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Abstract To better understand the effects of ultrasonic

treatment in the whole freezing process (UWF) and the

maximum ice crystal formation zone (UMF) on the quality

of frozen dough, the textural properties of dough and the

structure of gluten were investigated. The results showed

that the UWF and UMF treatments improved the textural

properties of frozen dough and obtain the best effect at the

60 W/L power densities. Ultrasound-assisted freezing

reduced the destructive effect of disulfide bonds on dough,

and led to a state of dynamic equilibrium of hydrophobic

groups. UWF treatment at 80 W/L and UMF treatment at

40 W/L had positive effects prevented the secondary

structure from destruction by freezing. The network of

gluten treated by ultrasound-assisted freezing was more

uniform and smaller than that of traditional freezing sam-

ples, which was similar to the network structure of fresh

protein. According to Pearson’s correlation analysis, there

was a high correlation between SH, a-helix content and

springiness. There was a significant positive correlation

between b-turn and G0, G00, and there was a significant

negative correlation between b-turn and hardness. These

results suggest that ultrasound-assisted freezing improved

the process quality of dough though reducing the damage

to gluten structure caused by freezing.

Keywords Ultrasonic-assisted freezing � Textural
properties � Gluten structure � Pearson’s correlation
analysis

Introduction

Frozen dough is widely used in the food industry in China

for the production of bread, Chinese steamed bread, dum-

plings, and several viennoiseries foods. This commodity

can improve work efficiency, reduce the labor intensity of

workers, increase the shelf-life of products, and facilitate

the long-distance distribution of foods (Ban et al. 2016; Ma

et al. 2016). However, water redistribution is triggered by

the modification of the water-binding capacity of the

dough’s constituents during the freezing process. The

expansion pressures generated by the large ice crystals

result in damage to the gluten network and deterioration of

dough processing quality (Yadav et al. 2008). Therefore,

control ice crystals size and reduce the proportion of large

ice crystals in the freezing process were the key method to

avoid the damage of water crystallization to the sample

structure and improving the quality of processed dough.

Power ultrasound, as a green and pollution-free tech-

nology was applied in the fields of food preservation and

extraction, which improved the quality of food without
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adding additives (Chamat et al. 2011; Kiani et al. 2012;

Mandal et al. 2017; Mason et al. 1996; Monroy et al. 2018;

Pingret et al. 2013; Simal et al. 1998). The cavitation

bubbles can induce the formation of primary crystal

nucleus or promote secondary nucleation through high

pressure or microjet generation during fracture or move-

ment, and lead the ice crystals sizes with smaller and

uniform in the ultrasound-assisted freezing (UAF) process.

(Kiani et al. 2011; James et al. 2015). The microjets pro-

duced by cavitation bubble motion can also enhance the

heat transfer efficiency in the medium (Cheng et al. 2015),

thus improving the freezing rate and product quality. Sun

and Li reported that UAF reduced the effects of freezing on

the microstructural changes of potatoes and found that it

also reduced cell structure damage (Sun and Li 2003).

Zhang et al. (2018a) reported that UAF at certain powers

significantly increased the freezing rate of porcine longis-

simus muscles, and samples with UAF-180 had the shortest

total freezing time, which was 212 s shorter.

It also reported that ultrasound-assisted freezing has a

positive effect on the dough. Hu et al. (2013) reported that

UAF reduced the total freezing time of dough by 11% and

improved the microstructure of frozen dough at 288 and

360 W power level. Song et al. (2009) reported that UAF

made the secondary structure of wet gluten more orderly,

with smaller and more uniform ice crystals than traditional

freezing. The texture quality of dough is the key factor

affecting the quality of the subsequent processing of dough,

and the texture quality of dough is determined by gluten

protein. In the freezing process, the formation of ice

crystals destroys the structure of wheat gluten, and then

damage the texture characteristics of dough (Zhang et al.

2018c). Thus, the purpose of this paper was investigating

the textural characteristics of frozen dough affected by the

UAF and the relationship between textural characteristics

of frozen dough and protein structure of wheat gluten.

