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specific volume (1.98 ± 0.13  cm3/g), and a decrease hardness 
from 97.43 to 11.56 N. Additionally, with the incorpora-
tion of Elm bark flour–water combination, specific volume 
(2.15 ± 0.09  cm3/g) and hardness (6.83 ± 0.50 N) were fur-
ther optimized. Combined with the results of rheological 
properties and bread structure, Elm bark flour at 15% ratio 
and water addition at 120% level exhibited the most potent 
improvement of gluten-free bread. These results might con-
tribute to the potential utilization of Elm bark flour as the 
sustainable resource in gluten-free products.

Keywords Elm bark flour · Whole foxtail millet grain · 
Gluten-free bread · Bread quality

Introduction

Celiac disease (CD) is an autoimmune condition triggered 
by gluten proteins in the wheat, rye, or barley, which affects 
approximately 1.4% of the global population (Ludvigsson 
and Murray 2019). Currently, the only effective and safe 
treatment for CD patients is a strict lifelong glute-free diet. 
Bread is a staple food in western countries and is widely 
consumed around the world. However, due to the lack of 
gluten, producing high quality glute-free bread remains a 
technical challenge. Gluten plays a vital role in bread mak-
ing as it forms a viscous, elastic and stretchy dough that aids 
in gas retention and structure formation. Many studies have 
been conducted to investigate the potential of food addi-
tives such as hydrocolloids, emulsifiers, proteins, and cross-
linking enzymes to improve the technological characteristics 
of gluten-free bread (Capriles and Areas 2014). In addition, 
researchers have looked into new natural gluten-free edible 
resources like pseudocereals and insects to improve the 
nutritional value of gluten-free bread (Martinez-Villaluenga 
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et al. 2020; Nissen et al. 2020). However, the vast majority 
of gluten-free breads are made primarily from refined flours 
and starches, which contribute to a high level of fat and 
sugar, as well as a lack of protein and dietary fiber, resulting 
to a high risk of chronic diseases such as hyperglycemia and 
diabetes. Therefore, developing a healthy glute-free bread 
based on whole grains using functional and nutritional ingre-
dients is of great interest.

Foxtail millet (Setaria italica) is a natural gluten-free 
cereal that is underutilized. The protein characterization of 
foxtail millet revealed that its protein concentrate is a poten-
tial functional food ingredient, and the essential amino acid 
pattern suggests that due to its high lysine content, it could 
be used as a supplementary protein source in most cereals 
(Saleh et al. 2013). Considerable amounts of dietary fiber 
(total 7.7 g/100 g, soluble 1.3 g/100 g, insoluble 6.5 g/100 g) 
and antioxidants, such as polyphenols (1.7 g/kg) and carot-
enoids (xanthophyll 0.0082 g/kg and zeaxanthin 16.3 g/kg), 
are present in foxtail seeds (Devisetti et al. 2014; Zhang 
and Liu 2015). Furthermore, foxtail millet is notable for its 
ability to grow in dry climates (Sharma and Gujral 2019). 
Nowadays, the applicability of millet in markets for gluten-
free products is gaining popularity (Pessanha et al. 2021).

The Elm (Ulmus pumila L.) tree is a deciduous plant that 
is widely cultivated for furniture manufacturing in many 
parts of Asia. The inner bark is the by-product of Elm tree 
industry and is the only edible part of a tree trunk. Elm 
inner bark has traditionally been used for making noodles in 
China, while for making bark bread in western countries due 
to famine (“Bark Bread” 1886). Nowadays, people attach 
importance to bark bread not only for daily diet but also 
for following a sustainable, environmentally friendly and 
healthy food system. The inner bark contains special muci-
lage-containing sacs, and the hot water extract of the inner 
bark consists of pectic substances with excellent gelling and 
thickening properties, which contribute to the cohesion and 
network structure formation of crumbly bark bread (Barsett 
et al. 1992). Additionally, previous reports have confirmed 
that Elm bark contains a large number of bioactive com-
pounds such as phenols, flavonoids, and triterpenoids, which 
improve immunocompetence (Ghosh et al. 2012; Kim et al. 
2010). Elm (Ulmus pumila L.) bark flour (UBF) has the 
potential to be a new sustainable, healthy, and nutritious 
gluten-free bread ingredient based on the characteristics 
listed above. Water is also an important component in food 
matrices because it influences food processing properties, 
shelf life, and sensory acceptability. There have been no 
studies on the effect of Elm bark flour–water combinations 
on gluten-free bread to our knowledge.

