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Introduction

Antifreeze proteins (AFPs), known as a family of pro-
teins with thermal hysteresis ability (THA), can depress 
freezing point and modify the morphology of ice crystals. 
They also have the recrystallization inhibition (RI) ability, 
which inhibits the growth of ice in an adsorption–inhibi-
tion mechanism by binding to the surface of ice crystals 
[1]. These unique functions of AFPs have attracted sig-
nificant interest for their potential applications in additives 
for frozen foods. However, AFPs are mostly isolated from 
plants, polar fish, fungi and insects. Because of the high 
cost and low product yield, these applications of AFPs on 
a large scale have been limited. In recent study, antifreeze 
peptides (APPs) have been reported for the retardation of 
ice crystal growth. Damodaran [2] has reported that gelatin 
or collagen hydrolysates produced from papain hydrolysis 
were able to inhibit ice recrystallization in ice cream mix. 
It also confirmed that peptides obtained from pigskin colla-
gen hydrolysates, with molecular mass distribution among 
150–2000 Da, have the ability to protect S. thermophilus 
from hypothermic damage [3].

As the bakery business is being concentrated and ration-
alized, there has been a growing demand for frozen dough 
[4]. The freezing dough technology has served as a suitable 
preservation approach to make fresh products available 
for retail stores. Although the purpose of freezing technol-
ogy is to keep the dough products in a fresh state, more 
experimental evidence shows that a number of physical and 
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chemical phenomena affect the qualities of the final prod-
uct in a mostly negative way occur [5], such as an increas-
ing in fermentation time and decreasing in specific volume 
when compared to fresh dough products [6]. The deterio-
rated quality of frozen dough was mainly related to the loss 
of gluten network integrity and yeast fermentative capacity 
[7] mainly caused by ice crystallization and recrystalliza-
tion [8].

Water is an integral part of wheat flour dough: the 
amount, physical state and location of water are crucial to 
the quality of a frozen dough, because it is closely related 
to the formation of dough, specifically how it will hold gas 
and produce an open, aerated crumb structure in the final 
product [9]. Related researches have indicated that it is not 
the water activity but the dynamic molecular mobility state 
of the water in foods that directly affects the food stability 
[10].

The objective of this study was to investigate the effect 
of antifreeze peptides from pigskin collagen hydrolysates 
(CoAPPs) on characteristics of frozen dough including 
the fermentation properties and the texture properties of 
steamed bread. In order to illustrate how the water state 
plays an important role in the dough quality and stability, 
water state and water distribution of samples with CoAPPs 
were further investigated.

Materials and methods

Materials

Wheat flour and instant dry yeast were purchased from 
the local supermarket. Antifreeze peptides (CoAPPs) were 
prepared from pig skin collagen based on the method 
described before [3].

Dough preparation and frozen dough freeze–thaw 
treatments

The steamed bread dough was prepared according to the 
following formula: 100 g of wheat flour, 1 g of instant dry 
yeast, 50 g of distilled water and 1 g of CoAPPs. The con-
trol groups had the same formula except for 1 g of CoAPPs. 
Yeast and CoAPPs were stirred in water before being added 
to the flour. All dough components were mixed in a bread 
machine (Moulinex Ow 5000, Nancy, France) in two steps. 
The ingredients were mixed during 10 min at a low speed 
(40 rpm), and then the remaining water was added at a high 
speed (80 rpm) during 10 min. The resulting dough (20 g) 
was molded, covered with polyethylene bags and frozen by 
air-blast freezer (BCD-649WE, Haier, China) at −20 °C 
[11]. Freeze–thaw treatments were applied to frozen 
steamed bread dough samples to mimic the temperature 

fluctuations that occur during frozen storage. A freeze–
thaw cycle consisted of partially thawing the frozen dough 
at 30 °C until the center temperature was 4 °C and then 
subjected to frozen storage again at −20 °C for 24 h. Fro-
zen dough samples after freeze–thaw cycles including 0, 1, 
2, 3, 4, 5 and 6 cycles were named C0, C1, C2, C3, C4, 
C5 and C6, respectively, in which the number represents 
freeze–thaw times that dough samples endured [12].