Nearly 80% of the water in most food centers can be

frozen to ice when the temperature drops from 0 to - 5 �C
(the maximum ice crystal formation zone). Most ice crys-

tals are formed at this zone, and the formation mode of ice

crystals in the maximum ice crystal formation zone has a

great influence on the quality of food. So, the study of the

effect of ultrasound-assisted frozen in the maximum ice

crystal formation zone is also extremely necessary. The

primary objectives of this study were to evaluate (1) the

effects of ultrasonic-assisted freezing on rheological and

textural properties of frozen dough in the whole freezing

process and maximum ice crystal generation zone, (2) the

effects of ultrasonic-assisted freezing on wheat gluten

structure in the whole freezing process and maximum ice

crystal generation zone, and (3) the relationship between

the textural properties of dough and protein structure of

wheat gluten.

Materials and methods

Preparation of dough

Wheat flour (300 g, Henan Jinyuan Grain and Oil Co., Ltd.,

Zhengzhou, China) and water (135 mL) were added to an

HA-3480AS dough maker (Clymeis Electromechanical

Technology, Shenzhen, China), then kneaded for 10 min

and molded into dough. Finally, the dough was pressed

repeatedly four times with the press machine to make

regular cuboids (14 9 7 9 4 cm3) and packed into double

high-density polyethylene bags for use.

The ultrasound-assisted freezing method

The ultrasound-assisted freezing method was a modifica-

tion of the procedure by Hu et al. (2013). The 95% (v/v)

ethanol solution was used as the coolant, and the temper-

ature was maintained at - 30 �C by refrigeration (see

Fig. 1). The ultrasonic equipment (Fig. 1, Shangjia

Biotechnology Co., Ltd., Wuxi, China) used a frequency of

20 kHz, and the instrument could deliver a maximum

power of 1000 W. The real-time temperature at the geo-

metric center of each sample (i.e., the sample temperature)

was measured via a K-type thermocouple, which was

connected to a digi-sense eight channel scanning benchtop

thermometer (Applent Instruments, Jiangsu, China). The

sample temperatures were acquired at 2 s intervals and

transmitted to a computer to obtain the internal tempera-

tures of dough.

The dough was placed into the center of an ultrasonic

reactor with 10 L coolant at - 30 �C. The ultrasonic probe
was dipped to a depth of 2 cm in the ethanol and placed

directly above the center of the dough. In this study, the

whole freezing process was defined as the period from 4 to

- 18 �C. The total freezing time was divided into three

stages, from 4 to 0 �C is the pre-cooling stage, from 0 to

- 5 �C is the phase transition stage, from - 5 to - 18 �C
is sub-cooling stage (Hu et al. 2013).

In the ultrasound-assisted of whole freezing process

(UWF) trials, the ultrasound begins to work at the center

temperature of dough reached to 4 �C, stopped working at

the center temperature of dough reached - 18 �C. In the

ultrasound-assisted of maximum ice crystal generation

zone (UMF) trials, the ultrasound begins to work at the

center temperature of dough reached to 0 �C, stopped

working at the center temperature of dough reached

- 5 �C. The frequency of ultrasound was 20 kHz, on-time

and off-time were 5 s, and the power density of ultrasound

were 20, 40, 60, 80, or 100 W/L.

After freezing, each sample was stored at- 18 �C. Each
freezing experiment was repeated in triplicate. The control
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samples were frozen in ethanol without ultrasound. The

fresh samples were dough that was not stuffed during the

freezing process.

Determination of the textural characteristics

of dough

Rheological properties

The frozen dough pieces were defrosted for 150 min in an

incubator at 30 �C, and then the rheological properties

were measured according to the methods of Wang et al.

(2018). In brief, the rheological behavior of the dough was

analyzed by a controlled stress rheometer for small-am-

plitude oscillation tests (DSR200, Rheometric Scientific,

Piscatawat, NJ, USA). The measurement system was

equipped with parallel-plate geometry (20 mm diameter)

with a smart swap Peltier plate temperature system to

maintain the temperature at 25 �C. The dough was loaded

between the parallel plates and compressed to obtain a gap

of 1 mm. The dough was then rested between the plates

(5 min) before measurements. Stress sweep from 0.001 to

100% at 1 Hz frequency was carried out to determine the

linear viscoelastic zone. A frequency-sweep test from 0.1

to 40 Hz at a stress of 0.05% was carried out to determine

the elastic modulus (G0), viscous modulus (G00), and loss

tangent (tan d) as a function of frequency. Each measure-

ment was performed three times.

Texture profile analysis (TPA)

The TPA of steamed bread simulates hewing movements

and has been accepted universally (Zhang et al. 2018c).

