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Abstract
The thermal transitions of spray-dried (SD) and freeze-dried (FD) egg whites containing unfreezable water (i.e., lower water
contents) and freezable water (i.e., higher water contents) were measured by differential scanning calorimetry (DSC). For the SD
and FD samples containing unfreezable water (0.039–0.282 and 0.043–0.206 g water/g sample (w.b.) in SD and FD samples), the
denaturation temperatures (Td) of ovotransferrin and ovalbumin were observed in both the SD and FD samples. However, it was
difficult to identify the glass transition temperature (Tg) of the egg whites. The Tg was only detected in SD egg whites with low
water contents (0.039–0.093 g water/g sample (w.b.)). For the SD and FD samples containing freezable water (0.32–0.72 and
0.31–0.73 g water/g sample (w.b.) in SD and FD samples), the glass transitions were not detected, and only the freezing points
(TF) and the end point of freezing (Tm′) were observed. The unfreezable water content and the corresponding characteristic end
point of freezing (Tm′)u of the SD samples were both greater than those of the FD samples. The heat denaturation of egg white
proteins and different protein solubility (water-binding capacity) may cause the different thermal transitions between SD and FD
egg whites. But the Guggenheim-Anderson-de Boer (GAB) monolayer water contents of the SD and FD egg white powders were
similar. The results are useful for selecting the optimal process and storage conditions for dried and frozen egg whites.

Keywords Glass transition temperature . Water activity . Spray-drying . Freeze-drying . Egg white . Differential scanning
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Introduction

The hen egg is a rich source of high-quality proteins, lipids,
minerals, carbohydrates, and vitamins. Egg white is well
known for its functionalities, such as foaming, emulsifying,
and gelling. Therefore, egg white is utilized in bakery foods,
salad dressing, confectionery products, and many conve-
nience foods (Ayadi et al. 2008). Recently, instead of using
shell eggs as an ingredient, powdered, pasteurized liquid, or
frozen eggs are being used extensively in the food industry.

Dried egg powders not only have functional properties, but
also some advantages, including with respect to transporta-
tion, storage, handling, and microbiological safety (Koç
et al. 2012).

Spray- and freeze-drying are conventional methods used in
the food industry for concentrating liquids or for converting
them into powder or flour. Spray-drying is the most popular
drying technology used to prepare protein powder. The liquid
feed is converted to a powder by an atomizer of the spray
dryer and placed in contact with hot air, which may change
the conformation of the materials during the spray-drying pro-
cess (Chen et al. 2012). Freeze-drying utilizes the mechanism
of ice sublimation under lower pressure and can maintain
good food quality. Additional advantages of freeze-drying
include suitability in drying heat-sensitive materials and good
rehydration capacity of dried foods. However, freeze-drying is
energy intensive and has higher costs associated with the final
product, which limits the industrial application to high value
products (Zhou et al. 2014). Spray-drying and freeze-drying
can both produce amorphous materials by the rapid removal
of solvent water from a solution (Haque and Roos 2006).
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Different drying technologies may produce a different physi-
cal state and thermal transitions for amorphous materials.

Amorphous materials can be solid like a system in the
glassy state or a liquid-like in the rubbery state. The glass
transition involves a change in the amorphous materials from
the glassy to rubbery state over a specific temperature or water
content range and are dependent on the material properties
(Haque and Roos 2006; Zhao et al. 2016). Above the glass
transition temperature, foods are in a rubbery state and be-
come more liquid, corresponding to a more unstable state
due to the increase in the molecular mobility and a reduction
in the viscosity. In contrast, below the glass transition temper-
ature, foods in a glassy state can be considered to be very
stable due to the significant decrease in the molecular mobility
(Fabra et al. 2009; Zhao et al. 2015). The compounds involved
in the deterioration reactions take many months or even years
to diffuse over a molecular distance to react with each other in
the glassy state (Slade et al. 1991; Rahman et al. 2011).
Therefore, it is important to understand the thermal transition
temperatures of amorphous food materials to establish the
proper processing and shelf-life control procedures in the food
industry.

In addition, in the food industry, liquid egg is also com-
monly converted into frozen egg. During both the drying and
freezing processes, the formation of glassy or rubbery non-
equilibrium amorphous states often occurs (Shi et al. 2012).
Therefore, in order to maintain the stability of dried or frozen
egg white, changes from the stable glassy state to the rubbery
state should be avoided. For dried foods (low water content
foods), the stability can be directly predicted from the glass
line (Rahman et al. 2005; Zhao et al. 2015). However, for
frozen foods (high water content foods), the maximum stabil-
ity can be achieved when the freezable water transforms into
ice, and the temperature is maintained below the glass transi-
tion temperature (Fabra et al. 2009; Zhang et al. 2018). The
stability of frozen foods depends on the characteristic glass
transition temperature of the maximal-freeze-concentration
condition (Tg′) and the characteristic end point of freezing
(Tm′)u measured using differential scanning calorimetry
(DSC) (Rahman 2010). In addition, the initial freezing point
(TF) can be used to estimate the effective molecular weight,
enthalpy below freezing, and unfrozen water content (Sablani
et al. 2007).

More studies have been reported on the glass transition
temperatures of sugar-rich fruits compared to those of
protein-water system products mainly due to the difficulty in
the detection of the glass transition in protein-rich products
(Sablani et al. 2007; Acevedo et al. 2006; Tolstorebrov et al.
2014; Tironi et al. 2009; Pelgrom et al. 2013). For high mo-
lecular weight protein, the change in heat capacity (△Cp) is
small at a glass transition. This small change of the baseline
leads to broad and indistinct transitions (Pelgrom et al. 2013;
Acevedo et al. 2006). Therefore, it was difficult to measure a

clear glass transition in protein-rich foods. In addition, for
high water content foods, the glass transition and ice forma-
tion is a more complicated process, and it is difficult to achieve
actual maximal-freeze-concentration condition (Rahman
2004; Guizani et al. 2010; Zhao et al. 2015). In the literature,
the glass transition temperatures of dried foods (low water
content foods) are commonly found, but a few works report
the glass transition and the maximal-freeze-concentration con-
dition [(Tm′)u, Tg′, and Xw′] in the frozen foods (high water
content foods) (Sablani et al. 2010; Rahman 2010; Ogolla
et al. 2019; Harnkarnsujarit et al. 2015; Tolstorebrov et al.
2014; Tironi et al. 2009). To the best of our knowledge, there
is very little information available on the glass transition tem-
peratures of egg white or whole egg (Koç et al. 2012; Rao and
Labuza 2012). Koç et al. (2012) studied the effect of water on
the glass transition temperature and physical properties of
spray-dried whole egg powder. However, they did not analyze
how to identify the step change of glass transition in the DSC
curve. Rao and Labuza (2012) analyzed the glass transitions
of spray-dried egg white and hydrolyzed egg white powders in
the DSC curve. However, for the egg white with water content
of 0.369 g water/g sample (d.b.), the glass transition temper-
ature (66 °C) was too high. Because it is expected that such a
water content sample would exhibit lower Tg than 66 °C.
Therefore, further studies need to be performed to identify
and determine the step change of glass transition for egg prod-
ucts. In addition, the thermal transitions of egg white contain-
ing freezable water (i.e., higher water contents) have not been
reported.