Steamed bread preparation

Samples were removed from the air-blast freezer at the 
specified time and were placed in an environmental cham-
ber (Model SPX-150C, Environmental Chamber, China) at 
30 °C to thaw, for 30 min. Thawed dough was proofed in an 
environmental chamber at 35 °C and 85% relative humidity 
for 90 min. Proofed dough was baked at 150 °C for 20 min 
(Induction Cooker, Galanz). After baking, steamed bread 
samples were allowed to cool for 30 min in an environmen-
tal chamber.

Fermentation properties of frozen dough

The fermentation properties of fresh and frozen dough 
were evaluated in triplicate for each freeze–thaw treatment.

Specific steamed bread volume

In order to estimate the effect of CoAPPs supplementa-
tion on steamed bread quality, the steamed bread quality 
was evaluated by bread volume. Steamed bread volume 
was measured by rapeseed displacement, according to 
AACC method [13]. Specific volume was calculated from 
the steamed bread volume divided by the steamed bread 
weight. The variational rate R evaluates the changes of 
steamed bread volume between the bread from the fresh 
dough and the bread from the dough with freeze–thaw 
cycles, calculated by Eq. (1):

where VS is the bread from the fresh dough (mL/g) and VE 
is the bread from the dough with frozen storage (mL/g).

Fermentation times of dough

A dough sample of 20 g was placed in a sterilized gradu-
ated test tube (5 cm in diameter and 10 cm in height). The 
test tube was left for fermentation at 35 °C and 85% relative 
humidity in an environmental chamber. The dough heights 
were monitored as duplicate from the same dough that was 
divided into three samples of 20 g dough. The dough height 
was measured as the highest point of the dough, as the 

(1)R(%) =
VS − VE

VS
× 100
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dough height has previously been found to correlate well 
with the volume expansions of the dough [14]. The height 
for optimally developed dough was 100 mm for fermenta-
tion at 35 °C [15]. Fermentation time was recorded when 
reaching the optimally height.

Texture profile analysis (TPA) of steamed bread

Texture profile analysis (TPA) of bread simulates the chew-
ing movements and has been accepted universally [16]. The 
analysis was done by a Texture Analyzer equipped with a 
P36 probe (Stable Microsystems TA-XT2i, Scarsdale, NY, 
USA). The results include hardness, resilience, chewi-
ness, gumminess, adhesiveness, cohesiveness, springiness 
and fracture ability, as defined by Fiszman et al. [16]. The 
steamed bread was sliced horizontally, and a bottom piece 
with a cubic dimension (L × W × H = 1 × 1 × 1) was 
compressed to 50% of its height. The compression test 
parameters were set as follows: pretest speed 3.0 mm/s; 
test speed 1 mm/s; posttest speed 5.0 mm/s; time 5.00 s and 
trigger force 5 g. The TPA of each sample was run in non-
duplicate [17].

Water mobility determination

NMR spin–spin relaxation (T2) measurements were per-
formed on fresh and frozen dough subjected to freeze–
thaw cycles storage. The water mobility of dough samples 
was determined using NMR Analyzer (Niumag Corpora-
tion, Shanghai, China) with a corresponding resonance 
frequency for protons of 23 MHz which was used for 
measurement. Approximately 3 g of samples was packed 
into a 18-mm-inner NMR tube and inserted in the NMR 
probe. The spin–spin relaxation time (T2) was performed 
using Carr–Purcell–Meiboom–Gill (CPMG) sequences 
[18], and typical pulse test parameters were set as fol-
lows: P90 = 20 μs, P180 = 37 μs, TD = 87424, NS = 8, 
NECH = 1000, RG1 = 20, DRG1 = 3, SW = 200 kHz, 
TR = 1000 ms. The Multi-Exp Inv Analysis Software 
(Niumag Co., Ltd., Shanghai, China) was used to analyze 
the T2 relaxation time. This analysis resulted in a plot of 
relaxation amplitude for individual relaxation processes 
versus relaxation time. The time constants for each process 
were determined from the peak position, and the area under 
each peak (corresponding to the proportion of water mol-
ecules exhibiting that relaxation time) was calculated by 
cumulative integration.

