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Abstract
Thiswork investigated the effects of the addition of different concentrations (0–3.0wt%) ofβ-cyclodextrin (β-CD) on the properties
of wheat dough and prebaked bread. Dough tensile test results and scanning electron microscopy revealed that the addition of 0.5–
1.5 wt% β-CD enhanced dough tensile strength and promoted gluten formation. The addition of 2.0–3.0 wt% β-CD, however,
failed to improve gluten network formation. Fourier transform infrared spectroscopy showed that the α-helix-to-β-sheet ratios of
dough samples increased as β-CD content increased. This result indicated that the protein secondary structure of the dough had
changed. Fermentation rheometry illustrated that dough fermentation height, gas production volume, and gas-holding capacity
increased with the addition of 0–1.5 wt% β-CD. Dough fermentation capacity decreased when the addition of β-CD exceeded
2.0 wt%. The effect of β-CD on the quality of prebaked frozen bread was also studied. The results of texture profile analysis
indicated that the addition of 1.5 wt% β-CD could reduce bread hardness and increase bread crumb elasticity and resilience. The
results of the C-cell test further demonstrated that the addition of 1.5 wt% β-CD could increase stomatal number and decrease pore
number and pore wall thickness. These characteristics suggested that the addition of β-CD improved bread structure.
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Introduction

Baked goods, such as bread, are important products of the
food industry. Traditional bread factories produce and

transport large quantities of baked bread to stores for sale.
During transport, however, bread aging causes bread quality
to deteriorate and prevents bread from being consumed fresh
[1]. The development of freezing technology has enabled the
production of prebaked frozen bread, which could meet the
increasing consumer demand for freshly baked products. The
main processes of prebaked bread preparation include flour
blending, fermentation, par-baking, frozen storage, thawing,
and rebaking [2]. In contrast to dough freezing, prebaking
improves the volume and quality of prebaked frozen bread
by preventing yeast populations in the dough from declining
during postfreezing fermentation [1]. Nevertheless, the quality
markers of prebaked bread, such as specific volume and hard-
ness, are worse than those of fresh bread given the complexity
of prebaked bread production.

Researchers have begun to explore related methods for
improving prebaked bread quality. Some have attempted to
improve prebaked bread quality by optimizing process param-
eters, including baking time, frozen storage time, frozen stor-
age temperature, and steam volume. These researchers, how-
ever, provided differing results because they investigated dif-
ferent products [2, 3]. Studies have also focused on the use of
additives to improve the quality of prebaked bread. For
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example, the addition of glucolipase, hemicellulase, and hex-
ose oxidase influenced the proofing time, crumb firmness,
oven spring, shape, cut opening, and cut height of frozen
prebaked French bread [4]. Bread antiaging is a perennial
hot topic in food technology research. Bárcenas [5] found that
the addition of ɑ-amylase, sourdough, κ-carrageenan, and hy-
droxypropyl methyl cellulose could retard the staling of
prebaked frozen bread by decreasing the retrogradation en-
thalpy of amylopectin. Bread additives, particularly additives
based on enzyme preparations, are highly unstable during
high-temperature baking processes. Prebaked bread process-
ing involves two high-temperature baking stages and frozen
storage. Thus, identifying a thermostable additive that can
improve the quality of prebaked bread remains challenging.

β-cyclodextrin (β-CD), a cyclic oligosaccharide that con-
tains seven α-1,4-linked glycopyranose units, is synthesized
through the action of cyclodextrin glucosyltransferase on
starch [6, 7]. Its special physical and chemical properties can
be attributed to its unique structure, which comprises a hydro-
phobic cavity and an external hydrophilic shell [8, 9]. β-CD
and its inclusion complexes are widely used in the food in-
dustry given their antiheight, antioxidant, antilight, and
antithermal decomposition activities [10, 11]. For example,
β-CD has been used to remove polyphenol oxidase from fruit
juice, to retain aroma-related compounds in food matrices
during thermal processing, and to improve the taste of milk
casein hydrolysate [10, 11]. The antiaging effect of β-CD
extends the storage period of traditional baked bread and
may originate from the formation of a helical amylose–
lipid–β-CD/ complex [12]. Nevertheless, the effects of differ-
ent β-CD concentrations on dough rheological properties and
gluten formation during prebaked bread production remain
unknown.

