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Abstract
The global production volume of wheat production is almost 785 million 

metric tons during 2023. Bread is a staple food produced with flour, water, or 
milk, with or without yeast. It is an important part of people’s worldwide people 
diet and provides their daily energy. One of the most significant problems in 
bread production and consumption is its staleness, which begins immediately 
after baking. Staling is divided into two categories: texture and microbial chang-
es. Texture changes occur first due to moisture migration, followed by microbial 
changes. Ultimately, the aroma, flavor, and texture of bread become undesirable to 
consumers. There are many methods for evaluation staling: chemical, macroscop-
ic, rheological, microscopic, structural features, and molecular features methods. 
All these methods are effective and can be used according to the facilities and 
conditions of the producers.
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Introduction
The increased demand for food is a significant challenge for global food se-

curity [1]. The top three major food industries are fruits and vegetables, meat, and 
bakery products [2]. Wheat, as a 28 worldwide staple food, plays a critical role 
in ensuring food security [3]. The global production volume of wheat is almost 
785 million metric tons, and most people consume wheat bread as an important 
part of their worldwide diet [4-7]. Usually, “bread” is a staple food whose basic 
constituents are flour (mostly wheat), with milk or water; with or without yeast 
[2, 8, 9]. It contains fibers, carbohydrates, lipids, proteins, vitamins, and minerals, 
providing a significant amount of energy [9-12]. In some parts of the world, bak-
ery products provide approximately 75% of total caloric intake. Consumption of 
bakery products not only fulfills people’s need for calories, but also provides more 
than 90% of their needed protein. The bakery market expanded from 207.81 
billion dollars in 2021 to 227.94 billion dollars in 2022 and has increased 9.7%. 
With the increasing population, the demand for bakery products and bread will 
also increase annually, with food demand projected to increase by 70% by 2050, 
reaching almost ten billion tons [2, 13, 14] Two viable solutions to meet the in-
creasing demand for bakery 40 products are 1) improving the wheat grain yield 
using classic and molecular breeding techniques 41 [5, 15], and 2) enhancing 
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amylose molecules attract water, increasing their volume. This 
volume increase is reversible, below the 65 °C; at higher tem-
peratures, the volume change is irreversible [27-29]. 

Retrogradation

Retrogradation occurs when warm gelatinized soluble 
cools rapidly, forming a starch gel. When the cooling process 
occurs slowly, amylose molecules have the chance to migrate 
from granules to the soluble, bending together via hydrogen 
bonds, leading to retrogradation. Retrogradation decreases 

the quality and durability of the bakery products, which is the 
focus of 42 this study.

The most significant problem with bread and bakery 
products is their short shelf-life, primarily due to spoilage and 
stealing. Staling is the main reason of bread waste, causing 
undesirable changes such as loss of freshness, aroma, flavor, 
and bread softness [16-18]. Bread staleness begins immediate-
ly after production with changes in texture, flavor, freshness, 
and aroma. During the staling process, moisture redistributes 
from crumb to crust, leading to some chemical changes in ge-
latinized starch and retrogradation (re-crystallization) [10, 12, 
19, 20]. The entire mechanism of physical stalling is not fully 
understood yet.

Several theories related to staling, with one of the most 
important stating that staling involves interactions among 
bread components, especially moisture, with other compounds, 
referred to as moisture migration [10]. This physico-chemical 
reaction typically results in lower acceptance by consumers and 
occurs when gelatinized starch cools to ambient temperature 
or lower. The gelatinized starch gradually hardens, resulting 
in firmness in the bread crumb [21]. Staling usually occurs 
alongside microbiological spoilage due to moisture migration 
in the bread texture [11]. 

Stalking affects two main parts of bread, the crumb, and 
the crust. While staling mainly refers to the crumb part of 
bread, which constitutes the majority, crust contains a small-
er portion, with exceptions such as different flat breads [22]. 
Bread chemical compounds, such as starch, protein, sugars, 
and additives, play important roles in the staling process [18, 
23]. 

Bread starch 

Physico-chemical properties

Starch in cereals like wheat, commonly used in bread for-
mulation, is an important and dominant part, consisting of 
glucose units and in plant cellules [24, 25]. Granules’ shape 
and size vary among different cereals (Figure 1). For example: 
potatoes have elliptical and the largest starch granules, while 
rice has the smallest multi-dimensional ones. Corn is the most 
important source of starch globally, followed by potato, wheat, 
rice, and cassava [26].

Starch has two subdivisions: amylose (17 - 30%) and am-
ylopectin (70%). Amylose is a linear molecule composed of 
glucose with α (1 - 4) glucose bonds, while amylopectin has 
α (1 - 6) branches besides α (1 - 4) glucose bonds (Figure 2). 
Starch cannot be soluble in cold water but can attract water. 
Amylose is water soluble and amylopectin is insoluble, actually 
[27]. 

Gelatinization

Gelatinization occurs when starch and water mix and 
warm up, breaking down hydrogenic bonds in granules and 
forming new hydrogen bonds, resulting in increased solution 
viscosity [28, 29]. During this process, amylose molecules mi-
grate out of starch granules, becoming soluble. Gelatinization 
typically occurs at a specific temperature, usually around 95 
°C. When cold water is added to undamaged starch granules, 

Figure 1: The effect of black plum peel extract and storage time on the 
peroxide value of sunflower seed oil.