Water distribution detection

The water distribution of dough samples (with or without 
CoAPPs) was measured in fresh and frozen dough samples 
using the NMR Analyzer mentioned above. The 2D proton 

density images were acquired using the multiple spin-echo 
(MSE) sequence. Approximately 5 g of cylindrical dough 
samples was packed into a 18-mm-inner NMR tube and 
inserted into the NMR probe. Typical pulse test param-
eters were set as follows: P90 = 1200 μs, P180 = 1200 μs, 
D0 = 1000 ms, TD = 1024, SF1 = 23 MHz. In the proton 
density images, the bright areas represent free water in the 
tissues.

Statistical analysis

All experiments were run in triplicate unless specified and 
the experimental data were expressed as means (stand-
ard deviations, SDs) of three independent experiments. 
All statistical analyses were performed by using SPSS 
17.0 (SPSS, Chicago, IL, USA). The significance level of 
P < 0.05 was used.

Results and discussion

Effect of CoAPPs on specific volume

The effect of CoAPPs on specific volume of the steamed 
bread after freeze–thaw cycles is shown in Fig. 1. As 
freeze–thaw times increased, the steamed bread with lower 
specific volume for both doughs was obtained (Fig. 1). 
Specifically, the steamed bread specific volume of the 
control was from 2.58 to 1.86 mL/g, and CoAPPs groups 
from 2.58 to 2.34 mL/g. The variational rate R evaluates 
the changes of steamed bread specific volume between the 
bread from the fresh dough and the bread from the dough 
with freeze–thaw cycles. The R of the control groups and 
CoAPPs groups was determined to be 28.06 and 10.57%, 
respectively (Fig. 1). The addition of CoAPPs steamed 
bread with significantly higher specific volume at the 

Fig. 1  Effect of CoAPPs on specific volume
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same freeze–thaw times (P < 0.05). The R of the CoAPPs 
groups was significantly smaller than the control groups 
(P < 0.05), proving that the steamed bread volume of the 
CoAPPs groups was more steady than the control groups. 
The reduction in specific volume was probably due to the 
ice crystals pierce into the yeast and decrease the yeast 
survival during frozen storage, lowering the fermentation 
capacity and reducing ability of the dough gluten network 
to retain CO2 during fermentation [11]. These observations 
suggested that CoAPPs significantly reduced the negative 
effect of frozen storage on specific volume and increased 
the ability in holding steamed bread volume among the 
tested samples after freeze–thaw cycles.

Effect of CoAPPs on fermentation time

The effect of CoAPPs on fermentation time after six freeze–
thaw cycles is shown in Fig. 2. As freeze–thaw times 
increased, the fermentation time of the dough correspond-
ingly increased [19]. Compared with the fresh dough, frozen 
storage increased fermentation time for all doughs with or 
without CoAPPs. However, the dough with CoAPPs caused 
a small but significant (P < 0.05) decrease in fermentation 
time compared with control groups when they were stored 
frozen for the same times of freeze–thaw cycles. Specifi-
cally, fermentation time of control groups increased from 
72 to 138.7 min, whereas the dough with CoAPPs increased 
from 72.2 to 110.2 min after six freeze–thaw cycles. The 
fermentation time of the CoAPPs groups was significantly 
smaller by 28.5 min than the control groups. The increase 
in fermentation time could be related to the decrease in the 
yeast survival count and in the gluten network structure in 
dough caused by freeze–thaw cycles, and the improvement 
of CoAPPs groups in fermentation time might be attributed 
to inhibition of ice growth and recrystallization by addition 
of CoAPPs. These observations were similar with the results 

reported by Jia et al. [20], who reported that the addition 
of thermostable ice structuring proteins extract from Chi-
nese privet (Ligustrum vulgare) leaves into doughs could 
improve the fermentation time.

