential binder and
gelling agent for food applications.

Salts and type of salts

Salts can alter the initial ionic nature of a gel. Excessive
coagulation of albumen proteins can be induced by NaCl,
thus causing the gel to become weaker (Raikos et al. 2007).
Gels were found to weaken when 0.9 M NaCl solution was
added. However, the inclusion of NaCl up to 0.1 M
resulted in slight increases in elasticity and gel strength
(Woodward 1990). Iwashita et al. (2015) investigated the
effects of inorganic salts including NaCl, Na,SO,, and
NaSCN on the thermal aggregation of albumen. Na,SO,
and NaSCN are kosmotropic and chaotropic, respectively.
The surface tension of the solution was increased more by
the kosmotrope than the chaotrope. This might be due to
the fact that chaotrope destabilizes protein tertiary struc-
ture, leading to a decrease in the denaturation temperature,
while kosmotropes stabilizes protein structure. At salt
concentrations greater than 0.5 M, the salting out of protein
molecules dominated. The anions of salts at low concen-
trations bind to the positively-charged domains of lyso-
zyme, causing an increase in solubility, regardless of the
type of ions (Iwashita et al. 2017). Croguennec et al. (2002)
also reported that the water release of hen albumen gel was
higher with the addition of NaCl at higher levels. The
maximum amount of water was liberated in the presence of
120 mM NaCl. The excessive heat-induced aggregation of
albumen proteins was related to the higher NaCl concen-
tration, most likely via ionic interaction or hydrophobic
interaction. For coagulum type gels from cooked salted
duck albumen, NaCl plays a key role in the properties and
appearance of the gel. A gel with opaque color and a coarse
texture is formed when NaCl at high amounts is present
(Kaewmanee et al. 2011). The hardness, springiness,
gumminess, chewiness, and resilience of salted duck
albumen gel was noted to decrease with increasing salting
time.

The type of salts also affects heat-induced and alkaline-
induced gelation of egg albumen. Croguennec et al. (2002)
revealed that Ca®" and Mg®" modified the viscoelastic
properties of egg albumen gel, in which the gel was less
homogeneous with particles clustered in random aggre-
gates, and had no string of beads structures. The addition of
cations increased heat stability of albumen proteins, while
CuSO, markedly softened coagulum gel of albumen. FeCl;
and A1Cl1j; did not affect gel firmness. These changes were
the result of the shielding of the negative charge of albu-
men proteins (Beveridge and Ko 1984; Croguennec et al.
2002). Under the extreme pH for pidan production, egg
albumen gel could not be formed, properly due to extensive
electrostatic repulsion, lowering protein—protein interac-
tions, and preventing gel formation. The addition of
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selected ions to protein solution diminishes the repulsive
forces, and protein—protein association occurs, thus form-
ing a self-supporting gel (Ganasen and Benjakul 2011a).
Zhao et al. (2014a) reported that 0.2% CuSO, exhibited the
optimal effect on the strength of alkaline-induced duck
albumen gel. Gel strength was increased by 31.92%.
MgCl,, ZnSO,, PbO, and CaCl, also exhibited gel
strengthening effect, while the effect of Fe,(SO4); was
negligible. This was in agreement with the results of
Ganasen and Benjakul (2011a) who reported that the
presence of Pb**, Zn?* and Ca®" at a level of 0.2% could
enhance the solidification of pidan albumen. Those cations
might lower the dissociation of protein network, although
slightly higher alkaline pH was obtained during aging.

Protein concentration

The gel hardness of albumen generally increases loga-
rithmically with increasing protein concentration. The gel
fracturability was found to increase when the protein
concentration was increased, due to favorably enhanced
aggregation of albumen (Woodward 1990). Iwashita et al.
(2015) found that a high concentration of albumen was
easily gelled by heat treatment. They noted that with a
restricted attractive hydrophobic interaction but strong
electrostatic repulsion, strings of beads described as
ordered soluble linear aggregates of denatured ovalbumin
molecule, are more likely to be formed. At high protein
concentrations, a 3-dimensional gel network is developed
via interconnections of these soluble linear aggregates.
However, a viscous transparent sol instead of a gel network
is formed at low protein concentrations (Ren et al. 2010).
In general, conditions that lower the electrostatic repulsive
forces between the protein molecules favor gel formation.
At a sufficiently high protein concentration, high ionic
strength and pH values close to zero net charge (the iso-
electric point) are the key factors determining the forma-
tion of a 3-dimensional gel network (Campbell et al. 2003).
Moreover, protein concentration has also been found to
impact the rheological characteristics and gelling temper-
ature of albumen gel. Both gelling temperature and storage
modulus (G’) were noted to be concentration-dependent
and G’ increased as albumen concentrations increased. This
increase is generally attributed to a consolidation of
attractive forces such as van der Waals and hydrogen
bonding between the protein particles within the gel net-
work. Additionally, as the protein concentration increased,
the gelation temperature decreased (Eleya and Gunase-
karan 2002).