The objective of this study was to compare the thermal
transition temperatures (protein denaturation temperature,
glass transition temperature, freezing point, and end point of
freezing) of spray-dried and freeze-dried egg whites contain-
ing unfreezable water (i.e., lower water contents) and
freezable water (i.e., higher water contents) using DSC. In
addition, the water sorption isotherms of egg white samples
were also established.

Materials and Methods

Sample Preparation

Spray-Dried Egg White Powders

Commercial dried egg white powders are produced by spray-
drying the liquid egg white after desugarization to prevent
browning due to the occurrence of the Maillard reaction
(Handa et al. 2001; Sharma et al. 2012). In this study, spray-
dried hen egg white powders were supplied from a local pro-
ducer (Beijing Ershang Jianli Food Technology Co., Ltd.,
Beijing, China). Pasteurized liquid egg white was fermented
using yeast to remove the glucose. After desugarization, the
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liquid egg white was spray-dried and converted to egg white
powder at the following operating conditions: inlet air temper-
ature of 165–175 °C, outlet air temperature of 65–85 °C, and
atomization pressure of 10 MPa.

Freeze-Dried Egg White Powders

The freeze-dried (FD) egg white powders were prepared in
our lab according to the method of Katekhong and
Charoenrein (2017). There was no desugarization pre-
treatment before freeze-drying due to no change to a brown
color through the Maillard reaction mainly because the tem-
perature for glycosylation was low during freeze-drying the
liquid egg white (Rao et al. 2013a). The liquid egg white was
completely frozen at − 40 °C and then placed in a freeze-dryer
(Model Lyovac GT 2, Finn Aqua Santasalo-Sohlberg,
Munich, Germany). The shelf temperature was set at −
40 °C and drying ended at 20 °C (i.e., freeze-drying at
20 °C) under a vacuum of 15 Pa for 48 h. After freeze-drying,
the samples were immediately ground by a laboratory scale
grinder.

The spray-dried (SD) and FD egg white powders were
stored in a desiccator over P2O5 at room temperature (25 °C)
for 1–3 weeks to completely dry the powders. The chemical
composition of the SD and FD egg white powders was ana-
lyzed. The water, protein, fat, and ash contents of the SD and
FD egg white powers were determined according to AOAC
(2000). The glucose content of the egg white powders was
measured by a 1260 Infinity HPLC system (Agilent
Technologies, Santa Clara, CA, USA) with a G4260B evap-
orative light scattering detector (ELSD) as described by
Djendoubi Mrad et al. (2012). An Agela Innoval NH2
(4.6 × 250 mm i.d, 5 μm particle size) was column used, and
the column temperature was maintained at 40 °C.

The solubility of protein was determined according to the
method used by Morr et al. (1985) with slight modifications.
About 500 mg of egg white samples was added into 40 mL of
0.1 M NaCl solution with stirring in order to avoid lump
formation and obtain complete sample dispersion. The pH of
the dispersion was adjusted to 7.0 with 0.1 M HCl or NaOH
solution. The dispersion was agitated at room temperature
(25 °C) for 1 h on a magnetic stirrer. Then the dispersion
was diluted to 50.0 mL with 0.1 M NaCl solution and imme-
diately centrifuged at 10,000 r/min (17,217×g) for 30 min at
4 °C. After centrifugation, the supernatant was collected for
analyses. The protein content was determined by the Kjeldahl
method. The solubility was calculated by:

Solubility %ð Þ ¼ A
B
� 100% ð1Þ

where A is the content of protein in the supernatant and B is the
total content of protein in samples.

Scanning Electron Micrographs

The microstructures of the spray-dried and freeze-dried egg
white powders were observed by scanning electron microsco-
py (SEM) (S-4800, Hitachi, Tokyo, Japan). Small amounts of
egg white powder were sprinkled on double-sided adhesive
tapes mounted on aluminum stubs. The mounted samples
were then coated with gold (Haque and Roos 2006).

Measurement and Modeling of the Water Sorption
Isotherms

To obtain samples with different water activity (0.12–0.94),
the SD and FD egg white powders (1.000 g) were placed in
open weighing bottles, stored in airtight containers, and equil-
ibrated for 3 to 4 weeks (until the difference between two
continuous weights of the samples less than 0.001 g) using
different saturated salt solutions at 25 °C (Roos and Karel
1991; Zhao et al. 2015, 2016). The salts were LiCl,
CH3COOK, MgCl2·6H2O, K2CO3, Mg (NO3)2·6H2O,
NaNO2, NaCl, KCl, and KNO3 at equilibrium relative humid-
ities of 12%, 23%, 33%, 44%, 52%, 61%, 75%, 85%, and
94%, respectively (Sá et al. 1999).

The water content (dry basis) of the equilibrated samples
was calculated from the weight differences of the samples
before and after equilibration. In addition, in order to obtain
SD and FD egg white samples with water activities greater
than 0.94, pre-calculated amounts of distilled water were
added directly into the egg white powders in weighing bottles.
The bottles were then sealed and placed in a dry desiccator at
4 °C for 24 h (Zhao et al. 2016). A small amount of thymol
was placed inside the air-sealed containers for higher water
activity (aw ≥ 0.75) to prevent microbial growth during
storage.