Figure 2: Amylose and amylopectin chemical structure.
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starch increases and increases viscosity. This chemical reaction 
has its maximum rate at 4 ̊C, with the speed of depending 
on amylose molecules length. Waxed starch contains large 
amounts of amylopectin and retrogrades rarely [30, 31]. 

Bread staling

Bread staling happens immediately after baking and is 
very complicated. One of the most important factors is am-
ylopectin retrogradation. Retrogradation starts with the for-
mation of starch gel and progresses with the expansion of this 
structure, and after that, the moisture content of bread’s inter-
nal texture decreases, the color changes and the bread harden. 
This process happens in two main steps [5, 32-34]. 

Bread staling steps

Amylose retrogradation: The first step occurs after bak-
ing, with amylose molecules attempting to join and slowly 
getting closer, forming new hydrogen bonds, and initiating 
retrogradation. After forming the new hydrogenic bonds, the 
bread texture changes and becomes elastic [35, 36]. 

Amylopectin retrogradation: Over time, the amylopec-
tin molecules gradually come closer, forming hydrogen bonds. 
During the formation of these hydrogen bonds, water mole-
cules are produced, resulting in bread hardening as water mi-
grates to the bread crust, causing the crumb color to change to 
white and become hard [35, 37]. 

Staling measurement

Many researchers studied bread stalls and their measure-
ments (Table 1). Bread staling is an important subject over 
time, with the moisture content of bread decreasing and the 
bread texture hardening [10, 35, 38]. Various methods exist for 
measuring bread staling to explain the phenomenon according 
to consumer preferences [32]. 

Chemical methods

There are different chemical methods for measuring bread 
staling.

Sedimentation evaluation method  

One method is sedimentation evaluation, where sedimen-
tation decreases over storage time, with Zeleny test evaluating 
protein quality and swelling properties [39-41]. Soluble starch 
measurement, although time-consuming, checks starch retro-
gradation by sedimentation using alcohol, with the percentage 
of soluble starch decreasing after staling. Bread swelling mea-
surement observes bread crumb’s water absorption and swell-
ing, which decreases during storage time. Moisture content 
measurement tracks in moisture content of bread crust and 
crumb, with more significant changes in the bread core during 
staling [40, 42, 43].

Soluble starch measurement

This method is very time-consuming and therefore its 
use is very limited. It can be said that it is almost obsolete. In 
this method starch retrogradation will be checked by starch 
sedimentation using alcohol. The percentage of soluble starch 
decreases after staling [44-46]. 

Bread swelling measurement

Breadcrumbs absorb water and get swallowed. After the 
baking process, this swelling will decrease during storage time. 
For this experiment, first the bread sample gets wet by adding 
water and after that, it will be centrifuged in low rpm. Finally, 
the sedimented phase volume would be measured [47-49]. 

Moisture content measurement

During the storage time, the moisture content of bread 
crust and crumb will change. These changes in bread core are 
more and more impressive. During staling process, the crumb 

Table 1: Bread staling researchers.

Name Research topic in brief Ref. Year

Amigo et al.
Using maltogenic amylase effect on 

bread staling
[50] 2021

Han et al.
Olive leaf micro powder effect on bread 

staling
[51] 2024

Zhang et al.
Effect of lactulose on wheat bread 

staling
[52] 2022

Chen et al.
Effect of amylase addition on bread 

staling
[36] 2021

Fillipcev et al.
Psyllium addition on gluten free bread 

staling
[53] 2021

Ju et al.
Effect of adding potato flour on bread 

staling
[54] 2020

Fadda et al. Bread staling [32] 2014
Abd-El-

Khalek et al.
Texture analyzer usage in bread staling 

determination
[55] 2019

Ribotta et al.
X-ray diffraction method usage in bread 

staling
[56] 2004

Sehn and 
Steel

Staling kinetics of bread [38] 2020

Arp et al.
Staling kinetic of high-amylose  

resistance starch bread
[35] 2020

Eliasson Wheat starch structure during staling [30] 2015

Ma et al.
Different physico-chemical changes in 

staled bread
[37] 2022

Alfaris et al. Effect of gluten in bread staling [57] 2022
Marinopou-

lou et al.
Physicochemical and sensory changes 

during bread staling
[58] 2020

Kou et al. Inulin effect on bread staling [59] 2019
Curti et al. NMR usage in bread staling evaluation [60] 2017
Choi et al. Analytical methodology of bread staling [61] 2010

Nawaz et al. Modified starch effect on staling [62] 2020

He et al.
NIR usage in starch retrogradation 

evaluation
[63] 2023

Correa et al. Hydrocolloids effects on bread staling [64] 2021
Curti et al. NMR usage in bread staling evaluation [65] 2011
Pourfarzad 

et al.
Staling kinetics in barbari bread [66] 2012

Sheikholesla-
mi et al.