Foaming property
Egg albumen has been used as a functional protein ingre-

dient in a number of bakery products, such as cookies,
bread, meringues and cakes as well as in ice cream, due to
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its excellent foaming properties (Phillips and Williams
2011). The interaction between the thermally induced
coagulates and the various constituents are responsible for
the unique foaming capacity of albumen, which results in
stable foams (Mine 1995). These properties are governed
by the ability of proteins in the albumen to form a cohesive
viscoelastic film via their intermolecular interactions, and
their rapid adsorption at the air-liquid interface during
bubbling or whipping. The foaming capacity and stability
of albumen mainly depend on storage time, temperature,
egg species, dry heating and pH (Lomakina and Mikova
2006).

During storage, losses of foam volume and foam sta-
bility were found to be related to a lower thick albumen
height. This directly caused a decrease in the viscosity of
egg albumen (Ren et al. 2010). When the pH increases with
extended storage, native ovalbumin is converted to
S-ovalbumin, which is more heat-stable (less hydrophobic)
than native ovalbumin. This may decrease foam stability as
a result of the interference of S-ovalbumin with the cohe-
sive film formation at the air—water interface. Overall, a
positive correlation between the volume of drained liquid
and S-ovalbumin content has been documented (Lomakina
and Mikova 2006). Nevertheless, the acidity of albumen
strongly influences the durability and volume of albumen
foam. The lowest drainage and the largest volume were
recorded by Bovskovda and Mikova (2011) for both

Extended
Storage

pasteurized and non-pasteurized egg albumen in an acidic
pH (pH 4.5). At such a pH, some proteins precipitate and
form thin film surrounding the air bubbles, resulting in the
decrease in surface energy and surface tension. In addition,
differences of foaming properties between hen and duck
albumen have also been reported. Khaki Campbell Duck
egg albumen showed a lower foaming ability than hen egg
counterpart and the foam stability of the duck albumen was
better than that of hen egg albumen because of higher
hydrophobic amino acid found in duck albumen than hen
egg counterpart (Pikul 1998). Spray-drying has also been
adopted to improve the foaming properties of powders,
especially when spray-dried with an inlet temperature at
160 °C. Quan and Benjakul (2018d) reported the exposed
hydrophobic domains formed during drying, which was in
turn related to increased surface activities. Therefore,
spray-dried duck albumen with inlet temperature at 160 °C
can be used as foaming agent.

Changes in the quality and physicochemical
properties of duck albumen during storage
Changes in quality of duck egg

The quality of eggs is influenced by storage conditions and
time. Such a quality loss is associated with changes in

A — Loss in CO,
Weight loss
Thinning of thick
albumen
B .
— Increase in pH
|, Nutritive/c{h.f:mical Decrease in trypsin
compositions -1 inhibitors
Increase in
C — S-ovalbumin

D Air bubble "\~ Protein chain

o o
© Inter-junction 6 Water molecule

Foaming property
(Decreased)

(Increased)

Fig. 2 Schematic illustration of changes in quality of duck egg (A) chemical compositions (B), and functional properties (C) of egg albumen

during storage
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physicochemical structure and chemical compositions of
egg albumen during storage (Fig. 2). Good quality egg
generally has thick and transparent albumen. The height of
albumen is one of the principal characteristics used to
evaluate interior egg quality (Lokaewmanee 2017). Eggs
undergo deterioration as storage time increases. As a
consequence, they may not be suitable for human con-
sumption. However, loss of quality in eggs can be retarded
significantly by lowering the storage temperature. In gen-
eral, quality deterioration occurs at a faster rate at high
temperatures than at refrigerated temperatures. The main
factors affecting egg quality are storage time, temperature,
humidity, airflow, and handling processes (Akter et al.
2014). Storage time and temperature were found to have a
significant impact on the yolk index, yolk color, albumen
index and Haugh unit (HU). Pandian et al. (2012) studied
the influence of various storage periods (1-5 weeks) on
duck egg quality at 75% relative humidity and 18 °C.
Storage time had significant effects on the yolk index, yolk
color, HU and albumen index. The yolk index value
decreased significantly when the storage period was
lengthened. Quan and Benjakul (2018e) also found that the
HU of duck eggs decreased as both storage time and
temperature increased. According to the USDA standard,
fresh duck egg with an HU of 81 is graded as “AA”
quality. The HU of duck eggs decreased to 68 after 9 days
of storage, which were then considered to be grade A.
However, the rate of change was found to be lower at 4 °C,
compared to that of eggs stored at room temperature. In
addition, the shape index, albumen index, yolk index, shell
color, specific gravity, HU and yolk color of Khaki
Campbell duck eggs were remarkably affected by storage
time (Lokaewmanee 2017). Khaki Campbell duck eggs still
had acceptable quality for human consumption after stor-
age for 11 days at 30 °C and 78% humidity (Lokaewmanee
2017).