Therefore, this study aimed to investigate the breadmak-
ing potential of Elm bark flour when incorporated into a 
gluten-free whole foxtail millet formulation. The effects of 
various water addition levels on technological and sensory 

characteristics were also investigated further. We hypoth-
esized that at the optimal level of Elm bark flour–water com-
bination, Elm bark flour could simulate the functional prop-
erties of gluten and improve the quality of gluten-free whole 
foxtail millet bread. This research could help to advance the 
use of Elm bark flour as a sustainable resource in gluten-free 
products.

Materials and methods

Materials

Commercial Elm bark flour (UBF, moisture 4.79%, protein 
9.75%, fat 0.91%, dietary fiber 12.71%, and carbohydrate 
55.35% on a dry basis) with water holding capacity, solubil-
ity, and swelling capacity of 300.38%, 75.50%, 1367.61% on 
dry basis respectively were purchased from the Pastoral Veg-
etable Company (Changye, China). Foxtail millet “yugu 18” 
flour (moisture 10.78%, protein 9.22%, amino acid 6.34%, 
fat 0.06%, and starch 64.87% on a dry basis) were purchased 
from BGI Millet Co., Ltd. (Shenzhen, China). Millet flour 
was ground by a lab mill (SY-3000A, Shanyou Machinery 
Co., Ltd., China). After passing through a 100-mesh sieve 
(particle size < 0.15 mm), the millet flour was sealed and 
stored in a valve bag until further production. Sugar, salt, 
oil, and dry yeast were all purchased from the local market 
(Nanchang, China).

Pasting properties of mixed raw flour

Pasting properties were determined using a rapid visco 
analyzer (Perten Ltd, Sweden). The mixed flour (3 g, 14% 
moisture basis) was transferred into the canister where 
25 mL ± 0.1 mL of distilled water was added. Each sample 
was analyzed at least in triplicate. The curves were recorded, 
and the peak viscosity, trough viscosity, final viscosity, 
breakdown viscosity, setback viscosity, peak time, and past-
ing temperature (Kaur et al. 2016) were calculated by the 
rSpace ver. 1.72 software (Malvern Instruments Ltd, UK).

Rheological properties of gluten‑free dough

The dynamic rheological properties of the dough were 
tested using a strain-controlled MCR302 rheometer (Anton 
Paar, Austria). The measuring system was consisted of 
parallel plate geometry (50 mm diameter, 2 mm gap). 
Doughs were prepared as described in Table S1 (See Sup-
plementary file) but without yeast addition to avoid bub-
bles during fermentation. The dough (50 g) was rolled out 
to a thickness of 2–3 mm before being loaded between 
the plates for 5 min to equilibrate. The edge of the dough 
was coated with a thin layer of silicone oil to prevent 
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dehydration during the tests. Small-amplitude oscillatory 
strain sweep experiments (0.01–100%) were performed 
and a frequency of 1 Hz was selected to determine the 
region of linear viscoelasticity for the dough samples. Fre-
quency sweep measures (0.01–10 Hz) were performed at 
a constant strain of 0.1% in the linear viscoelastic region 
(Li et al. 2019). The experiment was performed at 25 °C 
and the dough was measured within 1 h.

Gluten‑free bread making

Wheat bread (WB) was compared to gluten-free bread 
under the same production conditions. The wheat bread 
formulation was based on 100 g of wheat flour with 100 g 
of water added, and other ingredients are the same as in 
gluten-free bread. The recipe of all gluten-free bread con-
tained UBF and foxtail millet flour that was considered as 
100% flour. Based on previous work in the authors’ labora-
tory (unpublished), the amount of UBF and water addition 
to the formulation was tentatively determined. Firstly, four 
UBF substitution levels (5%, 10%, 15%, 20%) at a fixed 
water level (100%) were tested. Then, the effect of add-
ing water (90%, 100%, 110%, 120%, 130%) on the quality 
of gluten-free foxtail millet bread was investigated at the 
fixed UBF level (15%). Other ingredients such as dry yeast 
(2 g), salt (1 g), vegetable oil (3 g), and sugar (2 g) (on 
a 100 g of flour mixture) were also added to each recipe.

Sugar and salt were dissolved in water at 40 °C, and 
yeast was activated in water at 38 °C in advance. All ingre-
dients were mixed for 3 min on low speed and 2 min on 
high speed in a dough mixer (Jiuyang Co., Ltd., China). 
The divided dough (300 g) was then proofed for 1.5 h at 
37 ± 1 °C in a proofing box (Cass Electric Co., Ltd., China) 
with a relative humidity of 85%. The proofed dough was 
then baked in an oven (Cass Electric Co., Ltd., China) at 
170 °C for 40 min. Measurements of specific volume and 
crumb color in bread were performed at least 2 h after 
baking when they reached room temperature. Sensory 
analysis was evaluated after storing at room temperature 
for 18 h. For other quality measurements, bread loaves 
were sealed in polypropylene bags and stored at 4 °C until 
further analysis.