Texture, physicochemical and sensory 
changes during bread staling

[67] 2019

Santos et al.
Effect of chickpea flour, psyllium, and 

their combination on bread staling
[68] 2021

Schiraldi and 
Fessas

Bread staling mechanism [48] 2001
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of bread would be lost its moisture during time and measure-
ment of this loss could be a sign of staling [32, 49, 69].

Macroscopic methods

Gluten is crucial in dough formation and bread produc-
tion, with its viscoelastic behavior impacting various chemical 
and physical reactions. In a moist environment, proteins can 
undergo several reactions: between different parts of a pro-
tein, among different proteins, and among proteins with other 
compounds. Bread flour is a homogenous substance that has 
two phases. The first phase is containing swallowed proteins 
in water and the second phase is water that is surrounded the 
protein net and contains starch granolas [70-72].

Sensory methods

Sensory methods evaluating different sensory features 
based on consumers preferences, including bread core hard-
ness, softness, texture, flavor, overall acceptability, cohesive-
ness, adhesiveness, moistness, and density [32, 73-74]. Sensory 
evaluation is categorized into two main parts: consumers pref-
erences, and product preferences. Finally, the sensory evalua-
tions should be analyzed statistically.

Consumer preferences

In this method, a volunteering group of consumers group 
would be formed of 100 - 500 people. They will test the prod-
ucts in marketplaces, malls, and shopping centers. They will 
not be thought professionally or do not have any sensitive 
taste. This method needs time and is expensive. This method 
usually is known as total acceptance [75-81].

Product preferences 

Trained panelists in small groups of 5 - 10 people are 
usually used for this type of sensory evaluation. They should 
evaluate each feature of products after training and consider a 
point within a specified range of points. This method is routine 
in grand manufacturing companies and research centers [78, 
82, 83]. 

Rheological methods

Most of researchers believe that the best way for bread stal-
ing recognition is texture analysis because a good bread texture 
has a direct impact on bread total acceptance and taste panel 
[32, 84]. Mechanical features of bread crump like firmness (or 
hardness), moistness, and compressibility are very important 
factors which could be effect on customers preferences, as well 
[84]. The routine test of texture is compression/deformation 
tests. The distance through which a bread texture is com-
pressed by a standard force could be consider as a rheological 
method. There is another way for doing compression test: the 
bread could be compressed through a standard distance and 
the needed force would be considered as a bread texture staling 
[84]. The most common device to perform this test is instron. 
In this test, the bread resistance against compression would be 
measured. It is possible to perform different tests with instron 
like tension, density, piercing, and shear. During storage time, 
the shear, density, pierce, and tension forces would be increases 
[32, 59, 85]. 

Farinograph and amylograph are another instrument for 

staling evaluation that works based on dough rheological fea-
tures. The dough and bread viscoelasticity could be checked 
by farinograph. There are some research that indicated during 
storage the bread viscoelasticity decreased [38, 86, 87]. The 
bread staling could be assessed by amylograph by monitoring 
the starch viscosity changes. Different researchers believed that 
during time and staling, the starch viscosity decreased [66, 88].

Molecular based methods

Water molecules play a significant role in bread staling by 
increasing molecular motions among polymer filaments be-
sides coordinating among polymers [5, 65]. Nuclear magnetic 
resonance (NMR) and magnetic resonance imaging (MRI) 
are used to study molecular structure specially monitoring the 
water molecules [10, 89, 90]. 

NMR 

In NMR method, permanently two magnetic poles and 
a core are formed. The core attracts different electromagnetic 
waves that depend on magnetic field (Figure 3). NMR is a 
very accurate method to investigate food materials dynam-
ics, especially water at a molecular level. Two types of NMR 
are used in bread staling evaluation: 1H NMR spectroscopy 
and 1H FID (measured at 20 - 23 Hz). 1H FID uses mobility 
changes of bread and bakery products during storage; that in-
creases during the time, while 1H NMR spectroscopy is used 
for highlighting proton population. The bread molecular mo-
tion changes during the staling process that can be monitored 
by NMR. Staling causes reducing water molecules mobility 
[65, 60]. 

MRI

MRI provides 3D information. Using MRI, researchers 
can study image contrast based on molecular mobility, water 
physicochemical features, and food structures for example gas 
cells with small diameters (Figure 4). It is very useful for mon-
itoring moisture transfer and water distribution in bread. The 
MRI information has shown that during storage time, wa-
ter-gluten combination mobility decreases[65, 91]. 

Microscopic methods

Microscopic methods like scanning electron microscopic 
methods (SEM) and optical and polarized microscopic meth-
od are used to study bread and its stalling.

Figure 3: 1H T1 NMRD profile of bread crumb samples during storage 
at 0.01 – 20 MHz. (A) Day 0 - ●; Day 1 - ○; Day 3 - ▼; Day 5 - ▿; Day 
7 - ■; Day 14 - □; and (B) 1H T1 NMRD profile zoom of the data in the 
0.01 - 0.52 MHz frequency range [49].
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SEM

With SEM determining gas cavities and size and cryo-
SEM offering higher accuracy by freezing samples (Figure 5). 
In cryo-SEM method, the samples should be frozen, therefore 
water and oil are frozen and will not be lost. Cryo-SEM is 
accurate method for gluten net monitoring and bread staling 
[92-95]. 