Prebaked bread quality is mainly determined by dough
quality. Previous works have mainly focused on observing
the effect of additives on the quality of common bread prod-
ucts, and few have investigated the effects of β-CD on the
dough quality and structures of prebaked bread. In this study,
the effects of β-CD on dough tensile properties, gluten net-
work formation, protein secondary structure, dough fermenta-
tion ability, bread texture, specific volume, and slice structure
were investigated. This study aimed to determine the optimal
β-CD content for improving prebaked bread quality and the
specific mechanism underlying the effect of β-CD on dough
quality.

Materials and Methods

Materials

Durum wheat flour (Xinmai-26, Henan Province, China) with
a moisture content, protein content, and flour yield of 11.5%,

11.88%, and 68.6% (wet basis), respectively, were used to
prepare dough samples. High-activity dry bread yeast was
purchased from Angel Yeast Co., Ltd., and β-CD was pro-
cured from Seebio Biochemical, Inc., Shanghai, China.

Dough Tensile Test

Dough tensile resistance and elongation were measured by
using a Brabender farinograph and extensograph (Brabender
GmbH & Co. KG, Germany). Durum wheat flour was mixed
evenly with different concentrations (0–3.0 wt%) of β-CD.
Flour with a moisture content of 11.5% (wet basis) and mass
of 291.5 g was added to the Brabender farinograph. The
amount of flour added to the Brabender farinograph was de-
termined on the basis of the moisture content of the flour–β-
CD mixture. Then, the flour–β-CD mixture containing 6 g of
salt was mixed for 5 min with water until the flour consistency
was 500 Brabender units. Data at the time of 135 min were
taken as the final test result. Each group was tested three times
in parallel. Data were presented as the average of three tests.

Scanning Electron Microscopy

Samples were prepared for scanning electron microscopy
(SEM) observation through a previously reported method
with slight modifications [13]. Dough samples were fixed
for 24 h with 3.5% glutaraldehyde; eluted with 30%, 50%,
70%, and 100% acetone for 20min per elution; and volatilized
at room temperature. The samples were sliced after freeze-
drying. The morphological characteristics of the samples were
then observed under SEM (S-3000 N) under 500 ×
magnification.

Protein Secondary Structure Determination

Protein secondary structures were determined through Fourier
transform infrared spectroscopy (FTIR). The FTIR procedure
used in this study was based on a previously used procedure
with slight modifications [14]. Dough samples containing dif-
ferent concentrations (0–3.0 wt%) of β-CD were subject to
the tensile test. Freeze-dried dough samples were crushed into
powder by a crusher, passed through a 160 mesh screen, and
mixed with KBr at the ratio of 100:1 w/w. The samples were
then pressed and subjected to FTIR over the spectral range of
400–4000 cm−1 with 32 scanning times. Spectral data were
analyzed using Peakfit software.

Fermentation Rheometer Test

A fermentation rheometer (Chopin Technologies, France) was
used to test the effects of different β-CD contents on dough
fermentation height, gas production, and gas volume reten-
tion. Durum wheat flour was first evenly mixed with different
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concentrations (0–3.0 wt%) of β-CD. Then, 250 g of
the flour–β-CD mixtures, 5 g of yeast, and 6 g of salt
were added to ALVEO (Chopin Technologies, France).
The dry ingredients were then mixed with water for
8 min. The amount of water added to the mixture was
selected in accordance with the results provided by a
Chopin fermentation rheometer. Finally, 315 g of dough
was placed in the fermentation rheometer and fermented
for 180 min at 28.5 °C [15].

Prebaked Bread Preparation

The breadmaking procedure was optimized in reference to a
previous study [16]. The basic bread formula consisted of
1000 g of wheat flour, 0.5% w/w dry yeast, 1.6% w/w salt,
8%w/w butter, and 6%w/w sugar. Sufficient water was added
to the dry ingredients to achieve the maximum dough consis-
tency of 500 Brabender units. Ice was used to maintain the
initial water temperature at 8 °C–9 °C. Flour, yeast, and sugar
were first mixed evenly in a flour mixer.Water was then added
to the dry ingredients. The dough was subsequently stirred for
5 min prior to the addition of different β-CD concentrations.
Butter was added to the dough after 2 min of mixing. The
dough was stirred until the gluten network had formed.
Finally, salt was added to the dough after the complete forma-
tion of the gluten network. The dough was divided into pieces
with weights of 80 g, rested for 20 min at room temperature,
and kneaded. The dough was fermented for 60 min at
30 °C under 85% RH and subjected to another cycle of
resting and reshaping. Next, the dough was allowed to
ferment for 60 min. The fermented dough was baked
for 10 min at the top temperature of 210 °C and bottom
temperature of 180 °C with vapor injection during the
first 5 s. The bread samples were removed from the
oven after baking and cooled for 1 h at room tempera-
ture, placed in a freezer for 40 min (−35 °C), trans-
ferred to a refrigerator for 3 days at −18 °C, and re-
moved from the refrigerator and thawed for 20 min at
30 °C under 85% RH. Frozen bread samples were rebaked
for 10 min at the top temperature of 210 °C and bottom
temperature of 180 °C.