Texture profile analysis (TPA) of steamed bread

Texture profile analysis shows the effect of freeze–thaw 
on texture profile after six freeze–thaw cycles. Gumminess 
was calculated by hardness multiplied by cohesiveness, 
and chewiness was calculated by gumminess multiplied 
by springiness. The chewiness represents the amount of 
energy needed to disintegrate a food for swallowing [21]. 
The gumminess and chewiness changes of the steamed 
bread are shown in Figs. 3 and 4, respectively. Texture pro-
file analysis showed that both gumminess and chewiness of 
CoAPPs groups were smaller significantly (P < 0.05) than 
those of the control groups.

Fig. 2  Effect of CoAPPs on fermentation times Fig. 3  Effect of CoAPPs on gumminess

Fig. 4  Effect of CoAPPs on chewiness
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Crumb hardness was an important characteristic of bread 
quality, and the change in hardness was commonly accom-
panied with the loss of resilience during storage. The hard-
ness change of the steamed bread is shown in Fig. 5. After 
six freeze–thaw cycles, the hardness of the control dough 
increased to 625.9 g, whereas the CoAPPs dough only 
increased to 475.9 g. The hardness of the CoAPPs group 
was significantly smaller than that of the control groups at 
the same freeze–thaw cycle (Fig. 5), proving that the addi-
tion of CoAPPs resulted in significantly softer and steadier 
than that of the control bread during freeze–thaw cycles.

All in all, the hardness, gumminess and chewiness of the 
CoAPPs groups were significantly different with those of 
the control groups, and the results of hardness, gumminess 
and chewiness of the CoAPPs groups were all smaller sig-
nificantly (P < 0.05) than the controls (Fig. 5). The crumb 
softening effect of CoAPPs agreed with the significantly 
increase in specific volume of CoAPPs bread described 
previously and was presumed to be related to its inhibition 
of ice formation and recrystallization.

Effect of CoAPPs on the water mobility of dough

To confirm water migration of the dough during frozen 
storage period, we studied the relaxation time of dough 
with or without CoAPPs. A typical T2 relaxation time dis-
tribution curve is shown in Fig. 6a. In our system, the T2 
relaxation time distributions of dough system showed three 
peaks: T21 (0.02–3.35 ms), T22 (3.35–48.63 ms) and T23 
(48.63–68.93 ms), which represented bound water, immo-
bilized water and free water, respectively [22]. The results 
were closer to those detected in dough previously [17]. T21 
and T22 represent about 98% of the water present in the 
dough, so these two main population groups are further 
discussed. The Y-axis in T2 graph represents the signal 
amplitude of protons. The X-axis of the T2 relaxation time 

represents the water activity in the food system. A shorter 
T2 relaxation time indicates a less water mobility. The 
peak area of T2 represents the water absorption by hydro-
philic components [23]. According to previous studies, T21 
and T22 represent bound water and immobilized water in 
food, respectively [24]. The peak area proportions of T21 
and T22 after freeze–thaw cycles are shown in Fig. 6b, c, 
respectively. The ice recrystallization during freeze–thaw 
cycles reduces the cross-linking of gluten and consequently 
weakens the water binding capacity of dough gluten [25]. 

Fig. 5  Effect of CoAPPs on hardness

Fig. 6  NMR spin–spin relaxation (T2) curves and relaxation time 
distribution of frozen dough during frozen storage. a A typical T2 
relaxation time distribution curve, b peak area proportions of T21, c 
peak area proportions of T22
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After six times of freeze–thaw cycles, the bound water 
proportions of the control groups decreased from 20.18 to 
17.75% (P < 0.05), whereas the immobilized water pro-
portions increased from 79.41 to 82.25% (P < 0.05). In 
contrast, increase in bound water and decrease in immobi-
lized water were observed in the dough with the addition 
of CoAPPs. Similar results have been obtained in frozen 
dough after freeze–thaw cycles [12].