The Guggenheim-Anderson-de Boer (GAB) equation is
most commonly used to model water sorption data of food
materials. The GAB model is based on the monolayer water
concept and provides the monolayer water content of the ma-
terials (Rahman 1995; Zhao et al. 2015). The GAB isotherm
model is shown by Eq. (2):

Xw ¼ XmCKaw
1−Kawð Þ 1−Kaw þ CKawð Þ ð2Þ

where Xw is the water content on a dry basis; Xm is the water
content at fully occupied active sorption sites with one mole-
cule of water, which is the safe water content for high-quality
preservation of dried foods during preservation; and C and K
are the GAB parameters associated with the heat of sorption of
the monolayer andmultilayer, respectively. The model param-
eters of GABwere calculated using non-linear optimization in
Origin software (version 8.6).
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Determination and Modeling of the Thermal
Transitions

The thermal transition temperatures (glass transition tempera-
ture, protein denaturation temperature, initial freezing point
and end point of freezing) of SD and FD egg whites at differ-
ent water contents were measured using DSC (Q2000, TA
Instruments, New Castle, DE, USA). The DSC was calibrated
for heat flow and temperature using a standard sample of
indium (melting point 156.5 °C, △Hm = 28.5 kJ/kg) and dis-
tilled water (melting point 0.0 °C, △Hm = 334 kJ/kg). The egg
white samples were cooled by a mechanical refrigerated
cooling system. An empty sealed aluminum pan was used as
a reference in each analysis. The samples (approximately 8–
10 mg) were enclosed in hermetically sealed aluminum pans
and then loaded onto the instrument at room temperature.
Nitrogen gas at a flow rate of 50 mL/min was used as the
purge gas.

Glass Transition of Samples Containing Unfreezable Water

The egg whites with low water contents showed no formation
of ice and no peak of ice melting in the DSC curve, meaning
that only unfreezable water was observed in the samples (in
“Results and Discussion” section). The SD and FD egg white
powders containing unfreezable water (Xw range of 0.039–
0.282 and 0.043–0.206 g water/g sample (w.b.) in SD and
FD samples) were cooled from 20 to − 80 °C at 10 °C/min,
equilibrated for 5 min and heated at 5 °C/min to 170 °C (Rao
and Labuza 2012). TA Instruments Universal analysis soft-
ware was used to analyze the data. The protein denaturation
temperature (Td) was reported as the maximum of the endo-
thermic denaturation peak. The △Hd is the enthalpy change
during the protein denaturation in the SD and FD egg white
samples, and the value of △Hd was estimated from the peak
area of the protein denaturation as shown in Figs. 4 and 6
(Donovan et al. 1975). The glass transition temperature (Tg)
was written as onset (Tgi), mid (Tgm), and end points (Tge) of
the glass transition as shown in Fig. 4 and Table 2.

Glass Transition and Freezing Point of Samples Containing
Freezable Water

For egg whites containing freezable water (Xw range of 0.32–
0.72 and 0.31–0.73 g water/g sample (w.b.) in SD and FD
samples), thermograms provided ice melting endotherms in
the DSC curve (Syamaladevi et al. 2009). The glass transition
and ice formation of the SD and FD egg white samples con-
taining freezable water (i.e., higher water contents) are more
complicated processes. A different scan procedure was used
for the samples with higher water contents. The samples were
cooled from 20 to − 85 °C at 5 °C/min and then equilibrated
for 10min. After equilibration, the samples were then scanned

from − 85 to 40 °C at 5 °C/min to initially evaluate the ther-
mogram and to determine the end point of freezing or the start
of the melting of the ice crystals (Tm′) (Rahman 2004). To
identify the maximal-freeze-concentration condition (i.e., ac-
tual Tg′ and Tm′) and to avoid the exothermic peak if present,
the SD and FD egg white samples were scanned with anneal-
ing for 30 min at (Tm′ − 1) °C (Guizani et al. 2010; Zhao et al.
2015). The annealing procedure was as follows: samples were
cooled from 20 to − 85 °C at 5 °C/min, heated at 5 °C/min up
to (Tm′ − 1) °C, and equilibrated for 30 min. After annealing,
the egg white samples were cooled from (Tm′ − 1) °C to −
85 °C at 5 °C/min. Finally, the samples were reheated from −
85 to 40 °C at 5 °C/min. Similar scan procedures were also
used by Rahman et al. (2010), Sablani et al. (2007), and Shi
et al. (2009) for protein foods containing freezable water.

The initial freezing point (TF) was considered to be the
temperature at the point of maximum slope of the endothermic
peak (Syamaladevi et al. 2009). The end point of freezing
(Tm′) of the egg white samples was reported as the point at
which the baseline intersected with the left side of the endo-
therm. The △Hm is the enthalpy change during the melting of
ice in the SD and FD egg white samples, and the value of △Hm

was estimated from the area of the melting endotherm as
shown in Fig. 7 (Rahman 2004). In addition, the Tm′ at
unfreezable water content (Xw′) was considered the character-
istic end point of freezing of the ultimate maximal-freeze-
concentration condition (Tm′)u.

The changes of the glass transition temperature in foods
and biological materials with water content are commonly
modeled using the Gordon-Taylor (GT) equation. The GT
equation is shown by (Gordon and Taylor 1952):

Tgm ¼ X s Tgs
� �þ kXw Tgw

� �
X s þ kXw

ð3Þ

where Xs and Xw are the mass fraction of solids and water (wet
basis), respectively; Tgm, Tgs, and Tgw are the glass transition
temperatures of the mixture, solids, and water, respectively.
Tgw = − 135 °C; k is the Gordon-Taylor parameter (Zhao et al.
2015, 2016). The model parameters of the GT equation were
estimated using non-linear optimization in the Origin software
(version 8.6).

The theoretical Clausius-Clapeyron equation was used to
fit the freezing curve of the SD and FD egg white samples
with different water contents. The Clausius-Clapeyron equa-
tion is provided as Eq. (4) (Rahman 1995):

Δ ¼ −
β
λw

ln
1−X s

1−X s þ EX s

� �
ð4Þ

where Δ is the freezing point depression (Tw – TF); TF is the
initial freezing point of the samples (°C); Tw is the freezing
point of water (°C); β is the molar freezing point constant of
water (1860 kg K/kg mol); λw is the molecular mass of water;
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Xs is the solids mass fraction (wet basis); and E is the molec-
ular mass ratio of water to solids (λw /λs). The model param-
eter E of Eq. (4) was estimated using non-linear optimization
in Origin software (version 8.6).

Statistical Analysis

All samples were measured in three replicates. The results
were written as mean ± standard deviation (SD). The data
were analyzed by one-way analysis of variance (ANOVA).
The statistical significance of results was determined using
SPSS 17.0 software (SPSS, Chicago, IL, USA). The signifi-
cant difference between average values was assessed using
Duncan’s test at a significance level of P < 0.05.