Texture Profile Analysis

Rebaked bread samples were cut into 20 mm × 20 mm ×
20 mm pieces and placed under a P/100 probe (TA. XT
plus, Stable Micro Systems). Texture profile analysis
was conducted with the pretest rate of 1.0 mm/s, test
rate of 3.0 mm/s, trigger force of 5 g, compression
degree of 50%, and two-compression intervals of 5 s.
Each sample was tested three times, and the average of
three measurements was taken. Each group of samples
was tested six times in parallel [12].

Specific Volume Test

The weight and specific volume of bread were measured with
a food volume analyzer (BVW-L370, Perten). Each sample
was tested three times, and the average of three measurements
was taken. Each group of samples was tested six times in
parallel.

C-Cell Test

Prebaked bread samples were cooled for 2 h after rebaking.
Slices with thicknesses of 12 mm were collected from the
centers of the bread samples. Each slice was placed in a sam-
ple box for image acquisition. An image analysis software was
used to analyze the images of the bread slices (Calibre Control
International Ltd., England).

Statistical Analysis

Data were expressed as the means of triplicate determinations.
Statistical significance was assessed through one-way analysis
of variance using ORIGIN 7.5 (OriginLab Inc., USA) for
Windows. Treatment means were considered significantly
different at P ≤ 0.05.

Results and Discussion

Extensograph Measurements

Dough samples were subjected to the tensile test after 135 min
of fermentation, which approximates dough fermentation time
under actual production conditions. The test results are shown
in Fig. 1. The dough tensile resistance of the samples contain-
ing 0.5–1.5 wt% β-CD was superior to that of the control
group. The sample with the addition of 1.5 wt% β-CD exhib-
ited the maximum dough tensile resistance. Dough tensile
resistance decreased when the addition of β-CD exceeded
2.0 wt%. The dough extensibility of the samples containing
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Fig. 1 Effect of different concentrations (0–3.0 wt%) of β-CD on dough
tensile properties. Extensibility and tensile resistance at 135 min were
taken as the final test result. Each group was tested three times in parallel
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0.5 and 1.0 wt% β-CD was slightly greater than that of the
control group. Dough tensile resistance negligibly changed
when the addition of β-CD exceeded 1.5 wt%.

Tensile deformation occurs during dough fermentation and
baking. Tensile properties are important indices of dough bak-
ing quality and reflect gluten strength and dough gas-holding
capacity [17]. Tensile curves reflect dough strength and exten-
sibility, which are conferred by glutenin [18], and dough ex-
tensibility and cohesion, which are provided by gliadin. The
tensile properties of wheat dough are mainly related to gluten
network formation. The formation of the gluten network, in
turn, is mainly dependent on the content and proportion of
gluten and network fillers, such as starch granules [19]. The
addition of 0.5–1.5 wt% β-CD enhanced dough tensile resis-
tance. This result indicates that β-CD promoted the formation
of the gluten network. The addition of 2.0–3.0 wt% β-CD,
however, decreased dough tensile resistance. This result sug-
gests that the addition of high concentrations of β-CD ad-
versely affected gluten network formation. The results of the
dough tensile resistance test collectively suggest that the effect
of β-CD on gluten network structure may be caused by mul-
tiple factors. Wheat flour contains a small amount of V-type
starch, a complex that is formed by natural amylose and lipids
[20]. β-CD can be used to encapsulate hydrophobic sub-
stances, such as lipids, to fabricate stable complexes with ex-
tensive applications in food andmedicine [9].β-CDmay form
a new stable complex with V-type starch. This complex fills in
the gluten network structure and strengthens the gluten net-
work. Therefore, the addition of 0.5–1.5 wt% β-CD enhanced
the tensile resistance of the dough. In this Brabender experi-
ment, high amounts of water must be added to ensure that the
consistency of dough samples containing 2.0–3.0 wt% β-CD
reached 500 BU. The addition of excess water reduced tensile
resistance and increased dough extensibility [21, 22].