Optical and polarized microscopic method

This method is used with 200 - 500 nm resolution for 
monitoring bread and bakery products. Optical microscopes 
are routine instruments for different dough monitoring and 
recognition of their flour qualities. Optical and polarized 
microscopes observe starch retrogradation and bread staling, 
identifying an independent phase during storage in a glu-
ten-starch net [33, 61, 96]. 

Structural features measurement

Differential scanning calorimetry (DSC) 

DSC monitors bread stalling thermodynamically by eval-
uating thermal properties, with starch retrogradation causing 
the sample to reduce more heat than the blank material (Fig-
ure 6). DSC is a method that the amount of input thermal 
energy between the sample and a reference material could be 
calculated at a controlled temperature program. In this meth-
od, thermal features of bread crumb could be evaluated. These 
properties are temperature dependent like bread staling and 
starch retrogradation. During staling process, the sample pro-
duces more heat than the blank material [97, 98]. 

Dynamic mechanical analysis (DMA)

DMA utilizes in evaluating the viscoelastic behavior of 
polymers, that facilitates the simultaneous determination of 
mechanical and thermal properties of polymeric materials 
over a broad range of frequencies (0.01 - 200 Hz) and tem-
perature (-150 - 600 ˚C) [99]. DMA calculates tension for 
samples, monitoring gluten and starch dynamic tension (Fig-
ure 7). The tension has two categories: inter phase (Elastic), 
and outer phase (Viscose) [99, 64].

Image processing method

In this method, hyperspectral imaging (HSI) is used. HSI, 
chemical imaging or spectroscopic imaging is an analytical 

Figure 4: MRI relaxation signal for non-yeasted (44.6% and 48.4% water) 
bread dough baked for 120 min at 90 ˚C [91].

Figure 5: (a) SEM image of control bread (100% wheat); (b) bread (90% 
wheat and 10% rye); and (c) bread (80% wheat and 20% rye).

Figure 6: DSC profiles of mixtures with different starch-bran-water ra-
tios: solid lines (pure starch), short dashes (starch with 15% bran), and 
long dashes (starch with 30% bran); blue (moisture content 75%), red 
(moisture content 60%), green (moisture content 45%).

Figure 7: Storage modulus of bread dough under baking conditions in 
DMA [99].
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technique that combines the chemical information obtained 
by spectroscopy with the spatial information obtained by 
spectroscopy with spatial information of the surface measured 
(Figure 8). This method is became as a standard technique in 
pharmaceutical production, environmental monitoring, and 
food science [50, 100]. Data obtained from scanned sample 
by HSI is a three-dimensional data cube, which contains a 
vast amount of spatial and spectral-chemical information [63, 
101]. In this technique, a slice of bread scans and by using spe-
cial software, its pictures particles dimension, color and color 
intensity will be analyzed [63].

Conclusion
Bread is known as the dominant food worldwide. Besides 

preparing energy, they supply protein and minerals in different 
diets. Usually, cereals are consumed as bread and one of the 
most problem in bakery is bread staling. Bread stalling hap-
pens after baking through complicated physico-chemical reac-
tions. There are different methods for evaluating bread stalling, 
but they are different in answering time, cost, user skill, accu-
racy, and investment. Each company or producer can choose 
a proper method based on its potential. But taste panel and 
rheological experiments are routine methods in the factories 
with mass production. Methods based on evaluation the struc-
tural features, molecular properties, and microscopic methods 
are suitable ones for research. Finally, chemical methods are 
usually used in the laboratories.

Acknowledgements
None. 

Conflict of Interest
None.

References
1.	 Grote U. 2014. Can we improve global food security? A socio-eco-

nomic and political perspective. Food Secur 6: 187-200. https://doi.
org/10.1007/s12571-013-0321-5 

2.	 Gmoser R, Fristedt R, Larsson K, Undeland I, Taherzadeh MJ, et al. 
2020. From stale bread and brewers spent grain to a new food source 
using edible filamentous fungi. Bioengineered 11(1): 582-598. https://
doi.org/10.1080/21655979.2020.1768694

3.	 Rizi MS, Mohammadi M. 2023. Breeding crops for enhanced roots to 
mitigate against climate change without compromising yield. Rhizo-
sphere 26: 100702. https://doi.org/10.1016/j.rhisph.2023.100702

4.	 Maga JA, Ponte JG. 1975. Bread staling. Crit Rev Food Sci Nutr 5(4): 
443-486. https://doi.org/10.1080/10408397509527182 

5.	 Gray JA, Bemiller JN. 2003. Bread staling: molecular basis and 
control. Compr Rev Food Sci Food Saf 2(1): 1-21. https://doi.
org/10.1111/j.1541-4337.2003.tb00011.x 

6.	 Kulp K, Ponte JG, D'Appolonia BL. 1981. Staling of white pan bread: 
fundamental causes. Crit Rev Food Sci Nutr 15(1): 1-48. https://doi.
org/10.1080/10408398109527311 