During storage, albumen thinning, an important change
in albumen, occurs. The degradation of the ovomucin
complex results in the breakdown of a thick white to a thin
white, especially during improper transportation and pro-
longed storage (Phillips and Williams 2011; Woodward
1990). During storage, the ovomucin-lysozyme complex
undergoes destruction. This phenomenon is related to a
reduction of thick albumen height and a decrease in HU
(Quan and Benjakul 2018e). Nevertheless, duck eggs have
better stability during storage at room temperature than hen
eggs. Storage time was found not to greatly affect duck egg
yolk and albumen quality indices, including the HU, while
such changes occurred in chicken eggs. (Jalaludeen et al.
2009). Duck egg quality was acceptable up to 28 days of
storage at 4 °C, while they could be stored for up to only
14 days at room temperature (Akter et al. 2014). Jin et al.
(2011) revealed that the HU of hen eggs decreased from
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87.62 to 60.92 at 29 °C and from 91.30 to 72.63 at 21 °C
after 10 days of storage. Nonetheless, this deterioration did
not take place at 5 °C and the HU, egg weight, and albu-
men height were only slightly decreased when the cold
storage time was extended. However, the average HU
value was still in the range of grade A after 10 weeks of
storage (Jones and Musgrove 2005). Hen eggs lost their
interior quality much faster than duck eggs during extended
storage, which might be due to higher duck eggs’ ability to
resist bacterial spoilage (Brown et al. 1965). Moreover, the
thickness of the domestic duck eggshell, which is consid-
ered as a physical and bacterial barrier, is thicker than that
of hen eggs. Therefore, duck eggs are more resistant to an
aggressive external environment than hen eggs (Solomon
2010; Wellman-Labadie et al. 2008). Practically, duck egg
should be stored at 4 °C to maintain the quality and
functional properties of albumen during storage.

Changes in the chemical composition of duck
albumen

Multiple changes in the chemical composition of duck
albumen take place during storage, especially alteration of
the pH, moisture content, and protein patterns. The pH of
freshly laid duck egg albumen increased from 8.66 to 9.11
within the first 3 days of storage at room temperature as the
dissolved carbon dioxide was released from the eggs (Quan
and Benjakul 2018e). However, Lokaewmanee (2017)
demonstrated that albumen pH of Khaki Campbell duck
eggs remained unchanged after 11 days of storage at 30 °C
and 78% relative humidity. A decrease in CO, of stored
quail and hen eggs has however been found (Akter et al.
2014; Jin et al. 2011; Khan et al. 2013). Changes in protein
patterns were also found to be accelerated by a high storage
temperature and pH. S-ovalbumin, an extremely and irre-
versibly heat-stable form, is regularly converted from
ovalbumin (Deleu et al. 2015; Huang et al. 2012). Qiu et al.
(2012) reported that the decrease in protease inhibitors
became more pronounced when eggs were stored at a
higher temperature. Additionally, lipocalin family proteins
were decreased, while the formation of ovalbumin com-
plexes was increased with increasing storage temperature.
Those phenomena are related to a thermally promoted
change in hen eggs. During storage at high temperature,
clusterin decreases. This change can be considered as an
effective biomarker for egg quality assessment. However,
duck albumen protein patterns were not greatly changed
after 15 days of storage at low temperature (Quan and
Benjakul 2018e). The denaturation of some proteins such
as trypsin inhibitors occurred at varying rates during stor-
age for duck and hen eggs, which might have been caused
by differences in stability and the molecular properties of
proteins between the two types of eggs (Qiu et al. 2012;
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Quan and Benjakul 2018e). Schifer et al. (1999) observed
no significant changes in the content of conalbumin and
lysozyme in hen albumen during storage. However,
S-ovalbumin which is associated with a change in the
isoelectric point of ovalbumin, was formed when the pH
became slightly more acidic during storage (Schifer et al.
1999). Storage of hen eggs for up to 4 weeks at 15 °C was
found to decrease the activity of serine protease inhibitors
by 50%, and the activity of lysozyme was decreased by
approximately 10%. The activity of cystatin was detected
only at a trace level (Kope¢ et al. 2005). Eggs stored at
refrigerated temperature could therefore maintain bioactive
components, especially trypsin inhibitors during storage.