The frozen dough was 0.7 cm thick and 3.0 cm in

diameter. It was incubated in boiling water for 2 min, and

then placed in a 500 mL container containing 25 �C dis-

tilled water for 1 min. The moisture on the surface of the

dough was drained, and then the pieces were subjected to a

TPA test using a tensile analyzer (TMS-Pro, Food Tech-

nology, Blacksburg, VA, USA). Five texture parameters

were measured: hardness (g), springiness, cohesiveness (g/

s), chewiness, and resilience. The experiment used a P/50

aluminum cylindrical probe. The compression test was set

as follows: pretest speed, 1.00 mm/s, test speed, 0.80 mm/

s, post-test speed, 0.80 mm/s, strain, 70.00%, and trigger

force, 5 g, with a 3 s time interval between compressions.

Each measurement was performed five times.

Extraction of gluten

The extraction method of gluten was slightly modified

according to Wang et al. (2014a, b). Dough was washed

with plenty of deionized water to remove starch granules

until the deionized water was clear, and then the wet gluten

was lyophilized. Dried gluten (20 g) was shaken with

dichloromethane (300 ml) for 60 min at room temperature

and then filtered through filtered paper. The above proce-

dures were repeated three times. Finally the gluten protein

was dried in the draught cupboard for 24 h.

Structural characterization of wheat gluten

Determination of free sulfhydryl (SH) content

The free SH content was determined according to the

Ellman’s reagent method established by Patrick and

Swaisgood (1976) with some modifications. 1.0 mL of

protein solution was added to 5.0 mL of standard buffer

Fig. 1 Ultrasound-assisted

freezing system (1. Power

supply, 2. Ultrasound parameter

control panel, 3 Ultrasound

generator, 4. Ultrasound probe,

5. Refrigeration compressor, 6.

Dough sample, 7. Coolant

storage tank, 8. K-type

thermocouple, 9. Temperature

testing instrument)
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(containing 8 M urea, 0.5% sodium dodecyl sulfate,

86 mM Tris, 90 mM glycine, pH 8.0) and 50 lL Ellman’s

reagent (4.0 mg/mL 5,50-Dithiobis-2-nitrobenzoic acid

dissolved in standard buffer) with rapid mixing. The mix-

ture was then put in a 30 �C water bath for 60 min and the

absorbance was measured at 412 nm. The buffer instead of

the protein solution was used as a reagent blank and 50 lL
of buffer instead of Ellman’s reagent was used as the

protein blank. The free sulfhydryl content was calculated

using the following formula (Ellman et al. 1959; Yang

et al. 2017):

CSHðmmol=gÞ ¼
73:53� DAbs412 � D

C

DAbs412 ¼ Abswith DTNB � Abswithout DTNB

where D is the dilution factor, C is the protein concentra-

tion (mg/mL), DAbs412 is the differential absorbance values
of sample and the protein blank solutions at 412 nm.

Determination of surface hydrophobicity

Surface hydrophobicity (H0) of protein dispersions was

determined using 1-anilino-8 naphthalene-sulfonate (ANS,

Sigma-Aldrich, St. Louis, MO, USA) as a fluorescence

probe according to the method of Kato et al. (1980). The

prepared protein solution was subjected to gradient dilution

to obtain a protein solution having final concentrations of

0.2, 0.4, 0.6, 0.8, and 1.0 mg/mL. Then, 20 lL of ANS

(8.0 mM in 0.01 M phosphate buffer, pH 7.0) was added to

4.0 mL of diluted protein solution, mixed, and kept in the

dark for 15 min. The relative fluorescence intensity was

measured at room temperature with a Hitachi F-7000 flu-

orescence spectrophotometer (Hitachi High-Technologies,

Tokyo, Japan) at an excitation wavelength of 280 nm

(5.0 nm slit) and emission wavelength of 350 nm (5.0 nm

slit), with a scanning speed of 240 nm/min. The initial

slope of the fluorescence intensity versus protein concen-

tration (mg/mL) was calculated using linear regression

analysis and was used as the index of H0.

Secondary structural characterization of wheat gluten

in dough

Fourier transform infrared (FTIR) spectra of samples were

prepared according to the method of Liao et al. (2010).

1.0 mg of protein powder was mixed with 200 mg of solid

KBr powder. After homogenization using an agate mortar

and pestle, the powder was formed into pellets (1–2 mm

thick) using a 10 t hydraulic press. A 8210E FTIR spec-

trometer (Thermo Fisher, Waltham, MA, USA) equipped

with a denudated triglycine sulfate detector was used for

the readings. The raw spectra using 32 scans were obtained

at 400–4000 cm-1 with a resolution of 4 cm-1.