SEM Analysis

Dough formation is the first step in baking and determines the
quality of the final product. SEM has been widely used to
observe dough microstructures because of its high resolution
and ability to visualize three-dimensional structures [23, 24].
The effects of different concentrations of β-CD on dough
microstructure were observed through SEM. As shown in
the figure, starch granules with uneven sizes were embedded
in the protein network structure. The control group exhibited a
starch granule protein network with pronounced holes and
gaps and a rough surface. In contrast to that of the control
group, the dough gluten network of the samples containing
0.5–1.5 wt% β-CD appeared complete and lacked cracks.
Dough containing 2.0–3.0 wt% β-CD presented numerous
crushed white gluten molecules. Pronounced voids and cracks
are observed in Figure e-g. The similar appearances of
Figures e–g may be attributed to the adverse effects of

2.0 wt% β-CD on gluten formation. Further increasing β-
CD content did not further exacerbate the adverse effects of
β-CD on gluten (Fig. 2).

Dough contains a continuous gluten network that is incor-
porated with starch granules and air bubbles [25, 26]. β-CD
exerted a protective effect on the gluten network when it was
present at low amounts. As inferred from the figure, the pro-
tective effect of β-CD may be attributed to its ability to pro-
mote the inclusion of starch granules and gluten networks.
This result is consistent with the results of the dough tensile
test and may be ascribed to the firm embedment of starch–
lipid–β-CD complexes in the protein network when the addi-
tion of β-CD was less than 1.5 wt%. Gluten network forma-
tion was hindered when the addition of β-CD exceeded
2.0 wt%. β-CD has good water holding capacity [27], the
enhancement in the competition between β-CD and protein
for water as β-CD content increased resulted in the insuffi-
cient water absorption of the proteins and prevented the for-
mation of the gluten network in dough. The gluten network
failed to encapsulate starch granules completely. Thus, the
rough dough surface showed a disrupted gluten network.

Protein Secondary Structure

The FTIR spectra of dried dough powders with different con-
centrations(0–3.0 wt%) of β-CD are shown in Fig. 3a. Visible
infrared absorption peaks can be observed in the 1600–
1700 cm−1 region. Secondary structure proportions were cal-
culated using Peakfit on the basis of the subpeak areas in the
1600–1700 cm−1 wave region. As shown in Fig. 3b, major
peaks were observed at 1625, 1644, 1652, 1657, 1664, 1669,
1680, and 1685 cm−1. The data provided in Table 1 indicated
that the protein secondary structures present in the samples
were mainly composed of α-helixes and β-sheets. The β-
sheets ratio of samples containing β-CD gradually decreased
relative to that of the control group. The β-sheets ratio de-
creased by 1.67% when the addition of β-CD reached
3.0 wt%. In contrast to that of β-sheets, the proportion of α-
helixes gradually increased. This increase, however, was not
observed in the group containing 0.5 wt% β-CD. When the
addition of β-CD was 3.0 wt%, the proportion of α-helixes
increased by 1.18%. The β-turn ratio of the group containing
2.0–3.0 wt% β-CD was higher than that of the control group.
In addition, the irregular curl ratio fluctuated with the addition
of β-CD. These results showed that β-CD changed protein
secondary structures during dough formation and affected the
α-helix-to-β-sheet ratio of the dough samples.

The amide-I band (1600–1700 cm−1) is valuable for the
FTIR analysis of protein secondary structures [28]. Peaks in
the 1600–1640, 1640–1650, 1650–1670, and 1680–
1685 cm−1 wave regions could be attributed to β-sheets, ir-
regular curls, α-helixes, and β-turns, respectively [29, 30].
Cyclodextrins could interact with amino acids and protein side
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chains [31]. The interaction between β-CD and protein is
driven by hydrogen bond formation and van Edward
forces [32, 33]. β-CD could alter the secondary struc-
ture of α-amylase in a dose-dependent manner [34].
These observations are consistent with the present find-
ings, which showed that protein secondary structure
changed through the complexation of β-CD with dough
protein. These results indicate that the β-sheet-to-α-
helix ratio drastically decreased when the addition of
β-CD exceeded 1.5 wt%, and the irregular curl ratio

decreased when the addit ion of β-CD reached
3.0 wt%. These results may be attributed to weakening
of hydrogen bonds between protein and water molecules
and the strengthening of hydrogen bonds between poly-
peptide chains through the interaction of β-CD with
protein side chains or amino acids. The partial conver-
sion of β-sheets and irregular curls into α-helixes sta-
bilized peptide chains may be related to the changes in
gluten strength and structure observed through tensile
testing and SEM.