The goodness of fit of each model was evaluated using the
correlation coefficient (R2), root mean square error (RMSE),
and reduced chi-square (χ2) which are given by:

RMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
N

i¼1
X exp;i−Xpred;i
� �2

N

vuuut ð5Þ

χ2 ¼
∑
N

i¼1
X exp;i−Xpred;i
� �2

N−n
ð6Þ

where Xexp,i and Xpred,i are the ith experimental and the ith
predicted values, respectively. N and n are the number of
observations and the number of constants in each model, re-
spectively. A model is considered as good when R2 is high,
RMSE is low, and χ2 is reduced (Singh and Mehta 2008;
Wang and Zhou 2013).

Results and Discussion

Microstructure of the Spray-Dried and Freeze-Dried
Egg White Powders

The microstructures of the SD and FD egg white powders
were observed by scanning electron microscopy (SEM) as
shown in Fig. 1a and b. The results showed that the SD amor-
phous egg white had round-shaped particles with a smooth
surface or with some dents. Alternatively, the FD amorphous
egg white resembled broken glass or showed a flake-like
structure. Similar microstructures were observed for the SD
and FD amorphous lactose and lactose/protein mixtures
(Haque and Roos 2006) and for the SD and FD egg white
protein hydrolysates (Chen et al. 2012). The different micro-
structures of the SD and FD amorphous egg white were main-
ly due to atomization during the spray-drying, which resulted
in smaller atomized droplets with spherical shape. However,
the freeze-drying method lacked the forces for splitting the

frozen liquid into droplets during the evaporation process,
which may lead to flake-like microstructures and larger parti-
cles of the FD egg white powders (Chen et al. 2012). In this
study, the results indicate that different drying methods can
cause different microstructures of the SD and FD amorphous
egg whites.

Sorption Isotherms of Spray-Dried and Freeze-Dried
Egg White Powders

The water, protein, fat, ash, and glucose contents of the SD
egg white powders were 8.34, 71.0, 0.212, 3.60, and 0% (wet
basis), respectively. In addition, the water, protein, fat, ash,
and glucose contents of the FD samples were 8.02, 70.9,
0.110, 2.93, and 1.20% (wet basis), respectively. The fat and
ash contents of the SD egg white powders were greater than
those of the FD samples, and the other contents of both sam-
ples were similar. There was no glucose detected in the SD
egg white powders, mainly because glucose was removed

Fig. 1 Scanning electron micrographs of spray-dried (a) and freeze-dried
egg white powders (b). × 2000 magnification
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from the liquid egg white to prevent browning before spray-
drying. While, in the FD egg white powders, there was no
desugarization pre-treatment before freeze-drying. In addition,
non-covalently bound glucose can be detected in the FD egg
white powders mainly because the temperature for glycosyla-
tion through the Maillard reaction was low (− 40~20 °C) dur-
ing freeze-drying (Rao et al. 2013a).

The sorption isotherms of the SD and FD egg whites at
25 °C are shown in Fig. 2. There was no significant difference
(P > 0.05) between the SD and FD isotherms. However,
Haque and Roos (2006) reported that the FD lactose and
lactose/protein mixtures absorbed higher amounts of water
than the SD samples at all corresponding relative water vapor
pressure (RVP), as the SD samples may have fewer hydrogen
bonding sites available for water molecule sorption than the
FD samples due to the different drying methods. In this study,
the SD and FD egg white samples absorbed similar amounts
of water at all water activities. As expected, the equilibrium
water content increased with increasing water activity. Both
the SD and FD egg white powders tended to absorb small
amounts of water at low and intermediate water activities
(aw < 0.52), whereas at high water activities (aw > 0.52), water
rapidly increased with water activity due to possibly more
active sites (Zhao et al. 2015). The sorption isotherms of two
products followed type II (sigmoidal curve) behavior, typical
of protein-rich products. This water sorption behavior was
similar to sorption isotherms of other egg white powders
(Rao and Labuza 2012) and whole egg powders (Koç et al.
2012).

The values of the parameters for the GABmodel of SD and
FD egg white powders are shown in Table 1. The GABmodel
fit very well with the experimental data of both samples ac-
cording to the higher values of R2 and lower values of χ2 and
RMSE. The monolayer water contents (Xm) of SD and FD egg
white powders were similar. According to the water activity
concept, food products were most stable at its Xm or

monolayer water activity (Rahman 2009; Zhao et al. 2015).
Therefore, at a given temperature, the safest water activity
level is that corresponding to Xm (Rahman 2009). Xm has a
direct influence on lipid oxidation, enzymatic activity, non-
enzymatic browning, flavor preservation, and product struc-
ture of egg products during storage (Koç et al. 2012). Xm

obtained for other egg powders are shown in Table 1. The
multilayer factor (K) was similar for the SD and FD samples,
while the surface heat constant (C) of the SD egg white pow-
ders was greater than that of the FD egg white powders, im-
plying that the water molecules weremore tightly bound in the
SD samples (Rao and Labuza 2012).

Thermal Transitions of Egg White Containing
Unfreezable Water

Thermal Transitions of Spray-Dried Egg White Containing
Unfreezable Water

The thermal transition temperatures of the SD egg whites con-
taining unfreezable water (0.039–0.282 g water/g sample
(w.b.)) as a function of water content are present in Table 2.
The thermograms of the SD egg whites with water contents
ranging from 0.039 to 0.212 g water/g sample (w.b.) (aw of
0.12—0.85) are shown in Fig. 3. The thermograms of the egg
whites with low water contents (Xw ≤ unfreezable water con-
tent of 0.283 g water/g samples (w.b.) in Eq. (7)) exhibited no
formation of ice and no peak of ice melting in the DSC ther-
mogram. Similar thermograms were also observed by
Rahman et al. (2005), Syamaladevi et al. (2009), Zhao et al.
(2015), and Zhao et al. (2016).