The raw spectra and the overlapping amide I band

(1600–1700 cm-1) were preprocessed and analyzed by

OMNIC (Thermo Fisher) and Peakfit software, version

4.12 (SPSS, Chicago, IL, USA). The secondary structure

was analyzed using the amide I band of protein, which was

resolved by deconvolution, secondary derivation, and

Gaussian curve fitting. The different amide I regions were

assigned to protein secondary structures according to pre-

vious reports: b-sheet (1615–1637 cm-1), random coil

(1637–1645 cm-1), a-helix (1645–1664 cm-1), b-turn
(1664–1682 cm-1), and b-sheet (1682–1695 cm-1) (Long

et al. 2015, Sun et al. 2017).

Scanning electron microscope (SEM)

The extraction procedures for gluten, glutenin, and gliadin

were slightly modified according to Wang et al. (2018).

Dough was washed with excess deionized water to remove

starch granules until the deionized water was clear, and the

wet gluten was lyophilized. Dried gluten (20.0 g) was

shaken with dichloromethane (300 mL) at room tempera-

ture for 60 min and then passed through filter paper. The

above procedures were repeated three times, and the

resulting gluten protein was dried in a draught cupboard

overnight. Gliadin was extracted in three steps from 20.0 g

of gluten using two extractions with 60% ethanol (300 mL

each) and one extraction with deionized water (300 mL).

Before the second and third extraction steps, the cohesive

glutenin was mechanically disrupted with a spatula. The

extraction was conducted at 25 �C for 3 h and centrifuged

(3000 9 g, 4 �C 10 min) after each extraction. The

supernatants were pooled and the remaining ethanol was

removed using a rotary evaporator at 35 �C. The gliadin

and glutenin (sediment after ethanol extraction) were

freeze-dried.

Microstructural analyses of the gluten, glutenin and

gliadin were according to Zhang et al. (2016) with minor

modifications. Proteins under different treatment condi-

tions were freeze-dried and ground through a 100-mesh

sieve and coated with gold for 120 s. The microstructure

was observed using a SEM (Hitachi, Tokyo, Japan) at a

voltage of 20.0 kV.

Pearson’s correlation analysis

Analysis of Pearson’s correlation were performed at a

significance level of a = 0.05 using SPSS Statistics soft-

ware, version 17.0 (SPSS). Pearson’s correlation analysis

was conducted to evaluate relationships between the tex-

tural characteristics of frozen dough (G0, G00, tan d, hard-
ness, springiness, cohesiveness, chewiness and resilience)

and structure of gluten (H0, SH, a-helix, b-sheet, b-turn
and random coil).
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Statistical analysis

The results were analyzed by one-way analysis of variance

using a significance level of P\ 0.05 using SPSS Statistics

software, version 17.0 (SPSS). The graphs were drawn

using OriginPro8.5 (OriginLab, Northampton, MA, USA).

The data are expressed as means and standard errors

(n = 3).

Results and discussion

The effect of ultrasound-assisted freezing

on the textural characteristics of dough

Rheological

The G values indicate the stiffness, viscoelastic properties,

and rheological properties of dough. Measurements of G

provide information on the polymer structure and may be

related to the molecular weight distribution or cross-link.

The effect of ultrasound-assisted frozen on the rheological

behavior of dough was showed in supplement data and

Table 1.

Table 1 showed that G0 and G00 of the dough were sig-

nificantly increased by the ultrasound-assisted frozen

treatment when compared to the control (P\ 0.05). These

results suggested that ultrasound-assisted freezing pro-

moted the elasticity and viscosity of dough, which resulted

in an improvement in the quality of the subsequent pro-

cessed products (Soliman et al. 2007). With the increase of

power density, G0 and the G00 were increased at first and

then decreased, obtaining their maximum values at a power

density of 60 W/L. Compared to the control samples, the

UWF treatment increased the G0 and G00 by 65.77% and

66.01%, and the UMF treatment increased the G0 and the

G00 by 22.37% and 22.28%, respectively. For the

improvement effect of G0 and G00 at 60 W/L, the UWF

samples were superior to the UMF samples. The tan d
value was significantly decreased by the UWF treatment at

80 W/L. The opposite result occurred in the UMF treat-

ment, the tan d value was significantly increased compared

with the fresh samples. The tan d value is another impor-

tant indicator of dough quality. A lower tan d value implied

the dough tended to the nature of the fluid, its plasticity was

better, and result in the processing properties of the dough

improved (Dreese et al. 1987; Wang et al. 2016).