7.	 Yuksel F, Kayacier A. 2016. Utilization of stale bread in fried wheat 
chips: response surface methodology study for the characterization of 
textural, morphologic, sensory, some physicochemical and chemical 
properties of wheat chips. LWT Food Sci Technol 67: 89-98. https://doi.
org/10.1016/j.lwt.2015.11.029

8.	 Kumar A, Roy B, Lakhani GP, Jain A. 2014. Evaluation of dried bread 
waste as feedstuff for growing crossbred pigs. Vet World 2: 377. https://
doi.org/10.14202/VETWORLD.2014.698-701 

9.	 Taglieri I, Macaluso M, Bianchi A, Sanmartin C, Quartacci MF, et al. 
2021. Overcoming bread quality decay concerns: main issues for bread 
shelf life as a function of biological leavening agents and different extra 
ingredients used in formulation. a review. J Sci Food Agric 101(5): 1732-
1743. https://doi.org/10.1002/jsfa.10816 

10.	 Rayas-Duarte P, Murtini ES. 2020. Bread Staling. In Breadmaking. 
Woodhead Publishing, pp 561-585. 

11.	 Meral H, Karaoğlu MM. 2020. The effect of the stale bread flour ad-
dition on flour and bread quality. Int J Food Eng 16(11): 20190100. 
https://doi.org/10.1515/ijfe-2019-0100 

12.	 Dong Y, Karboune S. 2021. A review of bread qualities and current 
strategies for bread bioprotection: flavor, sensory, rheological, and tex-
tural attributes. Compr Rev Food Sci Food Saf 20(2): 1937-1981. https://
doi.org/10.1111/1541-4337.12717 

13.	 Costello C, Cao L, Gelcich S, Cisneros-Mata MÁ, Free CM, et al. 
2020. The future of food from the sea. Nature  588(7836): 95-100. 
https://doi.org/10.1038/s41586-020-2616-y 

14.	 Hellwig C, Gmoser R, Lundin M, Taherzadeh MJ, Rousta K. 2020. 
Fungi burger from stale bread? a case study on perceptions of a nov-
el protein-rich food product made from an edible fungus. Foods 9(8): 
1112. https://doi.org/10.3390/foods9081112 

Figure 8: (a) A bread loaf scanning with a HSI-NIR camera; and (b) 
Arrangement of the different bread loaves and their replicates in the final 
hyperspectral image [50].

https://link.springer.com/article/10.1007/s12571-013-0321-5
https://link.springer.com/article/10.1007/s12571-013-0321-5
https://doi.org/10.1007/s12571-013-0321-5
https://doi.org/10.1007/s12571-013-0321-5
https://pubmed.ncbi.nlm.nih.gov/32449450/
https://pubmed.ncbi.nlm.nih.gov/32449450/
https://pubmed.ncbi.nlm.nih.gov/32449450/
https://doi.org/10.1080/21655979.2020.1768694
https://doi.org/10.1080/21655979.2020.1768694
https://www.sciencedirect.com/science/article/pii/S2452219823000411?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2452219823000411?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S2452219823000411?via%3Dihub
https://doi.org/10.1016/j.rhisph.2023.100702
https://www.tandfonline.com/doi/abs/10.1080/10408397509527182
https://www.tandfonline.com/doi/abs/10.1080/10408397509527182
https://doi.org/10.1080/10408397509527182
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/j.1541-4337.2003.tb00011.x
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/j.1541-4337.2003.tb00011.x
https://doi.org/10.1111/j.1541-4337.2003.tb00011.x
https://doi.org/10.1111/j.1541-4337.2003.tb00011.x
https://www.tandfonline.com/doi/abs/10.1080/10408398109527311
https://www.tandfonline.com/doi/abs/10.1080/10408398109527311
https://doi.org/10.1080/10408398109527311
https://doi.org/10.1080/10408398109527311
https://www.sciencedirect.com/science/article/abs/pii/S0023643815303212
https://www.sciencedirect.com/science/article/abs/pii/S0023643815303212
https://www.sciencedirect.com/science/article/abs/pii/S0023643815303212
https://www.sciencedirect.com/science/article/abs/pii/S0023643815303212
https://doi.org/10.1016/j.lwt.2015.11.029
https://doi.org/10.1016/j.lwt.2015.11.029
https://pdfs.semanticscholar.org/24eb/0d18fc43143cc46476dd336f75180221d067.pdf
https://pdfs.semanticscholar.org/24eb/0d18fc43143cc46476dd336f75180221d067.pdf
https://doi.org/10.14202/VETWORLD.2014.698-701
https://doi.org/10.14202/VETWORLD.2014.698-701
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.10816
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.10816
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.10816
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.10816
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.10816
https://doi.org/10.1002/jsfa.10816
https://www.sciencedirect.com/science/article/abs/pii/B9780081025192000190
https://www.sciencedirect.com/science/article/abs/pii/B9780081025192000190
https://www.degruyter.com/document/doi/10.1515/ijfe-2019-0100/html
https://www.degruyter.com/document/doi/10.1515/ijfe-2019-0100/html
https://doi.org/10.1515/ijfe-2019-0100
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12717
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12717
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12717
https://doi.org/10.1111/1541-4337.12717
https://doi.org/10.1111/1541-4337.12717
https://pubmed.ncbi.nlm.nih.gov/32814903/
https://pubmed.ncbi.nlm.nih.gov/32814903/
https://doi.org/10.1038/s41586-020-2616-y
https://www.mdpi.com/2304-8158/9/8/1112
https://www.mdpi.com/2304-8158/9/8/1112
https://www.mdpi.com/2304-8158/9/8/1112
https://www.mdpi.com/2304-8158/9/8/1112
https://doi.org/10.3390/foods9081112