The SD egg white samples in the middle aw range (0.44–
0.75) with water contents ranging from 0.082 to 0.143 g
water/g sample (w.b.) that showed two denaturation peaks.
The location of peak 1 resembled the step change of the glass
transition, which, according to the literature, can be attributed
to the location of the denaturation peak of ovotransferrin
(Donovan et al. 1975; Rao and Labuza 2012) because the Td
of ovotransferrin in water or buffer is 61.0 °C (Rao and
Labuza 2012). In this study, the values of Td of ovotransferrin
ranging from 52.8 to 67.9 °C were close to 61.0 °C in the
solution state. Some studies have also reported that peak 2
can be attributed to the denaturation of ovalbumin. The Td of
ovalbumin in water or buffer is 84.0 °C (Donovan et al. 1975;
Rao and Labuza 2012). The Td1 of ovotransferrin decreased
from 67.9 to 52.8 °C when the water content increased from
0.082 to 0.143 g water/g sample (w.b.). In addition, the Td2 of
ovalbumin decreased from 136.0 to 87.8 °C when the water
content increased from 0.039 to 0.212 g water/g sample
(w.b.). This result indicates that water content (0.039–
0.212 g water/g sample (w.b.)) showed a strong influence on
the Td2 of ovalbumin.
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Fig. 2 Sorption isotherms of spray-dried and freeze-dried egg white pow-
ders at 25 °C
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The glass transition temperature (Tg) of the SD egg white
powder was observed at water content from 0.039 to 0.093 g
water/g sample (w.b.) (aw of 0.12–0.52) as shown in Table 2
and Fig. 3. However, in the range of middle aw from 0.61 to
0.85 (Xw of 0.114–0.212 g water/g sample (w.b.)), the Tg of
SD samples was not detected, possibly due to the overlapping
ovotransferrin denaturation peak. To increase the sensitivity
of the thermal analysis, modulated differential scanning calo-
rimetry (MDSC) was also used to trace the glass transition
temperatures in these samples of Xw from 0.114 to 0.212 g

water/g sample (w.b.) (data not shown). The results also
showed no clear step change in the reversible heat flow.
Similar results were reported by Rao and Labuza (2012), in
which there was no Tg of dried egg whites in the range of
middle aw from 0.43 to 0.76. In this study, Fig. 4 shows two
denaturation peaks and one glass transition temperature of the
SD egg whites at a water content of 0.082 g water/g sample
(w.b.). The onset Tgi and final Tge points of transitions were
obtained by extrapolating the side and baselines as shown in
Fig. 4. In addition, transitions were observed in the range of

Table 2 Thermal transitions of spray-dried egg white containing unfreezable water

Xw (g/g (w.b.)) Ovotransferrin (peak 1) Ovalbumin (peak 2)

Td1 (°C) △Hd1 (J/g (d.b.)) Tgi (°C) Tgm (°C) Tge (°C) Td2 (°C) △Hd2 (J/g (d.b.))

0.039 – – 112.0 ± 2.8a 116.0 ± 3.3a 116.7 ± 2.8a 136.0 ± 2.4a 5.56 ± 0.18b

0.065 – – 100.7 ± 4.6b 103.6 ± 4.4b 105.1 ± 4.0b 127.5 ± 3.6b 2.37 ± 0.33e

0.073 – – 94.8 ± 3.6c 96.0 ± 1.7c 99.0 ± 1.2c 123.1 ± 1.8c 3.96 ± 0.23d

0.082 67.9 ± 2.4a 0.686 ± 0.077b 87.5 ± 2.0d 90.7 ± 3.3d 94.4 ± 0.9d 118.8 ± 0.5d 4.72 ± 0.39c

0.093 67.6 ± 0.6a 0.278 ± 0.029c 85.3 ± 1.5d 88.4 ± 0.3d 91.7 ± 0.1e 117.4 ± 0.1d 7.38 ± 0.92a

0.114 59.9 ± 1.2b 1.042 ± 0.043a – – – 106.1 ± 0.3e 4.11 ± 0.24d

0.143 52.8 ± 2.4c 0.258 ± 0.037c – – – 99.4 ± 2.0f 5.42 ± 0.78b

0.212 – – – – – 87.8 ± 0.9gh 5.95 ± 0.81b

0.238 – – 65.3 ± 0.6ex 70.2 ± 0.4ex 74.0 ± 0.2fx 87.1 ± 1.0h 1.44 ± 0.14f

0.257 – – 65.1 ± 1.2ex 68.5 ± 1.3efx 72.0 ± 1.5fgx 87.6 ± 2.3gh 2.01 ± 0.16ef

0.269 – – 63.6 ± 0.8efx 67.5 ± 0.6efx 71.2 ± 0.7gx 87.3 ± 1.6gh 1.85 ± 0.15ef

0.282 – – 61.8 ± 1.1fx 66.2 ± 1.2fx 70.2 ± 1.6gx 89.5 ± 1.3g 1.77 ± 0.14f

Each value is written as mean ± SD (n = 3)

–: Not detectable

Different small letters (a–h) within the same column represent significant difference (P < 0.05)
x The shifts resemble the glass transition but these data are not considered glass transition temperatures

Table 1 GAB fitting for sorption
experimental data of egg white GAB

parameters
Spray-dried egg
whitea

Spray-dried
egg yolkb

Spray-dried
whole eggc

Spray-dried egg
whited

Freeze-dried egg
white d

Xm/(g/g dry
basis)

0.062 0.023 0.145 0.053 0.054

C 32.5 11.5 1.661 37.7 24.9

K 0.99 0.98 0.810 0.945 0.932

R2GAB – – 0.997 0.996 0.997

MAPE 4.2 8.3 – – –

RMSE – – – 6.572 × 10−3 6.072 × 10−3

χ2 – – – 6.515 × 10−5 6.495 × 10−5

a Rao and Labuza (2012)
b Rao et al. (2013b)
c Koç et al. (2012)
d Current work

R2 correlation coefficient,MAPEmean absolute percentage error, RMSE root mean square error, χ2 reduced chi-
square, – No data
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Xw from 0.238 to 0.282 (Xw ≤ unfreezable water content), as
shown in Table 2. However, the increasing water content had
little influence on the change in the glass transition tempera-
ture, which indicates that the plasticization effects of water on
the protein were very small. Moreover, these glass transition
temperatures were too high for the samples with Xw from
0.238 to 0.282 g water/g sample (w.b.), and thus, they were
not reasonable. Rao and Labuza (2012) reported that Tg was
66 °C for the spray-dried egg white withXw of 0.369 g water/g
sample (d.b.). Koç et al. (2012) found that Tg ranged from 90.5
to 71.3 °C for the spray-dried whole egg with Xw from 0.240
to 0.354 g water/g sample (d.b.). However, it is expected that

such water contents egg white and whole egg samples would
show lower Tg than 66 and 71.3 °C, respectively. Therefore,
these shifts could not be considered glass transition
temperatures and could be due to some other relaxation
processes. Sablani et al. (2007) observed similar phenomenon
for protein in king fish muscle.