Dough is a heterogeneous mixture system with the

coexist of solids (gluten and starch) and fluids. The freez-

ing process is also from the outside to the center point. The

acoustic cavitation and acoustic streaming arising from the

propagation of power ultrasound waves into a fluid may

cause an acceleration of mass-transfer and heat-transfer.

The improvement of heat transfer during the dough-freez-

ing process by ultrasound can also shorten the freezing

time for each stage. However, the mechanical vibration

effect of ultrasound rapidly breaks large ice crystal parti-

cles and reduces the proportion of large ice crystals in

frozen dough (Kontogiorgos et al. 2007; Bin et al. 2008).

Therefore, the destruction of the molecular structure of the

components in the dough subject to the freezing process

was alleviated by ultrasound treatment.

It was therefore proposed that the decreases of G0 and
G00 were mainly due to the destruction of the gluten protein

network structure by ice crystals. However, ultrasound

cavitation and microjets induced nucleus formation and

breakage of large ice crystals into smaller ice crystals, thus

reducing the proportion of large ice crystals and increasing

the proportion of small ice crystals, to reduce the

destruction of gluten network structure, and improve the

quality of frozen dough.

TPA analysis

Table 1 also shows that the hardness of control samples

was significantly (P\ 0.05) increased compared to the

fresh samples. The springiness of control samples was

significantly (P\ 0.05) decreased compared to the fresh

samples. These results meant that the taste of dough

became worse, especially in noodles and dumplings after

the traditional freezing process (Zhang et al. 2018c). The

cohesiveness was significantly (P\ 0.05) decreased by the

traditional freezing process, resulting in inferior dough

after it was cooked. The lower cohesiveness meant that the

macromolecular polymers in dough were reduced, resulting

in an increased rate of cooking loss.

However, ultrasound-assisted freezing resulted in a

positive change in the hardness, springiness, cohesiveness,

and chewiness. For the UWF samples, the hardness was

decreased first and then increased with an increase of

power density, when compared to the control. It obtained

the lowest hardness value of 23,118 g at the power density

of 60 W/L, there was no significant difference for the fresh

dough, which was not subjected to any freezing process.

With the power density increased, the springiness, cohe-

siveness and chewiness were all increased first and then

declined. There was no significant difference between the

resilience in different UMF samples. Together, the results

showed that the UWF treatment improved the masticatory

characteristics of frozen dough.
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The effect of ultrasound-assisted freezing

on the molecular structure of wheat gluten

Free sulfhydryl groups

As a functional group of proteins, free sulfhydryl groups

are usually oxidized to form disulfide bonds, which are

essential for protein folding and conformational stability.

Glutenin can form a highly networked structure through

intra-and extra chain disulfide bonds, thus constituting the

framework of gluten (Patrick et al. 1976). At the same

time, gliadin was filled into the glutenin network through

the formation of spherical proteins via the chain disulfide

bonds. Figure 2a shows that the sulfhydryl content of fro-

zen dough was increased by the traditional freezing pro-

cess, which meant that the disulfide bonds were destroyed.

This may be due to the formation of ice crystals in wheat

gluten, which changes the hydration environment of wheat

gluten protein, destroying the force used to maintain

protein structural balance, and changing the structure of

wheat gluten protein (Wang et al. 2015). In addition, the

concentration effect induced by freezing may lead to an

increase in intramolecular and intermolecular disulfide

bond exchange reactions of proteins.

The free sulfhydryl content of frozen dough was sig-

nificantly increased by UWF treatment at 20 W/L, and then

decreased with an increased power density when compared

with the control. The sulfhydryl content of frozen dough

was significantly decreased by the UMF treatment and

obtained the lowest value at 80 W/L. Our previous study

showed that the sulfhydryl and disulfide bond content of

gluten protein was in a dynamic change during ultrasound

treatment. Under the action of high intensity ultrasound,

the region is destroyed, while the low intensity tends to be

synthesized (Zhang et al. 2018b, Zhang et al. 2016). The

increase of sulfhydryl content of dough by ultrasound-as-

sisted freezing resulted from the destruction of disulfide

bonds by ultrasound. The decrease of sulfhydryl content
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Fig. 2 The effect of ultrasound-assisted freezing on sulfhydryl groups and surface hydrophobicity and infrared spectrum of wheat gluten

(a sulfhydryl groups, b surface hydrophobicity, c infrared spectrum of UWF, d infrared spectrum of UMF)
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was attributed to the enhancement of disulfide bonds by the

chemical action of ultrasound. The improvement of the

freezing process by ultrasound, which prevented the dough

from destroying large ice crystals, also contributed to the

decrease of sulfhydryl content.