T21 can be divided into firmly bound water and loosely 
bound water, based on the bonding strength of the water 
molecules with the food macromolecules [26], and the 
latter is relatively lower and more likely to transform into 
free water. The decrease in T21 and the increase in T22 
in the control dough indicated that the freeze–thaw treat-
ment drove the water shift from T21 to T22. Phimol-
siripol [27] suggested that relating the increased rate of 
the deterioration of frozen dough to the increased mobil-
ity of water with storage temperature fluctuations was a 

reasonable mechanistic explanation. T22 may represent the 
water trapped in the gluten network (immobilized water), 
which is the major existing form of water.

The increase in T21 and the decrease in T22 in the CoAPPs 
dough indicated that the addition of CoAPPs affected the water 
mobility and weakened the influence of the freeze–thaw treat-
ment on the water mobility. This result is agreed with the report 
that antifreeze protein BaAFP-1 extracted from barley had 
a strong hydrophilicity, when it was added in the dough, and 
water tended to shift from T22 to T21 and weakened the influ-
ence of the freeze–thaw treatment on the water mobility [12]. 
Both antifreeze protein BaAFP-1 and CoAPPs had a strong 
hydrophilicity, which bond with water molecules through 
hydrogen bonds. So, it could infer that the CoAPPs inhibit the 
ice recrystallization probably by adsorption on ice surface by 
hydrogen bonding so as to reduce the damage of dough’s glu-
ten network and decrease the content of immobilized water, 
resulting the relative content increase in bound water.

Fig. 7  Effect of CoAPPs on water distribution of dough samples after freeze–thaw cycles monitored by NMR. In the proton density images, the 
bright areas represent free water in the tissues
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Effect of CoAPPs on water distribution of dough

The NMR is usually used to measure the water distribu-
tion of dough samples. Figure 7 shows example proton 
density images for samples of fresh dough and frozen 
dough. The 2D proton density images indicated that the 
distribution of water in the dough sample was distinctly 
different before and after the freeze–thaw cycles, and the 
signal intensity for proton density of the CoAPPs dough 
decreased at a slower pace (Fig. 7). At first, the proton 
density was evenly distributed both internally and on the 
surface in the fresh dough. After freeze–thaw cycles, this 
homogeneous state was broken and the signal intensity for 
proton density was reduced. This phenomenon was due 
to the moisture content decrease in both kinds of dough 
after the freeze–thaw treatment. The vapor pressure of the 
freezing chamber was lower than that of the dough dur-
ing freezing storage. This vapor pressure difference force 
drove the loss of moisture from the food surface to the air 
in the freezer, and the lost moisture was condensed and 
frozen on the inner surface of the package [28]. Tempera-
ture fluctuations led to the number of ice crystals reduced 
and the mean ice crystal size increased, damaging the 
dough’s gluten network. This reduced the water holding 
capacity of the gluten, and more water was lost when the 
dough was thawed again.

The signal intensity for proton density of the CoAPPs 
dough decreased at a slower pace when compared with the 
control groups (P < 0.05, Fig. 7), suggesting that the addi-
tion of CoAPPs inhibited the ice recrystallization and pro-
tected the gluten networks of the dough samples from the 
damage done by large ice crystals during the freeze–thaw 
treatment. This investigation is crucial for us to get fun-
damental understanding of water dynamics in frozen food 
quality and stability. The physicochemical mechanisms that 
water exerts such a strong influence on the properties of 
dough are now better understood.

Conclusions

The antifreeze peptides from pigskin collagen hydrolysates 
provided a significant cryoprotection on steamed bread 
dough during frozen storage. The CoAPPs weakened the 
influence of the freeze–thaw treatment on the water mobil-
ity. The physicochemical mechanism that water exerts 
strong influence on the properties of dough suggests that 
the addition of CoAPPs could inhibit the ice recrystalliza-
tion and as a result protect the gluten networks. The study 
is of significance in suggesting that CoAPPs could poten-
tially serve as a food-based cryoprotectant in the frozen 
dough industry.
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