The glass transition temperatures of food components (car-
bohydrate or protein) depend mainly on the quantity of water,
and the composition and molecular weight of the solutes pres-
ent in the food. In this study, Tgi was taken as the glass tran-
sition temperature of the SD samples, i.e., the point where
samples remained completely in the glass form (Guizani

Fig. 3 DSC thermograms of
spray-dried egg white containing
unfreezable water (aw of 0.12–
0.85, Xw of 0.039–0.212 g water/
g sample (w.b.))

Fig. 4 Thermal transition
temperatures of spray-dried egg
white powders with 0.082 g
water/g sample (w.b.) (aw of 0.44)
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et al. 2010; Rahman et al. 2005; Zhao et al. 2016). When the
water content of the SD egg white increased from 0.039 to
0.093 g water/g sample (w.b.), the Tgi decreased from 112.0 to
85.3 °C (in Table 2). The expected decrease in the Tg of SD
egg whites with increasing water content was mainly due to
the plasticization effect of water on the amorphous constitu-
ents of the matrix (Rahman et al. 2005; Zhao et al. 2015;
Harnkarnsujarit et al. 2015). Water is a strong plasticizer and
has a low molecular weight and glass transition temperature
(− 135 °C), which can increase the free volume between the
molecules of the amorphous matrix. More studies on the glass
transition temperatures of protein-rich foods have been report-
ed for fishery products. The Tg of the SD egg white was
greater than that of fish at the same water content
(Tolstorebrov et al. 2014; Shi et al. 2009).

The change in the glass transition temperatures with solid
content (i.e., glass transition curve) was predicted by fitting
the Gordon-Taylor (GT) equation in Fig. 5. The model con-
stants Tgs and k were calculated as 135.3 °C and 2.255, re-
spectively. Good agreement between the experimental and
predicted glass transition temperature values was obtained
based on the higher values of R2 (0.968) and lower values of
χ2 (3.780) and RMSE (1.511). The k value can be used to
estimate the plasticization effect of water, which means the
strength of the interaction between water and food solids.
Higher values show a greater plasticization effect of water
on the food solids (Sablani et al. 2010; Zhao et al. 2016,
2018). The k value obtained for the SD egg white powders
was similar to that of other protein foods, including 2.89 for
tuna meat (Rahman et al. 2003), 5.01 for horse mackerel (Shi
et al. 2009), and 5.0 for surimi-trehalose mixture (Ohkuma
et al. 2008). The variation may be due to the differences in
chemical composition of the foods and methods used for ther-
mal transition analysis of the samples.

Thermal Transitions of the Freeze-Dried Egg White
Containing Unfreezable Water

As shown in Table 3, the FD egg whites with water contents
ranging from 0.043 to 0.101 g water/g sample (w.b.) (aw of
0.12–0.61) also showed denaturation peaks (Td1 and Td2). The
changing trend in the Td2 of ovalbumin in the FD egg whites
with water content (0.065–0.206 g water/g sample (w.b.))
were similar to that in the SD egg white samples. As the water
content increased, the Td1 of ovotransferrin in the FD egg
white exhibited smaller changes and was close to the Td of
ovotransferrin (61.0 °C) in the solution state. In the range of
Xw from 0.043 to 0.101 g water/g sample (w.b.), the glass
transition of the FD egg white was not detected. MDSC was
also used to measure the glass transition temperatures in these
samples of Xw from 0.043 to 0.101 g water/g sample (w.b.)
(data not shown). The results also showed no clear detectable
glass transition in the reversible heat flow. Similarly, Acevedo
et al. (2006) noted difficulty in measuring the glass transition
for freeze-dried chicken muscle using DSC. They explained
that the high amount of insoluble proteins and low amount of
sugars caused the difficulty in determination of Tg. In addition,
in the range of Xw of 0.154 to 0.206 g water/g sample (w.b.)
(aw of 0.75 and 0.85), the transition shifts were similar to the
step changes of the glass transitions shown in Fig. 6.
However, these shifts may not be considered glass transition
temperatures and could be due to other relaxation processes.
This observation is consistent with the results of the SD egg
white samples with high water content (0.238-0.282 g water/g
sample (w.b.)).

There were some reasons to explain why the thermal tran-
sition temperatures of FD egg white were different from those
of the SD egg white. In the literature, Hashimoto et al. (2004)
found that freeze-dried fish muscle without heat-treatment be-
fore drying (non-denatured) did not have clear glass transition
due to the relatively small △Cp in the DSC curve, while boiled
and freeze-dried sample (heat-denatured) exhibited clear glass
transition because △Cp was larger than that of non-denatured
sample. Sochava and Smirnova (1993) also observed that the
glass transitions of non-denatured globular proteins were dif-
ficult to trace, while the glass transitions of heat-denatured
samples were easy to trace. Their results indicate that denatur-
ation increased the heat capacity at glass transition. In this
study, the residual denaturation enthalpies of SD egg whites
(△Hd1 and △Hd2) were less than those of FD samples in
Tables 2 and 3. This result indicates that the denaturation level
of egg white proteins (ovotransferrin and ovalbumin) for SD
samples was higher than that of FD samples mainly due to
thermal treatment during the spray-drying, which could lead
to larger △Cp at a glass transition of SD samples compared to
FD samples in the DSC curve. Therefore, Tg of SD egg white
was more easily detected than that of the FD egg white con-
taining unfreezable water. The results for globular proteins,
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Fig. 5 Tg-Xs relationship of spray-dried egg white with different solids
content
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fish muscle, and our result indicate that the step change of
glass transition is related to the heat denaturation of its pro-
teins, and thus the heat denaturation of proteins affects the
detection of the glass transition in the DSC curve. In addition,
the spray-drying and freeze-drying processes may lead to the
denaturation and aggregation of egg white proteins. The de-
naturation followed by aggregation of protein can influence
their solubility/hydration properties (Harnkarnsujarit et al.
2015; Tironi et al. 2007; Katekhong and Charoenrein 2017).
The solubility of SD egg white powders (73.6%) was different
from that of the FD egg white powders (82.7%). Besides the
protein aggregates, many other factors also affect the protein
solubility, such as pH, ionic strength, pressure, temperature,

and mechanical disruption forces (Ferreira Machado et al.
2007). The different solubility was related to the different
water-binding capacity of proteins between SD and FD egg
whites. The different water-binding capacity of proteins may
cause the different glass-forming systems (hydrated proteins),
and thus leading to the different thermal transitions between
SD and FD egg whites. Tironi et al. (2009) observed that the
glass transition temperatures increased after high-pressure
treatment for sea bass muscle. They analyzed that the change
would be associated with denaturation and aggregation of fish
muscle proteins. Further study is required to determine the
reason for the different thermal transitions of SD and FD
egg whites.