Determination of gluten‑free bread properties

Bread specific volume

The volume of gluten-free bread was determined using the 
rapeseed displacement method (AACCI 2000), and the spe-
cific volume  (cm3/g) was the ratio of the volume  (cm3) to the 
weight of the bread (g).

Crumb color determination

The bread was cut into uniform slices with a thickness of 
2.5 cm, and the crumb color was measured using a port-
able colorimeter (Sanenchi Technology Co., Ltd. China). 
Five azimuth points were measured for each sample (upper 
left, lower left, upper right, lower right and center).  L* 
denotes brightness (0 was black, 100 was white),  a* means 
hue on a green (−) to red (+), and  b* denotes hue on a blue 
(−) to yellow (+) (Djordjevic et al. 2019).

Crumb image analysis

The center of the bread slice was scanned at 150 dpi (dots 
per inch) with a scanner (Hp Officejet MFP M132nw 
series), and the internal texture structure of the bread was 
analyzed using the software Image J. The analysis was 
performed independently for each image, which consisted 
of an area (3 × 3  cm2) from the center of the slice. The 
selected crumb characteristics were the total number of 
pores in 3 × 3  cm2 (Count), pore number per square cen-
timeter (CD), average pore area (AS), and the percentage 
of the pore area in the total area (AF).

Texture profile analysis

Texture profile analysis (TPA) was performed using a 
CT3 texture analyzer (Brookfield, US). After storage for 
18 h, three bread slices (25 mm thickness) taken from the 
center of each loaf were cut into 25 × 25 × 25  mm3 cubes, 
then measured three times at selected parameters (P/30 
probe, pre-test speed of 2.0 mm/s, test speed of 2 mm/s, 
return speed of 2 mm/s, compression deformation of 40%, 
induction force of 5 g, and two compression time intervals 
of 5 s) reported by da Rosa Machado and Thys (2019). 
Finally, the hardness, springiness, chewiness, and resil-
ience of the bread crumbs were calculated and represented 
by the average value.

Scanning electron microscopy

The bread samples for scanning electron microscopy 
(SEM) analysis were stored for 18 h before being frozen 
(− 20 °C) and freeze-dried. The freeze-dried bread crumb 
pieces were then scanned and photographed using a JSM-
6701F cold field emission scanning electron microscope 
(Electronics Corporation, Japan) in variable-pressure 
mode at a 10 kV accelerating voltage and a 30 Pa vacuum. 
The samples were sprayed with a golden coating during 
the test. Scanning electron micrographs were taken at 
various magnifications (300× and 1000× for bread with 



1166 J Food Sci Technol (March 2023) 60(3):1163–1174

1 3

different UBF addition levels; 500× and 1500× for bread 
with different water addition) (Ozkoc et al. 2009).

X‑ray diffraction

A D8 Advance X-ray Diffractometer (BRUKER, Germany) 
was used to examine the crystallinity of the retrograded 
starch due to staling. Bread slices were freeze-dried and 
ground into a fine powder after being stored at 4 °C for four 
days. The X-ray diffraction (XRD) analysis of the sample 
(200 mg) was carried out at selected parameters (tube volt-
age of 45 kV, tube current of 40 mA, scan speed of 0.008°/s, 
scan area of 6°–46° (2θ), step size of 0.04, divergence slit of 
1°, antiscatter slit of 2°, receiving slit of 0.4 mm) reported 
by Skendi et al. (2018).

Fourier‑transform infrared spectroscopy

Fourier-transform infrared spectroscopy (FTIR) spectra of 
the freeze-dried bread crumbs were obtained using a Nicolet 
iS50 IR spectrometer (Thermo Fisher, US). The freeze-dried 
and grounded bread sample (2.0 mg) was mixed with KBr 
(0.2–0.4 mg) before being scanned in the 500–4000  cm−1 
range (Skendi et al. 2018).

Differential scanning calorimetry

The thermal properties of the bread samples (7–13 mg) were 
determined using a TGA 4000 thermogravimetric analyzer 
(PE, US), with the onset temperature  (TO), peak tempera-
ture  (TP), conclusion temperature  (TC), and enthalpy (ΔH) 
recorded. The scanning temperature was set in a range of 
25–150 °C with a heating rate of 10 °C/min (Kiumarsi et al. 
2019).