Journal of Food Chemistry & Nanotechnology  |   Volume 10 Issue 2, 2024 91

Bread Staling Measurement Techniques: A Review Mohammadi-Moghaddam et al.

15.	 Shaltouki‐Rizi M, Smith NE, Brown‐Guedira G, Mohammadi M. 
2024. Shared quantitative trait loci underlying root biomass and phe-
nology in wheat (Triticum aestivum L.). J Agron Crop Sci 210(3): 1-15. 
https://doi.org/10.1111/jac.12700 

16.	 Ribotta PD, Le Bail A. 2007.Thermo-physical assessment of bread 
during staling. LWT Food Sci Technol 40(5): 879-884. https://doi.
org/10.1016/j.lwt.2006.03.023 

17.	 Tinzl-Malang SK, Rast P, Grattepanche F, Sych J, Lacroix C. 2015. 
Exopolysaccharides from co-cultures of Weissella confusa 11GU-1 
and Propionibacterium freudenreichii JS15 act synergistically on wheat 
dough and bread texture. Int J Food Microbiol 214: 91-101. https://doi.
org/10.1016/j.ijfoodmicro.2015.07.025 

18.	 Ringsted T, Siesler HW, Engelsen SB. 2017. Monitoring the staling of 
wheat bread using 2D MIR-NIR correlation spectroscopy. J Cereal Sci 
75: 92-99. https://doi.org/10.1016/j.jcs.2017.03.006 

19.	 Giannone V, Lauro MR, Spina A, Pasqualone A, Auditore L, et al. 
2016. A novel α-amylase-lipase formulation as anti-staling agent in 
durum wheat bread. LWT Food Sci Technol 65: 381-389. https://doi.
org/10.1016/j.lwt.2015.08.020 

20.	 Murat Karaoglu M. 2006. Effect of initial baking and storage time on 
pasting properties and aging of par-baked and rebaked rye bread. Int J 
Food Prop 9(3): 583-596. https://doi.org/10.1080/10942910600745178 

21.	 Pedreschi F, Saavedra I, Bunger A, Zuñiga RN, Pedreschi R, et al. 2018. 
Tara pod (Caesalpinia spinosa) extract mitigates neo-contaminant for-
mation in Chilean bread preserving their sensory attributes. LWT 95: 
116-122. https://doi.org/10.1016/j.lwt.2018.04.086 

22.	 Gocmen D, Inkaya AN, Aydin E. 2009. Flat breads. Bulg J Agric Sci 
15(4): 298-306. 

23.	 Siljeström MO, Björck I, Eliasson AC, Lönner CL, Nyman M, et al. 
1988. Effects on polysaccharides during baking and storage of bread-in 
vitro and in vivo studies. Cereal Chem 65(1): 1-8. 

24.	 Rhazi L, Méléard B, Daaloul O, Grignon G, Branlard G, et al. 2021. 
Genetic and environmental variation in starch content, starch granule 
distribution and starch polymer molecular characteristics of French 
bread wheat. Foods 10(2): 205. https://doi.org/10.3390/foods10020205 

25.	 Hu X, Cheng L, Hong Y, Li Z, Li C, et al. 2023. An extensive review: 
how starch and gluten impact dough machinability and resultant bread 
qualities. Crit Rev Food Sci Nutr 63(13): 1930-1941. https://doi.org/10.
1080/10408398.2021.1969535 

26.	 Waterschoot J, Gomand SV, Fierens E, Delcour JA. 2015. Production, 
structure, physicochemical and functional properties of maize, cassa-
va, wheat, potato and rice starches. Starch 67(1-2): 14-29. https://doi.
org/10.1002/star.201300238 

27.	 Tako M, Tamaki Y, Teruya T, Takeda Y. 2014. The principles of starch 
gelatinization and retrogradation. Food Nutr Sci 5(4): 1-12. https://doi.
org/10.4236/FNS.2014.53035 

28.	 Ratnayake WS, Jackson DS. 2008. Starch gelatinization. Adv Food Nutr 
Res 55: 221-268. https://doi.org/10.1016/S1043-4526(08)00405-1 

29.	 Schirmer M, Jekle M, Becker T. 2015. Starch gelatinization and its 
complexity for analysis. Starch 67(1-2): 30-41. https://doi.org/10.1002/
star.201400071 

30.	 Eliasson AC. 2020. Wheat Starch Structure and Bread Quality. In 
Breadmaking. Woodhead Publishing, Elsevier, pp 137-167. 