Changes in the physicochemical properties of duck
albumen as affected by processing

Salting

Salted duck egg is a popular traditional egg product in
China and other Asian countries. Fresh duck eggs are
pickled in a saline solution or in salted clay. During the
salting process, the salt diffuses and penetrates into the egg
yolk and albumen through the eggshell and the eggshell
membrane. Some proteins in the salted duck eggs are
degraded to amino acids and small peptides compared to
fresh eggs. As a result, a higher amount of inorganic salts
can permeate into the eggs (Lian et al. 2014). In general,
fresh duck eggs are treated with a high salt concentration
(25%, w/v), which is the typical requirement for salted
duck egg production, in order to develop the unique “fresh,
fine, tender, loose, gritty and oily texture” yolk charac-
teristic (Kaewmanee et al. 2009; Xu et al. 2017). Com-
monly, salted eggs are made from duck eggs because they
offer more desirable characteristics with richer flavor than
hen eggs (Ji et al. 2013). Salting for 15 days and at least
30 days for ripening are essential to attain the desired
features, particularly for aroma and flavor. The pickling
period is dependent on the salt content in the pickling
solution or salted clay and is also affected by the envi-
ronmental temperature (Huang and Lin 2011; Kaewmanee
et al. 2009).

During the salting process, the yolk normally becomes
hardened and solidified because of water migration from
the yolk to the albumen. Thereafter, water passes through
the eggshell and leaves the egg. Meanwhile, the egg
albumen becomes watery and loses viscosity when the salt
migrates into the egg (Lian et al. 2014). Kaewmanee et al.
(2009) reported that salting induced the weight proportion
of the egg albumen to increase, while the yolk proportion
decreased. With increasing salting time, the moisture
contents of both egg yolk and albumen gradually decrease,

associated with increases in the ash and salt contents. It
was reported that the amount of precipitated protein
increased with salting time (Huang et al. 1999). Those
aggregates might be stabilized by weak bonds such as ionic
interaction, etc., which could be destroyed by SDS used for
electrophoresis. As a consequence, no differences in pro-
tein patterns were observed (Quan and Benjakul 2018b).
Quan and Benjakul (2018b) noted that the moisture content
decreased, whereas the salt content and surface
hydrophobicity of duck egg albumen increased as the
salting time increased. Moreover, trypsin inhibitory activ-
ity and specific activity in duck egg albumen continuously
decreased throughout the salting time of 30 days (Quan
and Benjakul 2018b). For the nutritive compositions of
salted duck albumen, proteins, fat, carbohydrate, and
minerals were found to be higher, as compared to those of
fresh duck albumen (Ganesan et al. 2014). It was suggested
that salting process greatly alters the nutritive value of
salted duck egg albumen.

In general, salted duck egg albumen powder contains a
high NaCl content (30%) and possesses hygroscopic
properties. This makes it less suitable for application in
food products. Thus, the desalination of salted duck albu-
men could be beneficial for the duck-egg industry and a
new source of protein can be gained with the environ-
mental effects being minimized (Zhou et al. 2014). Salted
duck albumen is a potential ingredient for producing food
and it has already been used in the production of high
protein Frankfurter sausages and noodles (Zhou et al.
2014). Tan et al. (2016) studied the utilization of salted
duck albumen as an alternative source of salt for manu-
facturing yellow alkaline noodles. Yellow alkaline noodles
with salted duck albumen (15.21 g of salted duck egg
albumen/100 g of wheat flour) added had a significantly
higher protein content and were more yellow and lighter
compared to a control product. Under sensory evaluation,
salted duck albumen-yellow alkaline noodles showed high
acceptability because of improved color and textural
properties (Tan et al. 2016). Therefore, the potential use of
salted duck egg albumen as an alternative source to
table salt in some food products such as surimi or meat ball
should be more investigated.