Sensory evaluation

Sensory evaluation of bread was performed after 18 h of 
storage. Three bread slices (25 mm thickness) taken from 
the center of each loaf were cut into 25 × 25 × 25  mm3 cubes. 
Samples were coded and placed randomly on the trays and 
scored by each team member in different compartments 
under normal light conditions at room temperature (25 °C). 
The sensory evaluation member team consisted of 10 mas-
ter’s students (5 males and 5 females) from Nanchang Uni-
versity, China, majoring in Food Science and Technology.

The analysis standard was modified by referring to the 
method of Djordjevic et  al. (2019). For evaluation, the 
sample was scored on the scale of 1.0–5.0 and multiplied 
by the weighting factor (IC). The following quality param-
eters were evaluated: external appearance (shape, color, 
surface, and crust properties) IC = 20.0%; crumb appear-
ance (color uniformity, uniformity and fineness of pores, 

elasticity) IC = 30.0%; smell IC = 17.5%; taste IC = 32.5%. 
Based on the total score, the bread was classified as excellent 
(4.5–5.0); very good (3.9–4.4); good (3.4–3.8); acceptable 
(2.8–3.3); and unacceptable (< 2.8).

Statistical analysis

All data were reported as mean ± standard deviation and 
compared using one-way ANOVA with Fisher’s least sig-
nificant difference (LSD) and Tamhane’s T2 test at a sig-
nificance level of 0.05 (p < 0.05). SPSS statistical software 
(IBM SPSS Statistics version 24) was used to perform the 
statistical methods.

Results and discussion

Effects of UBF substitution ratio on the rheological 
properties of raw material

Pasting properties

Gelatinization, which is closely related to product quality, 
is one of the important parameters that characterize the 
processing adaptability of starch raw materials (Kaur et al. 
2016). The trough and final viscosities were significantly 
higher in the UBF replacement group than in the control 
group (Table  S2 in the Supplementary file), while the 
breakdown viscosity and setback viscosities were signifi-
cantly lower (p < 0.05), which was consistent with previous 
research that adding hydrocolloids could reduce the setback 
value of the composite dough (Li et al. 2019). The 10% UBF 
level had the highest through viscosity and final viscosity 
(2523 ± 200 cp and 3739 ± 137 cp, respectively), while 
the 20% UBF level had the lowest breakdown viscosity and 
setback viscosity (816 ± 175 cp and 1031 ± 197 cp, respec-
tively). There was no statistical difference in breakdown and 
setback values between the UBF replacement group and the 
wheat group (p > 0.05), indicating that the UBF-containing 
mixed flour had similar processing properties to wheat flour 
and could be the promising material for making gluten-free 
bread.

Rheological behavior

Frequency sweep analysis can be used to assess viscoelas-
ticity over a wide frequency range. The solid-like behavior 
of the dough, which was expressed by the storage and loss 
modulus (G′ and G″, respectively) could reflect elasticity 
and viscosity. As shown in Figure S1 (See Supplementary 
file), the storage modulus (G’) was higher than the loss 
modulus (G") for all dough samples in all tested frequency 
ranges, thus demonstrating the behavior of the viscoelastic 
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solid. Furthermore, the G′ value of the control group was 
clearly higher than that of other groups. The addition of 
UBF reduced the G′and G″ of each group, indicating that 
UBF decreased the elasticity of the dough. Because of the 
addition of UBF, the dough had a tendency to transform into 
a liquid structure. The loss factor (tanδ = G″/ G′) represented 
the relationship between storage modulus and loss modulus. 
Fig. S1C demonstrated that the loss factor (tanδ) of all the 
dough was less than 1, which was consistent with the results 
of storage and loss modulus, indicating the dough had low 
fluidity and resembled a solid state. The changing trend of 
the rheological properties of dough in this study was simi-
lar to that of the modified gluten-free bread with α-amylase 
(Sadeghian Motahar et al. 2021).