In total, ultrasound-assisted freezing reduced the

destructive effect of disulfide bonds on dough, and

strengthened the formation of disulfide bonds, leading to an

improvement in the quality of the frozen dough.

Surface hydrophobicity of wheat gluten

Hydrophobic interaction is the main force maintaining

protein tertiary structure, which is very important for pro-

tein conformation, structural stability, and functional

characteristics (Wang et al. 2014a). The surface

hydrophobicity is an indication of the number of

hydrophobic groups on the surface of proteins connected

with the external polar water environment (Hou et al.

2004). Figure 2b showed that the control group had greater

surface hydrophobicity than fresh dough. During UWF

treatment process, the surface hydrophobicity reached the

maximum when the power density was 40 W/L and then

decreased. During UMF treatment process, the surface

hydrophobicity reached the maximum of 80 W/L, and then

decreased. The ultrasound-assisted samples obtained the

minimum value at 100 W/L. It revealed that freezing

exposed a large number of hydrophobic groups, and the

effect of ultrasound on hydrophobic groups was in a state

of dynamic equilibrium. The ultrasound effect reduced the

damage of gluten structure caused by freezing.

Secondary structure of wheat gluten

FTIR is widely used to analyze the secondary structure of

all forms of samples. The raw FTIR spectra of wheat gluten

were shown in Fig. 2c, d. We studied the effect of ultra-

sound-assisted freezing on the wheat gluten amide I band.

The results after resolving by deconvolution, secondary

derivation, and Gaussian curve fitting are summarized in

Table 2.

Table 2 shows that the a-helix and b-sheet contents

were significantly decreased by the traditional freezing

process. The b-sheet was significantly increased and there

was no significant change in random coil. The decrease of

a-helix structures indicated weaker hydrogen bond inter-

actions and the adhesion of dough (Wang et al. 2014b).

UWF and UMF treatments had a significant effect on the

secondary structure of wheat gluten. During UWF treat-

ment, the a-helix structure of the gluten presented irregular

phenomenon with an increase of ultrasound power density,

but it increased significantly at 80 W/L compared with the

control. During UMF treatment, the a-helix first increased

and then decreased with an increase of ultrasonic power

density, with its maximum value at 40 W/L. The random

coil increased with increased ultrasonic power density

during UWF treatment, however, the results of UMF

treatment were the opposite.

The effects of ultrasound-assisted freezing on the

structure of wheat gluten were numerous. Under the com-

bined effects of ultrasonic wave improving gluten protein

structure and refining ice crystal, UWF treatment at 80 W/

L and UMF treatment at 40 W/L had a positive effect to

maintain the secondary structure from destruction by the

freezing process.

Microstructure

Figure 3 shows that the network structure of the gluten

protein was destroyed by the traditional freezing process.

The pore structure of the gluten network structure was

larger, and the boundary of gluten was incomplete

(Fig. 3b) when compared to the samples that were not

subjected to freezing (Fig. 3a). However, the protein net-

work of gluten subjected to ultrasound-assisted treatment

was more uniform and smaller than that of traditional

freezing samples (Fig. 3b), which was similar to the net-

work structure of fresh protein (Fig. 3a). The ultrasound

treatment can therefore inhibit the destruction of the pro-

tein network structure by ice crystals during the freezing

process. There was no significant difference in the SEM

data of glutenin with different samples. Figure 3i shows

gliadin particles of fresh dough with intact granules and a

smooth surface. The gliadin particles of dough after

impregnation freezing changed to larger particles with

damaged edges (Fig. 3g). However, the gliadin particles of

dough after ultrasound-assisted freezing maintained the

integrity of the gliadin granules and of the surface. Because

of the crystallization of water in the freezing process, large

ice crystals formed and damaged the biological tissue,

thereby altering the processability. This result showed that

ultrasound-assisted freezing can effectively avoid the

destruction of gluten structures during freezing.