Drying
Desugarization before dehydration

Dried egg albumen powder or egg white powder is prone to
undesirable browning known as a Maillard reaction. The
reaction involves reducing sugars, mainly glucose, which
constitute about 4 g/L. in the original liquid form, and
amino groups in the albumen. The reaction between a
cephalic amino group and the aldehydes of glucose
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(glucose-cephalin reaction) is responsible for the discol-
oration and off-flavor development in egg albumen. The
reaction also causes a loss of protein solubility (Sisak et al.
2006; Wu 2014). In practice, desugarization is a general
requirement before dehydration in order to remove the
glucose from the egg albumen. This aims to prevent the
browning of the product obtained. Additionally, desug-
arization improves resistance to microbial attack in the
powder obtained, thus increasing the storage stability of the
egg albumen powder (Sisak et al. 2006). Desugarization
can be conducted either by yeast or bacterial fermentation,
in which different organic acids are produced via the
conversion of glucose. The reducing sugar content of liquid
whole hen egg was completely depleted within 12 h fol-
lowing fermentation by baker’s yeast (Sharma et al. 2012).
However, these processes pose some bacteriological
problems. The use of commercial glucose oxidase con-
taining catalase is a common practice, which converts
glucose into gluconic acid (Fig. 3) (Woods and Swinton
1995). The enzymatic desugarization process is repro-
ducible and straightforward besides yielding final products
with consistently high organoleptic properties (Lechevalier
et al. 2013). Recently, Quan and Benjakul (2018d) inves-
tigated the optimum conditions for the desugarization of
duck albumen using response surface methodology (RSM),
which were found to be: glucose oxidase (31.24 units/mL),
catalase (781 units/mL) and an incubation time of 6.55 h at
30 °C. The foaming capacity (FC) and foam stability (FS)
of the desugarized duck albumen were enhanced. In the
absence of sugar, proteins with increased surface
hydrophobicity could migrate to air interface effectively.
Proteins could adsorb more easily at the interface because
of their higher flexibility (Quan and Benjakul 2018d). More
importantly, desugarization was able to improve the
lightness of powders produced by spray-drying process and
resulted in a lower browning index (Ajgs and Aypg). In
conclusion, desugarization is a crucial step before dehy-
dration to obtain perfectly white egg albumen powders.

Effect of drying methods on the functional properties of egg
albumen powder

Dehydration can retard chemical reactions and microbial
growth. Therefore, it is a successful means for preserving
egg albumen. Numerous dried egg albumen products are
available in the market. Dried egg white products are
produced by hot air drying, spray drying, microwave vac-
uum drying, infrared drying, and freeze-drying (Ma et al.
2013; Phillips and Williams 2011). However, the quality,
and physical and functional properties of egg albumen
powder are directly influenced by the conditions and drying
methods used.

@ Springer

Freeze drying Freeze drying is considered as being one of
the best drying technologies for maintaining the quality of
products. This technology also has other advantages, such
as good rehydration capacity and the aqueous solubility of
the powders obtained. Moreover, it is the most appropriate
method for the drying of heat-sensitive materials. Never-
theless, freeze drying involves high capital costs as well as
processing costs and the drying process takes a long time
(Chen et al. 2012; Zhou et al. 2014). To overcome this
limitation, a combined method involving microwave vac-
uum-drying and freeze drying of duck albumen was
developed (Zhou et al. 2014). Drying time of fresh duck
albumen and desalted duck albumen was significantly
decreased by this combination of methods, compared to a
freeze-drying process alone. Fresh duck albumen protein
dried in this way had a better color, a higher emulsifying
index, and a lower apparent density than that produced by
freeze drying alone (Zhou et al. 2014). Katekhong and
Charoenrein (2018) dried hen egg albumen with two drying
methods, freeze drying and hot air drying. Drying egg
albumen using hot air induced changes in color and protein
conformation, mainly due to protein aggregation in the
resulting powder.