Effects of UBF level on the quality of gluten‑free foxtail 
millet bread

Specific volume

As the UBF ratio increased, the specific volume of bread 
increased from 1.25  cm3/g for control to 1.98 ± 0.13  cm3/g 
for 15% UBF (p < 0.05), which was close to wheat bread 
(WB) (2.11 ± 0.07  cm3/g), indicating that UBF could act as 
a gluten substitute, effectively improving the specific volume 
of gluten-free bread (Table 1). The increase of bread spe-
cific volume might be related to the formation of reducing 
sugar in the fermentation process, the decrease of viscosity 
of starch in the gelatinization process, or the influence of 
dietary fiber content on the redistribution of water in bread 
components, which was confirmed by previous researches 
(Skendi et al. 2018). Furthermore, the Elm bark flour bread 
had high water-holding and swelling capacities during bak-
ing (300.38% and 1367.61%, respectively), locking the water 
in the crumb network, which was the main reason for the 
increased specific volume of Elm bark flour bread. However, 

at a 20% UBF substitution ratio, the specific volume of bread 
decreased slightly. This result could be attributed to the pres-
ence of excessive hydrocolloids, which could result in lim-
ited air chamber expansion, lowering bread specific volume 
(Djordjevic et al. 2019).

Crumb color

The addition of UBF had a significant effect on the color of 
gluten-free bread (p < 0.05) (Table S3 in the Supplementary 
file). As the proportion of UBF in gluten-free foxtail millet 
bread increased, the  L* and  b* values decreased, and the  a* 
value increased. At 15% UBF addition, the values of  L* and 
 b* were reduced by 14.53% and 39.45%, respectively, while 
the of  a* was increased by 201.97%. The color change in this 
study was caused by the brown color of UBF itself, as well 
as the caramel reaction and Maillard reaction produced by 
the polysaccharides and proteins in UBF during fermenta-
tion and baking.

Crumb structure

Gluten-free bread of high quality should have uniform, 
small, and numerous gas cells. Figure 1 depicts the images 
used for software analysis, and the image analysis data were 
presented in Table 1. After adding UBF, the value of pore 
number per square centimeter (CD) and the percentage of 
the pore area in the total area (AF) of bread increased sig-
nificantly (p < 0.05), while the value of average pore area 
(AS) decreased significantly (p < 0.05), indicating that UBF 
improved the structure of whole foxtail millet dough dur-
ing fermentation, stabilized the stomatal interface film, and 
formed dense and delicate pores. Bread containing 20% 
UBF had no statistically significant difference from wheat 
bread in terms of the CD and AS values (p > 0.05), while 
the AF value was lower (p < 0.05). The pore structure of 

Table 1  Specific volume, structural and textural parameters of bread at various UBF levels

Results are expressed as mean ± standard deviation (n = 3). Different letters in the same column indicate significant differences between param-
eters (P < 0.05). Count = total number of pores in 3 × 3  cm2; CD Pore number per square centimeter, AS  Average pore area, AF  The percentage 
of pore area in the total area

WB Control 5% UBF 10% UBF 15% UBF 20% UBF

Specific volume  (cm3/g) 2.11 ± 0.07a 1.25 ± 0.08e 1.57 ± 0.04d 1.78 ± 0.01c 1.98 ± 0.13b 1.71 ± 0.06c

Count (cell) 306.08 ± 3.12a 133.92 ± 0.87d 259.50 ± 8.50c 281.67 ± 9.60b 315.58 ± 14.62a 303.58 ± 9.16a

CD (cell/cm2) 34.01 ± 0.34a 14.88 ± 0.09d 28.83 ± 0.94c 31.30 ± 1.06b 35.06 ± 1.62a 33.73 ± 1.01a

AS  (mm2) 0.97 ± 0.05b 1.19 ± 0.13a 0.93 ± 0.06b 0.84 ± 0.04bc 0.78 ± 0.07c 0.86 ± 0.02bc

AF (%) 31.47 ± 1.55a 17.72 ± 2.05d 26.74 ± 1.11bc 26.33 ± 0.43c 27.30 ± 1.30bc 28.77 ± 0.73b

Hardness (N) 7.04 ± 0.33f 97.43 ± 0.94a 35.98 ± 0.58b 22.91 ± 3.25c 17.23 ± 0.34d 11.56 ± 0.76e

Chewiness (N) 12.14 ± 0.43c 37.93 ± 0.20a 12.96 ± 0.28b 11.41 ± 0.18d 5.06 ± 0.04e 4.64 ± 0.06f

Springiness 2.27 ± 0.14a 0.89 ± 0.01b 0.83 ± 0.03bc 0.85 ± 0.07b 0.79 ± 0.02bc 0.71 ± 0.03c

Resilience 0.61 ± 0.01a 0.27 ± 0.02b 0.21 ± 0.03 cd 0.29 ± 0.01b 0.17 ± 0.03d 0.23 ± 0.01cd
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millet bread containing UBF was found to be very similar 
to that of wheat bread, and UBF played a positive role in 
improving the core structure of bread. SEM results con-
firmed this phenomenon even more (Fig. 2). This could be 
due to the combination of the UBF polysaccharides and the 
macromolecules (such as protein) in the bread during the 
bread-making, which resulted in the formation of filamen-
tous networks. The crumb structure was closely related to 
the specific volume of the bread. The more gas retained in 
the bread, the large its specific volume.