However, the enhancement of heat and mass transfer by

ultrasound enhanced the speed of freezing, accelerated the

process of freezing, and promoted the rapid formation of

ice crystals. The faster ice crystals are formed, the smaller

their particles, and the less destructive effect on dough (Su

et al. 2005). However, the mechanical effect of ultrasound

breaks large ice crystals and increases the proportion of

small ice crystals in dough. These effects produced by

ultrasound made the internal structure of frozen dough

more uniform, and avoided the damage caused by the

freezing process.
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Correlation analysis and principal component

analysis (PCA) between textural characteristics

and the gluten structure of frozen dough

Pearson’s coefficients (Table 3) showed a significant cor-

relation between texture characteristics of dough and the

protein structure of wheat gluten. The results indicated that

the SH content and the relative percentage content of a-
helix significantly contributed to the springiness of dough,

the correlation coefficient were 0.50 and 0.55, respectively.

The relative percentage content of b-turn structure was

significantly contributed by G0 and G00, the correlation

coefficient were 0.72 and 0.71, respectively. The relative

percentage content of the b-turn also had a significant

negative correlation on Pearson’s coefficients with the

hardness of dough, the correlation coefficient were 0.59.

These results showed that ultrasound-assisted freezing

improved the rheological properties and texture

Table 2 Effect of ultrasound-

assisted freezing on secondary

structure of gluten

Samples a-helix (%) b-sheet (%) b-turn (%) Random coil (%)

Fresh dough 30.09 ± 0.014a 38.59 ± 0.028d 14.45 ± 0.014e 16.88 ± 0.007a

Control 29.34 ± 0.021b 38.28 ± 0.042e 15.72 ± 0.014c 16.66 ± 0.014a

UWF-20 28.50 ± 0.014c 41.64 ± 0.014b 14.45 ± 0.007e 15.43 ± 0.007c

UWF-40 28.25 ± 0.014d 42.05 ± 0.028a 14.23 ± 0.014f 15.47 ± 0.007c

UWF-60 28.90 ± 0.014c 36.64 ± 0.042g 18.30 ± 0.014a 16.15 ± 0.007b

UWF-80 30.05 ± 0.014a 37.25 ± 0.028f 16.14 ± 0.007b 16.57 ± 0.007a

UWF-100 29.90 ± 0.021ab 38.81 ± 0.035c 14.62 ± 0.007e 16.69 ± 0.007a

UMF-20 29.73 ± 0.021c 37.72 ± 0.035f 15.81 ± 0.007a 16.75 ± 0.014b

UMF-40 30.15 ± 0.007a 38.24 ± 0.035e 15.09 ± 0.007c 16.53 ± 0.007d

UMF-60 28.43 ± 0.014e 41.50 ± 0.028c 14.86 ± 0.007d 15.22 ± 0.007g

UMF-80 28.27 ± 0.021f 41.73 ± 0.014b 14.71 ± 0.007e 15.30 ± 0.007e

UMF-100 28.01 ± 0.014g 42.21 ± 0.028a 14.52 ± 0.007f 15.26 ± 0.007f

Mean ± SD, Means in same column with different letters are significantly different (P\ 0.05)

Fig. 3 Effect of ultrasound-assisted freezing on SEM of wheat gluten

(a gluten of fresh dough, b gluten of control, c gluten of UWF,

d gluten of UMF, e glutenin of fresh dough, f glutenin of control,

g glutenin of UWF, h glutenin of UMF, i gliadin of fresh dough,

j gliadin of control, k gliadin of UWF, l gliadin of UMF)
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characteristics of dough by changing the free sulfhydryl

content and secondary structure of gluten.

Conclusion

In this study, the effects of the ultrasound-assisted whole

freezing process and maximum ice crystal generation zone

on texture characteristics and gluten structure of frozen

dough were investigated. The relationship between texture

characteristics and gluten structure was evaluated by

Pearson’s correlation analysis. The rheological properties

and texture properties of dough were improved by the

UWF and UMF treatments. The protein secondary struc-

ture, content of SH, surface hydrophobicity, and

microstructure all significantly changed. There was a sig-

nificant correlation between the rheological properties and

texture properties of dough and protein structures. How-

ever, practical application of this knowledge necessitates

further study to determine the correlation between the

textural and rheological properties of dough and the con-

formation of gluten protein. The results suggested that the

ultrasound-assisted freezing could improve the rheological

properties and texture properties by changes in the gluten

structure and by reducing the damage of large ice crystals.
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