31.	 Mezgebe AG, Taylor JR, de Kock HL. 2020. Influence of waxy (high 
amylopectin) and high protein digestibility traits in sorghum on injera 
sourdough-type flatbread sensory characteristics. Foods 9(12): 1749. 
https://doi.org/10.3390/foods9121749 

32.	 Fadda C, Sanguinetti AM, Del Caro A, Collar C, Piga A. 2014. Bread 
staling: updating the view. Compr Rev Food Sci Food Saf 13(4): 473-492. 
https://doi.org/10.1111/1541-4337.12064 

33.	 Chinachoti P. 2018. Bread Staling. CRC Press.

34.	 Haros M, Rosell CM, Benedito C. 2002. Effect of different carbohy-

drases on fresh bread texture and bread staling. Eur Food Res Technol 
215: 425-430. https://doi.org/10.1007/s00217-002-0580-4 

35.	 Arp CG, Correa MJ, Ferrero C. 2020. Kinetic study of staling in breads 
with high-amylose resistant starch. Food Hydrocoll 106: 105879. https://
doi.org/10.1016/j.foodhyd.2020.105879 

36.	 Chen Y, Eder S, Schubert S, Gorgerat S, Boschet E, et al. 2021. In-
fluence of amylase addition on bread quality and bread staling. ACS 
Food Sci Technol 1(6): 1143-1150. https://doi.org/10.1021/acsfoodsci-
tech.1c00158 

37.	 Ma M, Mu T, Sun H, Zhou L. 2022. Evaluation of texture, retrogra-
dation enthalpy, water mobility, and anti-staling effects of enzymes and 
hydrocolloids in potato steamed bread. Food Chem 368: 130686. https://
doi.org/10.1016/j.foodchem.2021.130686 

38.	 Sehn GA, Steel CJ. 2020. Staling kinetics of whole wheat pan bread. 
J Food Sci Technol 57: 557-563. https://doi.org/10.1007/s13197-019-
04087-9 

39.	 Meral H, Karaoğlu MM. 2020. The effect of the stale bread flour ad-
dition on flour and bread quality. Int J Food Eng 16(11): 20190100. 
https://doi.org/10.1515/ijfe-2019-0100

40.	 Salehifar M, Ardebili MS, Azizi MH. 2010. Effect of wheat flour pro-
tein variations on sensory attributes, texture and staling of Taftoon 
bread. Food Sci Technol 30: 833-837. 

41.	 Yamauchi H, Nishio Z, Takata K, Oda Y, Yamaki K, et al. 2001. The 
bread-making quality of a domestic flour blended with an extra strong 
flour, and staling of the bread made from the blended flour. Food Sci 
Technol Res 7(2): 120-125. https://doi.org/10.3136/fstr.7.120 

42.	 Karaoğlu MM, Reis GS, Bedir Y. 2023. The effects of malt flours ob-
tained from different cereals on flour and bread quality. Turk J Agric 
Forestry 47(4): 497-509. https://doi.org/10.55730/1300-011X.3104  

43.	 Tömösközi S, Nádosi M, Balázs G, Cavanagh C, Morgunov A, et al. 
2009. Revival of sedimentation value–method development, quality 
prediction and molecular background. In Proceedings of the 10th Inter-
national Gluten Workshop. INRA, pp 104-108.

44.	 Morgan KR, Hutt L, Gerrard J, Every D, Ross M, et al. 1997. Staling 
in starch breads: the effect of antistaling α‐amylase. Starch 49(2): 54-59. 
https://doi.org/10.1002/star.19970490204 

45.	 Hug‐Iten S, Escher F, Conde‐Petit B. 2003. Staling of bread: role 
of amylose and amylopectin and influence of starch‐degrading en-
zymes. Cereal Chem 80(6): 654-661. https://doi.org/10.1094/
CCHEM.2003.80.6.654 

46.	 Katina K, Salmenkallio-Marttila M, Partanen R, Forssell P, Autio K. 
2006. Effects of sourdough and enzymes on staling of high-fibre wheat 
bread. LWT Food Sci Technol 9(5): 479-491. https://doi.org/10.1016/j.
lwt.2005.03.013 

47.	 Purhagen JK, Sjöö ME, Eliasson AC. 2011. Starch affecting an-
ti-staling agents and their function in freestanding and pan-baked 
bread. Food Hydrocoll 25(7): 1656-66. https://doi.org/10.1016/j.food-
hyd.2011.03.004 

48.	 Schiraldi A, Fessas D. 2001. Mechanism of Staling: An Overview. In 
Bread Staling. CRC Press, pp 1-17.

49.	 Curti E, Carini E, Tribuzio G, Vittadini E. 2014. Bread staling: ef-
fect of gluten on physico-chemical properties and molecular mobili-
ty. LWT Food Sci Technol 59(1): 418-425. https://doi.org/10.1016/j.
lwt.2014.04.057 

50.	 Amigo JM, Del Olmo A, Engelsen MM, Lundkvist H, Engelsen SB. 
2021. Staling of white wheat bread crumb and effect of maltogenic 
α-amylases. Part 3: spatial evolution of bread staling with time by near 
infrared hyperspectral imaging. Food Chem 353: 129478. https://doi.
org/10.1016/j.foodchem.2021.129478