Crumb texture

Textural characteristic was an important factor for baked 
products because they were related to consumers’ percep-
tion of bread freshness. The control bread had a firm and 
compact texture, with hardness and chewiness of 97.43 N 
and 37.93 N, respectively. TPA results showed that UBF 
has a softening effect on the hardness of bread crumbs 
(Table  1). The hardness and chewiness of bread were 
reduced by 88.13% and 87.77% at a 20% UBF level, respec-
tively (p < 0.05). The water holding capacity of UBF was as 
high as 300.38%, which increased the amount of freezable 
water in the bread during baking by trapping water in the 
crumb network, and these actions contributed to a softer 
crumb by reducing the hardness. It was reported that gluten-
free bread had a shorter shelf life than wheat bread, which 
is related to high hardness caused by the loss of the gluten 
protein network (Capriles et al. 2016). As a result, reducing 
the hardness of crumbs in UBF bread may extend the shelf 
life of gluten-free bread. However, UBF was less effective 
in improving the springiness and resilience of whole foxtail 
millet bread, which is consistent with the reduced storage 
and loss modulus in the previous rheological properties of 

the dough. Glutenin and gliadin in wheat flour strengthened 
the gluten network, whereas the structure of gluten-free flour 
is primarily determined by macromolecule interactions.

Analysis of thermodynamic properties of bread

Starch retrogradation causes rapid recrystallization of amyl-
ose and slow recrystallization of amylopectin. Differential 
scanning calorimetry (DSC) was used to analyze the thermal 
properties of starch in bread during storage. The gelatiniza-
tion enthalpy (ΔH) value reflected the energy required to 
gelatinize the starch granules, the higher the energy value, 
the more severe the starch aging. It was discovered that all 
millet bread samples replaced with UBF had lower enthalpy 
than the control (Table S4 in the Supplementary file). Witc-
zak et al. (2019) observed a high linear correlation between 
bread hardness and enthalpy of retrograded amylopectin 
decomposition could be found (r = 0.81). In addition, the  TO, 
 TP, and  TC were also decreased with the addition of UBF. 
The reduction in amylose recrystallization in UBF bread 
might be due to the high crude polysaccharides (55.35%) in 
UBF as sugar has been shown to inhibit starch regeneration 
and the aging of starchy foods (Baek et al. 2004).

X‑ray diffraction analysis of bread

Figure 3A shows an XRD analysis of bread flour after 4 days 
of storage at 4 °C. The XRD pattern revealed that the bread 
flour exhibited distinct diffraction peaks at 2θ = 17° and 
20°. The diffraction peak of the control group was the high-
est and had the greatest width. As the proportion of UBF 
increased, the diffraction peak gradually weakened and the 
width narrowed. The half-width and peak height of the XRD 
pattern were related to the crystallinity of starch. The higher 

A 

B 

WB Control 5%UBF 10%UBF 15%UBF 20%UBF

Fig. 1  Images for software analysis of gluten-free breads at different UBF addition levels. A Color scanning images; B gray scale conversion 
images
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Fig. 2  Effects of UBF addition 
on microstructure at 300× (left) 
and 1000× (right) magnification 
of gluten-free breads affected

Control 1000X

WB 1000X

5%UBF 1000X

10%UBF 1000X

15%UBF 1000X

20%UBF 1000X

WB 300X

Control 300X

5%UBF 300X

10%UBF 300X

15%UBF 300X

20%UBF 300X
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Fig. 3  XRD pattern (A), 
FTIR spectra (B) and sensory 
evaluation (C) of gluten-free 
bread crumbs at different UBF 
replacement
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peak and larger peak area indicated higher crystallinity and 
more severe starch aging and retrogradation. According to 
Fig. 3A, higher UBF addition resulted in a less recrystallized 
structure in the bread, which could be due to the polysac-
charides in the UBF inhibiting the re-association of starch 
macromolecules. This was consistent with the DSC results 
(Table S4), which indicated that UBF could delay starch 
aging and thus extend bread shelf life.