b c d

e
f

g

a

Fig. 2 Dough microstructure observed under scanning electron microscopy (500×). a Microstructure of dough without β-CD. b–g Microstructure of
dough containing 0.5 wt%, 1.0 wt%, 1.5 wt%, 2.0 wt%, 2.5 wt% and 3.0 wt% of β-CD
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Dough Fermentation Parameters

Dough fermentation height, total gas production, and gas
maintain capacity were measured by using a fermentation rhe-
ometer. The effects of β-CD on dough height after 135 min of
fermentation are shown in Fig. 4. As inferred from the curve,
the increase in dough fermentation height followed the
increasing order of 0 wt% < 3.0 wt% < 2.5 wt% < 0.5 wt%
< 1.0 wt% < 2.0 wt% < 1.5 wt%. That is, fermentation height
increased when the addition of β-CD fell in the range of 0.5–
1.5 wt% and then decreased when the addition ofβ-CD fell in
the range of 2.0–3.0 wt%. Overall, the fermentation heights of
the experimental groups were higher than those of the control
group. The effects of β-CD on dough gas production and gas
maintaining capacity were shown in Table 2. The addition of
0.5–1.5 wt% β-CD increased total gas production and main-
tain gas volume. Both of these parameters, however, de-
creased when the addition of β-CD was 2.0–3.0 wt%. The
total gas production of the sample containing 3.0 wt% β-CD
was even lower than that of the control group. The dough
fermentation curves of the control group and 1.5 wt% β-CD
group are shown in Fig. 5.

Fermentation rheometers can be used to observe dough
fermentation visually [35]. Dough fermentation height is re-
lated to gas production, dough toughness, and gluten network
formation [36]. The combined results of the tensile test, SEM,
and gas production test confirm that the addition of 0.5–

1.5 wt% β-CD increased dough formation and gas produc-
tion. Thus, the fermentation height of the 0.5–1.5 wt% β-CD
groups increased. The addition of β-CD exceeded 2.0 wt%,
however, dough fermentation height decreased because dough
gas production and gluten formation decreased. Given that
dough temperature was held constant in the fermentation ap-
paratus, the main factors that likely affected gas production are
the number of yeast cells and the amount of yeast-available
sugar. These factors are indirectly related to the number of air
bubbles trapped in the dough and the activity of α-amylase.
The numerous tiny bubbles that were trapped in the dough
during dough formation provided the oxygen needed for yeast
proliferation and aerobic respiration [37]. SEM revealed that
the addition of 0.5–1.5 wt% β-CD enhanced the smoothness
and completeness of the gluten network. This result suggests
that bubbles became evenly distributed in dough. The even
distribution of bubbles in dough, in turn, promoted yeast pro-
liferation and gas production. The results may also be related
to the interaction between β-CD and amylase. Low concen-
trations of β-CD increased α-amylase activity, whereas high
concentrations of β-CD could inhibit α-amylase activity [34].
The increase or decrease in amylase activity can determine the
amount of sugar available for yeast fermentation in dough and
thus affected the gas production capacity of yeast. Dough gas
maintain capacity is mainly related to dough strength [38, 39].
This relationship could be demonstrated by the results of the
tensile test.

a bFig. 3 a FTIR curves of samples
with different concentrations (0–
3.0 wt%) of β-CD. Spectra were
collected over the wavelength
range of 400–4000 cm−1 with the
scanning time of 32. bAnalysis of
the 1600–1700 cm−1 wave region
through Peakfit revealed major
peaks at 1625, 1644, 1652, 1657,
1664, 1669, 1680 and 1685 cm−1

Table 1 Effects of different
concentrations of β-CD (0–
3.0wt%) on the protein secondary
structure of wheat dough

β-CD (wt%) Protein secondary structure(%)