Fig. 6 Thermal transition
temperatures of freeze-dried egg
white with 0.154 g water/g sam-
ple (w.b)

Table 3 Thermal transitions of freeze-dried egg white containing unfreezable water

Xw (g/g (w.b.)) Ovotransferrin (peak 1) Ovalbumin (peak 2)

Td1 (°C) △Hd1 (J/g (d.b.)) Tgi (°C) Tgm (°C) Tge (°C) Td2 (°C) △Hd2 (J/g (d.b.))

0.043 62.9 ± 1.5ab 1.08 ± 0.33bc – – – 103.4 ± 2.4bc 13.9 ± 1.5a

0.064 62.8 ± 2.3ab 1.30 ± 0.46ab – – – 104.0 ± 1.8abc 11.9 ± 1.3ab

0.065 64.3 ± 2.8a 1.47 ± 0.12a – – – 105.5 ± 0.6a 11.7 ± 1.2b

0.071 61.2 ± 2.2b 1.17 ± 0.28abc – – – 104.6 ± 0.6ab 12.5 ± 1.1ab

0.095 61.1 ± 0.4b 1.06 ± 0.09bc – – – 102.0 ± 1.3c 13.7 ± 3.3a

0.101 61.0 ± 2.3b 0.901 ± 0.091c – – – 99.8 ± 2.1d 9.13 ± 0.84c

0.154 – – 77.2 ± 0.2ax 80.9 ± 1.1ax 83.5 ± 1.1ax 96.0 ± 1.5e 2.78 ± 0.12d

0.206 – – 71.8 ± 1.9bx 76.0 ± 1.1bx 78.4 ± 0.7bx 91.5 ± 1.2f 4.03 ± 0.77d

Each value is written as mean ± SD (n = 3)

—: Not detectable

Different small letters (a–f) within the same column represent significant difference (P < 0.05)
x The shifts resemble the glass transition but these data are not considered glass transition temperatures
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Thermal Transitions of Egg White Containing
Freezable Water

Figure 7a and b shows typical DSC thermograms for the
annealed SD and FD egg whites with high water contents (con-
taining freezable water) of 0.44 and 0.45 gwater/g sample (w.b.),
respectively. The values of the initial freezing points (TF), end
point of freezing (Tm′) and enthalpy of ice melting (△Hm) for the
SD egg whites were − 4.72 °C, − 16.0 °C, and 64.1 J/g, respec-
tively (Fig. 7a). The TF, Tm′, and △Hm for the FD egg white were

− 3.86 °C, − 16.8 °C, and 69.6 J/g, respectively (Fig. 7b). The
glass transition temperatures in the freeze-concentrated matrix
(Tg′) were not detected in all of the SD and FD samples contain-
ing freezable water, and only the peak of ice melting was ob-
served. This phenomenonmay be due to the lower △Cp values at
a glass transition in heat flow for protein foods; as a result, these
shifts of the baselines were difficult to obtain (Acevedo et al.
2006). This result indicates that the transition shifts were outside
the detectable limits of the DSC. Sablani et al. (2007) also faced
difficulty in tracing the glass transition temperatures of king fish

Fig. 7 Typical DSC thermogram
of spray-dried egg white contain-
ing freezable water (0.44 g water/
g sample (w.b.)) (a) and freeze-
dried egg white containing
freezable water (0.45 g water/ g
sample (w.b.)) (b)
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whole muscle by DSC. Ohkuma et al. (2008) reported that no
apparent glass transitions were detected in frozen surimi-sugar
mixtures containing sugar at concentrations of less than 30.0%
(d.b.). Sablani et al. (2007) explained that for a complex food
system, it was difficult to obtain a clear glass transition with
thermal analysis due to interference of other physical and chem-
ical changes, or the complexity of the structure affected the de-
termination of the glass transition.

Figure 8 shows the change in the freezing point with solids
content (i.e., freezing curve). In Fig. 8 and Table 4, the TF
decreased from − 0.75 to − 11.2 °C when the solids content
(Xs) of the SD egg white increased from 0.28 to 0.68 g solids/g
sample (w.b.). The TF decreased from − 0.99 to − 15.5 °C
when the Xs of the FD egg white increased from 0.27 to
0.69 g solids/g sample (w.b.). The TF is closely correlated with
the concentration of soluble solids present in the aqueous
phase. Shi et al. (2015) also showed that the TF of Penaeus
vannamei meat decreased with increasing solids content.

The △Hm of the SD egg white decreased from 182.6 to
16.4 J/g when the water content decreased from 0.72 to
0.32 g water/g sample (w.b.) (Table 4). The △Hm was plotted
against the water content as shown in Fig. 9, and the
unfreezable water content was calculated when the △Hm was
equal to zero. A linear relationship between the △Hm and the
water content for SD egg white is shown in Eq. (7):

△Hm ¼ 412:8Xw–116:7 ð7Þ

The content of unfreezable water in the SD egg white was
calculated from Eq. (7) as 0.283 g/g (w.b.), and the R2 was
0.999. Similarly, the content of unfreezable water in the FD
egg white was calculated as 0.228 g/g (w.b.) from Eq. (8),
using the same method of extrapolated △Hm values, and the
R2 was 0.950.

△Hm ¼ 302:3Xw–68:8 ð8Þ

The content of unfreezable water in the SD egg white was
greater than that of the FD egg white, which may be because
the surface heat constant (C) of the SD egg white powders was
greater than that of the FD egg white powders in the GAB
model, indicating that the water molecule in the SD samples
was more tightly bound (in Table 1), and thus, higher
unfreezable water was observed in the SD sample at the
maximal-freeze-concentration condition. The unfreezable wa-
ter contents reported for other protein foods were 0.26 g/g
(w.b.) for bovine gelatin (Rahman et al. 2010), 0.320 g/g
(w.b.) for abalone (Sablani et al. 2004), 0.312 g/g (w.b.) for
king fish muscle (Sablani et al. 2007), 0.262 g/g (w.b.) for P.
vannamei meat (Shi et al. 2015), 0.244 g/g (w.b.) for Atlantic
cod muscles (Tolstorebrov et al. 2014), and 0.214 g/g (w.b.)
for horse mackerel muscle (Shi et al. 2009). The unfreezable
water is the water remaining unfrozen even at very low tem-
peratures, and it does not undergo crystallization due to the
extremely high viscosity. The unfreezable water contains both
un-crystallized free water and bound water attached to the
solid matrix (Rahman 2009; Cheng et al. 2014).