Spray drying Spray drying is the most popular drying
technology used in the pharmaceutical, chemical, and food
industries for the preparation of protein powder (Asghar
and Abbas 2015). During the spray drying process, a
foodstuff material in liquid form is exposed to hot air with
a temperature in the range of 100-300 °C. The hot air
evaporates the liquid in the foodstuff material. The product
obtained from spray drying is in dried form, either
agglomerates or granules. The shape of the product
obtained depends on the physical and chemical properties
of the foodstuff material, and the design and operation of
the dryer. Evaporation through droplets is facilitated by
vapor and heat transfer during the spray-drying process
(Asgar and Abbas 2012). Ayadi et al. (2008) investigated
the optimum operating conditions for drying whole egg and
egg albumen using a pilot-scale spray dryer. Spray drying
of egg white at moderate conditions (air inlet temperature
ranged from 110 to 125 °C) resulted in a product that
enhanced water holding capacity of resulting gels. In
addition, a gel prepared from the dried samples was firmer
than that of the fresh samples. Ma et al. (2013) found that
the optimized conditions for hen egg albumen spray drying
were as follows: flow 22 mL/min, inlet-air temperature
178.2 °C and feeding temperature 39.8 °C.

Quan and Benjakul (2018d) compared the physico-
chemical properties of duck albumen powders produced by
spray drying and freeze drying. Lower trypsin inhibitory
activity was found in the spray-dried albumen powder than
in its freeze-dried counterpart. Freeze-dried albumen
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Fig. 3 Enzymatic removal of HO O. OH
glucose from egg albumen. N\
Firstly, glucose is converted to e} (o)
gluconic acid by glucose OH —0 Hzo
. . — —
oxidase. Hydrogen peroxide CH20H OH
formed is further transformed to o) OH OH OH
oxygen and water by catalase Glucose oxidase OH OH
OH o
D-Glucono-4-lactone D-Gluconic acid
o) OH
Catalase
OH H,0, H,0 + 0,
D-Glucose

powder had the highest lightness (L*) as compared to that
subjected to spray drying with different inlet temperatures
(140-180 °C). For the gelling properties of duck albumen
powders, the hardness, chewiness, gumminess and
springiness of the gel decreased as spray-drying tempera-
tures were increased. Conversely, freeze-drying yielded
gels with higher textural properties, e.g. hardness and
springiness, etc. (Quan and Benjakul 2018c). Hence, spray-
dried albumen powder with a moderate inlet temperature
(160 °C) could maintain high solubility and foaming
properties as well as the bioactive compounds, especially
protease inhibitors in duck albumen.

Pidan processing

Pidan, or century egg is at a high demand in China and
many South-East Asian countries, such as Malaysia,
Thailand, and Vietnam (Zhao et al. 2014b). There are three
methods for processing pidan: immersion, coating and a
combination of both methods (Huang and Lin 2011).
Chicken, duck, or quail eggs are preserved in a mixture of
sodium hydroxide or sodium carbonate and lime, along
with black tea, metal ions and salt from some weeks to
some months, depending upon the processing methods (Tu
and Zhao 2017). During pickling, the alkali diffuses and
migrates through the egg shell and membrane and induces
changes in the chemical components of the egg, particu-
larly via a Maillard reaction (Ganasen and Benjakul
2011b). Ji et al. (2013) studied the changes in structure and
chemical compositions of albumen during pidan pickling
by vacuum technology. The disulfide bond content
decreased with increased pickling time, whereas increases
in surface hydrophobicity and sulfhydryl groups were
recorded. For the secondary structure, increases in random
coils and B-sheets were accompanied by decreases in -
turns and o-helices since albumen proteins underwent
unfolding and depolymerization under strong alkaline
solution treatments (Ji et al. 2013).

The preserved duck albumen is rich in minerals, such as
Fe, Mg, Ca, Zn, Cu, Na, and K. Some water-soluble vita-
mins, amino acids, and the moisture content of the egg

albumen dramatically decrease when fresh duck eggs are
processed into preserved eggs. Chang et al. (1999) reported
that the formation of lysinoalanine and the racemization (p-
serine and D-aspartic acid) in Pidan albumen occurred
during the pickling process. However, most inorganic
elemental contents, the free amino acid content, and the pH
of the egg albumen significantly increased (Zhao et al.
2014b). In general, the loss of lysine and formation of
racemized amino acids lead to the subsequent loss in
nutritive value of pidan (Ganesan et al. 2014). Therefore,
the pidan processing needs further studies to reduce the
formation of lysinoalanine and the racemization of some
amino acids.

Conclusion

Duck egg albumen is a good source of protein. It possesses
excellent gelling and foaming properties making it an
essential food ingredient. Also, it contains protease inhi-
bitors, and can thus be used as an additive to prevent
proteolysis in some foods, particularly surimi gel, pre-
venting the degradation of muscle protein and improving
the gel property. Nevertheless, the functional properties or
target activity can be altered when duck eggs are stored or
processed. Therefore, duck albumen should be considered
as a potential protein additive to replace hen albumen in
food products.
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