Fourier transform infrared spectroscopy analysis of bread

The vibrational form of molecular groups (chemical 
bonds) and the chemical environment in which they were 
located determine the position and intensity of absorp-
tion peaks in the infrared spectrum. The absorption peak 
at 3500–3200  cm−1 in the spectrum represented hydrogen 
bonding between molecules and –OH stretching vibration, 
which was mainly bound between water and starch matrix. 
The absorption peak intensity in the UBF group was higher 
than that in the control group, indicating the interaction 
between water and matrix was more powerful (Fig. 3B). 
Water molecules were more likely to form hydrogen bonds 
with functional groups in high-molecular polymers, which 
required for lower energy of -OH stretching vibration.

The UBF polysaccharides increased the intensity of the 
double peak at 1070   cm−1, which was the characteristic 
absorption of furanoside, Moreover, previous research found 
that a higher and sharper peak in the 950–1100  cm−1 range 
indicated a more ordered polysaccharide conformation with 
fewer conformations (Sivam et al. 2013). Furthermore, the 
absorption peaks at 2900  cm−1 and 1750  cm−1 represented 
the aldehyde group and carbonyl stretching vibration absorp-
tion peaks respectively. Comparing with the control bread, 
the intensity of the aldehyde group vibration absorption peak 
of UBF-containing bread increased, which could be attrib-
uted to the increased content of reducing sugar in the UBF 
group. The reducing sugar may transform into substances 
containing aldehyde groups during the fermentation and 
baking processes.

Sensory evaluation

Sensory evaluation of bread was performed after 18 h of 
storage (Fig. 3). Panelists gave scores from 1.0 to 5.0 on 
four characteristics: external appearance, crumb appear-
ance, smell, taste, and the average values were calculated. 
Control bread after 18 h of storage was evaluated negatively 
with respect to external appearance (1.9 points) and taste 
(2 points). All breads containing UBF had significantly 
higher crumb appearance score and taste score compared 
to the control bread (p < 0.05). The addition of Elm bark 
flour decreased the bread smell score due to the bitter taste 
of Elm bark itself but did not result in a statistical change. 

The overall acceptance score of UBF bread (3.3, 3.3 and 
3.2 point for 20%, 15% and 10% UBF level respectively) 
was higher than that of control group (2.6 point) (p < 0.05), 
but lower than wheat bread group (4.2 points). Torbica et al. 
(2019) found that all breads made from gluten-free flours 
were harder and more granular mouth feel. The addition 
of Elm bark flour made the originally unacceptable whole 
foxtail millet bread acceptable; however, there was still a 
gap with wheat bread, and further improvement of Elm 
bark bread’s sensory aspect was necessary to make it more 
marketable.

Effects of water addition on the quality of gluten‑free 
foxtail millet dough and bread

Rheological properties of gluten‑free dough

The rheological properties of dough could be affected by 
adding water. As shown in Fig. S2 (See Supplementary file), 
G′and G″of dough with 90% water addition were the high-
est, followed by 120% water content, while G′ and G″ of 
dough with 130% water addition were the lowest. When the 
water content in bread was low (90%), the polysaccharides 
and fibers of UBF could absorb water and swell, making 
the dough more viscoelastic. At the moderate water level 
(100–120%), the water-absorbing particles infiltrated into 
the water, and the dough absorbed water sufficiently and 
crosslinked to form a network structure, endowing it with 
good viscoelasticity. However, too much water (130%) may 
weaken the intermolecular coupling in the dough, resulting 
in poor viscoelasticity.

Macro and micro‑structure of dough and bread

As shown in Fig. S3 (See Supplementary file), the surface 
of the dough before fermentation became more viscous with 
the addition of water. The dough with 130% water addition 
in particular, was too viscous to shape, which was not con-
ducive to bread processing. The pores on the surface of the 
dough became more visible after fermentation, and the vol-
ume increased significantly as the water addition increased, 
particularly for 120% and 130% water addition. This possibly 
due to the high water-holding capacity and swelling capacity 
of UBF (300.38% and 1367.61%, respectively). Water mol-
ecules interacted with the hydrophilic groups of UBF poly-
saccharides during fermentation, causing the hydrophilic 
colloid to expand and crosslink to form a network skeleton. 
In a word, the dough with 120% or 130% water addition 
performed better during fermentation. However, according 
to the baking bread photographs, huge holes appeared in the 
bread after adding too much water, which was related to the 
unstable structure of the gluten-free matrix. A study reported 
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by de la Hera et al. (2014) also showed that too much water 
could cause large holes in bread crumbs.