β-sheet Random coil α-helix β-turn

0 31.592 ± 0.015 16.863 ± 0.012 36.691 ± 0.009 14.848 ± 0.008

0.5 31.463 ± 0.016 18.221 ± 0.019 36.233 ± 0.008 14.093 ± 0.009

1 30.629 ± 0.017 17.409 ± 0.012 37.248 ± 0.011 14.682 ± 0.013

1.5 30.881 ± 0.012 16.784 ± 0.009 37.109 ± 0.010 15.208 ± 0.014

2 30.158 ± 0.008 17.069 ± 0.008 37.431 ± 0.009 15.353 ± 0.013

2.5 30.132 ± 0.009 17.000 ± 0.007 37.610 ± 0.008 15.264 ± 0.015

3 29.818 ± 0.010 16.043 ± 0.008 37.872 ± 0.009 16.259 ± 0.018
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Prebaked Bread Textural Properties

As shown in Fig. 6, the addition of 0.5–1.5 wt% β-CD de-
creased bread hardness but increased bread elasticity and re-
silience. When β-CD content exceeded 2.0 wt%, bread hard-
ness increased, and bread elasticity and resilience decreased.
In general, the addition of β-CD improved bread textural
properties. The elasticity and resilience of prebaked bread
are related to flour protein content, dough formation, and gas
production when all other processing parameters are held con-
stant [4]. The improvement in bread elasticity and resilience
with the addition of 0.5–1.5 wt% β-CD may be attributed to
the promotion of gluten network formation. Meanwhile, the
addition of 2.0–3.0 wt% β-CD destroyed gluten structure and
reduced bread elasticity and resilience.

The addition of enzymes to increase dough sugar levels can
promote gas production by yeast and ultimately improve
bread texture [40]. Low or high concentrations ofβ-CD could
promote or inhibit the activity ofα-amylase, respectively [34].
Given this effect, the addition of 0.5–1.5 wt% or 2.0–3.0 wt%
β-CD may indirectly increase or decrease bread elasticity and
resilience by promoting or inhibiting the activity ofα-amylase
in wheat flour. Bread hardness is associated with water migra-
tion and starch retrogradation [41]. The β-CD cavity is prone
to forming stable hydrates with water molecules [27] . This

effect may decelerate the migration of moisture in bread and
thus delay bread aging and reduce hardness. Moreover, β-CD
added to bread can bind to V-type starch and consequently
inhibit starch retrogradation and reduce bread firmness.
These findings may account for the reduced hardness of the
bread samples prepared with 0.5–1.5 wt% β-CD. The in-
creased hardness of the bread samples containing 2.0–
3.0 wt% β-CD may be more related to the adverse effect of
β-CD on dough quality.

Bread Specific Volume and Tissue Structure

As shown in Fig. 7, the specific volume of the 1.5 wt% β-CD
group slightly increased relative to that of the blank group.
The specific volumes of the 0.5 wt%, 1 wt%, and 2 wt% β-
CD groups were close to those of the blank group. The spe-
cific volumes of the 2.5 wt% and 3.0 wt% β-CD groups were
significantly lower than those of the control group. The final
bread weight increased with the addition of β-CD. In this
work, stomatal and hole numbers and hole wall thickness were
used as indices of bread microstructure. The results are shown
in Table 3.The addition of β-CD increased stomatal number,
and the most stomatal number was observed in samples con-
taining 1.5 wt%β-CD. Hole wall thickness decreased with the
addition ofβ-CD, particularly at the concentration of 1.5 wt%.
The microstructures of the 1.5% β-CD and control groups
were compared as shown in Fig. 8.

Table 2 Effects of different concentrations of β-CD (0–3.0 wt%) on gas production and gas maintain capacity of dough

CO2 (ml) β-CD (wt%)

0 0.5 1 1.5 2 2.5 3

Retained gas 1132.2 ± 6.5 1181.4 ± 8.6 1191.8 ± 7.5 1253.3 ± 8.0 1215.3 ± 9.5 1157.9 ± 6.5 1099.3 ± 5.5

Total gas 1424.1 ± 7.0 1451.9 ± 5.5 1460.2 ± 6.0 1491.7 ± 6.5 1470.4 ± 7.5 1404.8 ± 7.0 1378.2 ± 8.0