Tm′ is unique to food and is closely related to the molecular
weight of the total solids present in the foods. In Table 4, the
Tm′ of both the SD and FD egg white decreased with increas-
ing solids content. The decreasing trend of Tm′ was similar to
that of TF for the egg white. Figure 8 presents the freezing
curve, which was predicted by fitting Eq. (4). The model pa-
rameter Ewas calculated using a non-linear fittingmethod and
determined to be 0.045 and 0.056 for the SD and FD egg
whites, respectively. Based on the value of E, the effective
molecular weight of the solids was 400.0 and 321.4 for the
SD and FD egg whites, respectively. The effective molecular
weight of the solids calculated for the SD egg white was sim-
ilar to the FD egg white. In Fig. 8, the (Tm′)u at the unfreezable
water content (Xw′) was calculated as − 11.3 °C and − 17.9 °C
by extrapolating the freezing curve up to Xs′ (i.e., maximally
freeze-concentrated solutes, Xs′ = 1-Xw′) of 0.717 and 0.772 g
solids/g sample (w.b.) for the SD and FD egg whites, respec-
tively. The (Tm′)u values obtained for the egg white samples
were similar to other protein foods, including − 17.4 °C at
0.688 g solids/g sample (w.b.) for king fish (Sablani et al.
2007), − 18.1 °C at 0.680 g solids/g sample (w.b.) for abalone
(Sablani et al. 2004), and − 13.3 °C at 0.610 g solids/g sample
(w.b.) for tuna (Rahman et al. 2003). The (Tm′)u of FD egg
white was less than that of the SD egg white because the TF of
the samples decreased with increasing soluble solids content,
and thus, a higher Xs′ value of the FD egg white led to a lower
(Tm′)u of the FD samples. This result was consistent with the
significantly lower values of TF in the FD egg white at Xs

above 0.68 g solids/g sample (w.b.) (close to Xs′ value) in
Fig. 8 and Table 4.
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Fig. 8 Plot of freezing point as a function of solids content in spray-dried
and freeze-dried egg white
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Conclusions

The thermal transition temperatures of spray-dried (SD) and
freeze-dried (FD) egg whites were investigated by DSC. For
egg white samples containing unfreezable water (lower water
contents), the glass transition temperatures (Tg) ranging from
112.0 to 85.3 °C of the SD egg whites were detected at water
contents (Xw) ranging from 0.039 to 0.093 g water/g sample
(w.b.). This result showed that the quality stability of egg
white can be maintained if it was dried at a temperature lower
than its Tg at the corresponding Xw. The denaturation temper-
atures (Td) of ovotransferrin and ovalbumin in the SD samples
were obtained when Xw ranged from 0.082 to 0.143 g water/g
sample (w.b.) and 0.039 to 0.282 g water/g sample (w.b.),
respectively. However, only the Td of ovotransferrin and ov-
albumin were observed, and no Tg was traced in the FD

samples containing unfreezable water content (0.043–
0.206 g water/g sample (w.b.)).

For the SD and FD egg white samples containing
freezable water (0.32–0.72 and 0.31–0.73 g water/g sample
(w.b.) in SD and FD samples), the glass transitions were not
detected, and only the freezing points (TF) and end point of
freezing (Tm′) were observed. The unfreezable water con-
tent (Xw′) of the SD egg white samples (0.283 g/g (w.b.))
was greater than that of the FD samples (0.228 g/g (w.b.)),
as calculated by the enthalpy of ice melting. The character-
istic end point of freezing (Tm′)u of the SD egg white (−
11.3 °C) was greater than that of the FD egg white (−
17.9 °C) obtained at corresponding unfreezable water con-
tents. When the storage temperatures are above (Tm′)u, the
food matrices become lower viscosity and higher molecular
mobility because the frozen matrices are plasticized by
melting of ice. Therefore, in order to reduce the rates of
quality degradation during frozen storage, the temperature
should be below the (Tm′)u of egg whites.

The heat denaturation of proteins may affect the detection
of the glass transition in the DSC curve for egg whites, which
caused the different thermal transitions of the SD and FD
samples. In addition, the different solubility between SD and
FD egg whites was related to the different water-binding ca-
pacity of proteins. The different water-binding capacity may
cause the different glass-forming systems, and thus leading to
the different thermal transitions.

The GABmonolayer water contents for the SD and FD egg
whites were similar and obtained to be 0.053 and 0.054 g
water/g sample (d.b.), respectively, as the stability criteria
based on the water activity concept. The results of thermal
transitions and water sorption can be used to design the opti-
mum freezing and drying processes and to predict the stability
of egg white in the food industry.

Table 4 Thermal transitions and
maximal-freeze-concentration
conditions of egg white contain-
ing freezable water

Samples Xs (g/g
(w.b.))

Tm′ (°C) Tgi
(°C)

Tgm
(°C)

Tge
(°C)

TF (°C) △Hm (J/g
(w.b.))

SD 0.68 − 22.7 ± 1.5e – – – − 11.2 ± 0.81e 16.4 ± 1.2e

0.56 − 16.0 ± 1.3d – – – − 4.72 ± 0.30d 64.1 ± 1.7d

0.46 − 14.4 ± 0.8c – – – − 2.64 ± 0.21c 106.1 ± 3.3c

0.36 − 12.7 ± 0.9b – – – − 1.30 ± 0.07b 145.1 ± 0.1b

0.28 − 10.5 ± 0.6a – – – − 0.75 ± 0.06a 182.6 ± 1.1a

FD 0.69 − 26.9 ± 3.2d – – – − 15.5 ± 1.3d 18.7 ± 1.2d

0.55 − 16.8 ± 3.7c – – – − 3.86 ± 0.33c 69.6 ± 4.2c

0.46 − 15.0 ± 0.6bc – – – − 2.53 ± 0.10b 97.9 ± 3.9b

0.37 − 13.4 ± 1.1ab – – – − 1.41 ± 0.13a 134.5 ± 5.6a

0.27 − 11.6 ± 0.7a – – – − 0.99 ± 0.04a 139.4 ± 6.4a

Each value is written as mean ± SD (n = 3)

—: Not detectable

Different small letters (a–e) within the same column represent significant difference (P < 0.05)

Fig. 9 Plot of the enthalpy of ice melting as a function of water content in
spray-dried and freeze-dried egg white
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