The round starch granules were wrapped in the network 
structure formed by UBF polysaccharides, indicating that 
the UBF polysaccharides could simulate the formation of 
a three-dimensional network of gluten protein (Fig. 4). The 
network structure formed by mutual cross-linking between 
starch molecules was visible at 500× magnification in 
doughs with water additions of 120% and 130%, respec-
tively. Furthermore, the pore structure between starch mole-
cules could be found at 1500× magnification, indicating that 

with the increase of water addition, the water absorption and 
the swelling and gas-holding capacity of polysaccharides in 
bread increased. In addition, the pores in the bread crumbs 
with 90–110% moisture addition were not visible, the bread 
crumb with 120% water addition had a uniform cell struc-
ture, and the bread crumb with 130% water addition had a 
visible fractured and hollow structure.

Water addition was negatively correlated with the number 
of pores (CD) and positively correlated with the average 
area of pores (AS) (Table 2). The CD value of bread reached 
the lowest (19.66 ± 0.73 cell/cm2), and AS value reached 

A 

B 

C 

90%Water 100%Water 110%Water 120%Water 130%Water

Fig. 4  Effects of UBF-water combination on microstructure of gluten-free breads. A 500× magnification of dough. B 1500× magnification of 
dough. C 500× magnification of bread

Table 2  Specific volume, structural and textural parameters of bread at various water levels

Results are expressed as mean ± standard deviation (n = 3). Different letters in the same column indicate significant differences between param-
eters (P < 0.05). Count = total number of pores in 3 × 3  cm2; CD Pore number per square centimeter, AS  Average pore area, AF  The percentage 
of pore area in the total area

90% Water 100% Water 110% Water 120% Water 130% Water

Specific volume  (cm3/g) 1.50 ± 0.04c 1.98 ± 0.13b 1.87 ± 0.06b 1.95 ± 0.08b 2.15 ± 0.09a

Count (cell) 450.75 ± 4.02a 315.58 ± 14.62b 326.58 ± 4.06b 247.75 ± 16.78c 176.92 ± 6.57d

CD (cell/cm2) 50.08 ± 0.44a 35.06 ± 1.62b 36.29 ± 0.45b 27.53 ± 1.86c 19.66 ± 0.73d

AS  (mm2) 0.54 ± 0.02d 0.78 ± 0.07c 0.69 ± 0.03c 1.01 ± 0.07b 1.45 ± 0.01a

AF (%) 26.87 ± 1.18ab 27.30 ± 1.30ab 25.19 ± 1.48b 27.77 ± 0.94a 28.55 ± 1.23a

Hardness (N) 18.71 ± 0.84a 17.23 ± 0.34a 14.15 ± 1.86b 10.86 ± 1.18c 6.83 ± 0.50d

Chewiness (N) 4.69 ± 0.58a 5.06 ± 0.04bc 4.23 ± 0.27c 3.41 ± 0.15c 2.70 ± 0.02b

Springiness 0.99 ± 0.05a 0.79 ± 0.01bc 0.74 ± 0.03c 0.78 ± 0.02c 0.85 ± 0.02b

Resilience 0.19 ± 0.01bc 0.18 ± 0.03c 0.23 ± 0.01ab 0.25 ± 0.03a 0.27 ± 0.03a
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the highest (1.45 ± 0.01  mm2) at the water level of 130%. 
Previous research also found that higher water levels could 
ameliorate the structure of bread (Skendi et al. 2018).

Specific volume

The specific volume of bread increased with water addition, 
reaching its maximum at 130% water addition (2.15  cm3/g). 
There was no significant difference between bread with 
100–120% water addition. Because too much water (130%) 
could result in a fractured and hollow structure, the optimal 
water addition was about 100–120% (Table 2).

Crumb texture

The hardness of bread crumbs decreased significantly 
(p < 0.05) with the water addition, and reached the lowest at 
130% water level (6.83 ± 0.50 N). Moreover, the downward 
trend of chewiness also indicated that the bread crumb struc-
ture had become softer (Table 2). Thus, high water addition 
could have a positive effect on the mouthfeel. A previous 
study also found that water addition could significantly 
reduce the hardness of gluten-free bread prepared with 
oat and quinoa bran (Aprodu and Banu 2015). In addition, 
the resilience of bread was also increased, which might be 
related to the improvement of crumb elasticity.

Conclusion

In summary, the optimization of Elm bark flour and water 
significantly improved the technological characteristics of 
the foxtail millet bread, resulting in a larger specific volume 
and a softer texture. During fermentation, water molecules 
interacted with the hydrophilic groups of UBF polysaccha-
rides, causing the hydrophilic colloids to swell and crosslink 
to form a network skeleton, which significantly improved 
the texture of the bread. These findings suggested that Elm 
bark flour is a promising material for making gluten-free 
products. However, further investigation of the public’s 
acceptance of elm bark bread is needed to accommodate 
consumers and the market.
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