Total gas = the amount of gas generated in the fermentation of dough by 180 min; Retained gas = the amount of gas remaining in the
dough after 180 min fermentation
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Fig. 4 Effect of different concentrations (0–3.0 wt%) of β-CD on dough
fermentation height observed with a F4 fermentation rheometer. Dough
was fermented for 135 min at 28 °C
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The C-Cell evaluation system is more accurate than
sensory evaluation, which may provide inaccurate eval-
uation results that stem from evaluator error. The addi-
tion of 1.5 wt% β-CD decreased hole number and pro-
moted uniform hole distribution. Microstructure consid-
erably affects the physical, textural, and sensory proper-
ties of baked goods [42]. Stomatal and hole number can
reflect the completeness of dough fermentation, which
has an important effect on bread specific volume [43].
In this study, although the addition of 1.5 wt% β-CD
increased bread stomatal number and reduced stomatal
wall thickness, the specific volume of the bread did not
considerably increase. The increase in stomatal number
may be attributed to the conversion of original holes
into stomata with the addition of 1.5 wt% β-CD. The
increase in stomatal number does not translate to an
increase in bread volume. Moreover, β-CD can retain
moisture [12, 27]. Moisture retention reduces moisture
loss during prebaked bread processing and increases
bread weight, which may also account for the negligible
increase in the specific volume (volume/mass) of bread.

Stomatal and hole formation is associated with dough bub-
ble generation, which is partly affected by the ability of the

dough to generate and retain carbon dioxide [44]. The
trend followed by the effects of β-CD on dough fer-
mentation is consistent with that followed by the effects
of β-CD on stomatal number. That is, the increase in
gas production coincided with the increase in dough
stomatal number. The decrease in hole number implies
that β-CD promoted the uniform distribution of stomata
and the transformation of large holes into stomata.
These changes can be observed in Fig. 8. Scanlon
et al. showed that hole wall thickness is negatively cor-
related with bread fineness and reported that the addi-
tion of the appropriate amounts of β-CD decreased hole
wall thickness and improved prebaked bread fineness
[45].

Conclusion

This study demonstrated that β-CD altered bread quality by
affecting dough properties. The results of this study indicate
that the addition of 0.5–1.5 wt% β-CD can enhance tensile
resistance and promote gluten network formation. These ef-
fects may be related to the enhancement of the secondary
structures of dough protein as observed through FTIR. The
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Fig. 6 Effects of different concentrations (0–3.0 wt%) of β-CD on the
hardness, resilience, and recovery of prebaked frozen bread. Bread was
cut into 20 × 20 × 20 pieces and placed under the P/100 probe. Samples
were tested three times. The average of three measurements was calcu-
lated. Each group was tested six times in parallel
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Fig. 7 Effects of different concentrations (0–3.0 wt%) of β-CD on the
weight and specific volume of prebaked frozen bread. Samples were
tested three times. Each group was tested six times in parallel

Table 3 C-cell evaluation of pre-baked bread slices with different con-
centrations of β-CD (0–3.0 wt%)

β-CD
(wt%)

Number of
stomata

Hole number Thickness of
hole wall

0 1900.3 ± 3.5 0.253 ± 0.005 3.224 ± 0.005

0.5 1960.3 ± 2.5 0.152 ± 0.003 3.179 ± 0.003

1 1980.8 ± 4.0 0.103 ± 0.005 3.134 ± 0.004

1.5 2150.4 ± 4.2 0.062 ± 0.002 3.079 ± 0.004

2 2008.0 ± 3.5 0.069 ± 0.003 3.113 ± 0.002

2.5 1920.0 ± 3.8 0.083 ± 0.004 3.122 ± 0.003

3 1908.0 ± 3.5 0.131 ± 0.004 3.149 ± 0.005

Each sample was repeated 3 times and the average value was calculated.
There are 6 parallel tests in each group

Fig. 8 C-cell observation of the structure of the bread slices with addition
the 1.5 wt% β-CD and control group. Slices with thicknesses of 12 mm
were collected from the center of each loaf. Six samples from each group
were tested
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addition of 0.5–1.5 wt% β-CD can reduce bread firmness and
improve bread tissue structure, which are of positive effect on
quality of bread. These results are related to the increase in gas
production during dough fermentation upon β-CD addition.
In summary, the results of this study show that the addition of
0.5–1.5 wt% β-CD to flour can improve the quality of the
prebaked bread. The recommended optimal amount is
1.5 wt%.
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