51.	 Han S, Liu X, Chen S, Li P, Bai Z, et al. 2024. Quality and staling 
characteristics of wheat bread improved by adding Eucommia ulmoides 
oliver leaf micropowder. LWT 198: 116008. https://doi.org/10.1016/j.
lwt.2024.116008 

https://onlinelibrary.wiley.com/doi/full/10.1111/jac.12700
https://onlinelibrary.wiley.com/doi/full/10.1111/jac.12700
https://onlinelibrary.wiley.com/doi/full/10.1111/jac.12700
https://doi.org/10.1111/jac.12700
https://www.sciencedirect.com/science/article/abs/pii/S0023643806001046?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0023643806001046?via%3Dihub
https://doi.org/10.1016/j.lwt.2006.03.023
https://doi.org/10.1016/j.lwt.2006.03.023
https://www.sciencedirect.com/science/article/abs/pii/S0168160515300799
https://www.sciencedirect.com/science/article/abs/pii/S0168160515300799
https://www.sciencedirect.com/science/article/abs/pii/S0168160515300799
https://www.sciencedirect.com/science/article/abs/pii/S0168160515300799
https://doi.org/10.1016/j.ijfoodmicro.2015.07.025
https://doi.org/10.1016/j.ijfoodmicro.2015.07.025
https://www.sciencedirect.com/science/article/abs/pii/S0733521016303812
https://www.sciencedirect.com/science/article/abs/pii/S0733521016303812
https://www.sciencedirect.com/science/article/abs/pii/S0733521016303812
https://doi.org/10.1016/j.jcs.2017.03.006
https://www.sciencedirect.com/science/article/abs/pii/S0023643815301146
https://www.sciencedirect.com/science/article/abs/pii/S0023643815301146
https://www.sciencedirect.com/science/article/abs/pii/S0023643815301146
https://doi.org/10.1016/j.lwt.2015.08.020
https://doi.org/10.1016/j.lwt.2015.08.020
https://www.tandfonline.com/doi/full/10.1080/10942910600745178
https://www.tandfonline.com/doi/full/10.1080/10942910600745178
https://www.tandfonline.com/doi/full/10.1080/10942910600745178
https://doi.org/10.1080/10942910600745178
https://www.sciencedirect.com/science/article/abs/pii/S0023643818304018
https://www.sciencedirect.com/science/article/abs/pii/S0023643818304018
https://www.sciencedirect.com/science/article/abs/pii/S0023643818304018
https://www.sciencedirect.com/science/article/abs/pii/S0023643818304018
https://doi.org/10.1016/j.lwt.2018.04.086
https://agrojournal.org/15/04-04-09.pdf
https://agrojournal.org/15/04-04-09.pdf
https://www.cerealsgrains.org/publications/cc/backissues/1988/Documents/CC1988a01.html
https://www.cerealsgrains.org/publications/cc/backissues/1988/Documents/CC1988a01.html
https://www.cerealsgrains.org/publications/cc/backissues/1988/Documents/CC1988a01.html
https://www.mdpi.com/2304-8158/10/2/205
https://www.mdpi.com/2304-8158/10/2/205
https://www.mdpi.com/2304-8158/10/2/205
https://www.mdpi.com/2304-8158/10/2/205
https://doi.org/10.3390/foods10020205
https://www.tandfonline.com/doi/abs/10.1080/10408398.2021.1969535
https://www.tandfonline.com/doi/abs/10.1080/10408398.2021.1969535
https://www.tandfonline.com/doi/abs/10.1080/10408398.2021.1969535
https://doi.org/10.1080/10408398.2021.1969535
https://doi.org/10.1080/10408398.2021.1969535
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201300238
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201300238
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201300238
https://doi.org/10.1002/star.201300238
https://doi.org/10.1002/star.201300238
https://www.scirp.org/html/6-2701086_42262.htm
https://www.scirp.org/html/6-2701086_42262.htm
https://doi.org/10.4236/FNS.2014.53035
https://doi.org/10.4236/FNS.2014.53035
https://www.sciencedirect.com/science/article/abs/pii/S1043452608004051
https://www.sciencedirect.com/science/article/abs/pii/S1043452608004051
https://doi.org/10.1016/S1043-4526(08)00405-1
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201400071
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201400071
https://doi.org/10.1002/star.201400071
https://doi.org/10.1002/star.201400071
https://www.sciencedirect.com/science/article/abs/pii/B9780857090607500061?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B9780857090607500061?via%3Dihub
https://www.mdpi.com/2304-8158/9/12/1749
https://www.mdpi.com/2304-8158/9/12/1749
https://www.mdpi.com/2304-8158/9/12/1749
https://doi.org/10.3390/foods9121749
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12064
https://ift.onlinelibrary.wiley.com/doi/abs/10.1111/1541-4337.12064
https://doi.org/10.1111/1541-4337.12064
https://link.springer.com/article/10.1007/s00217-002-0580-4
https://link.springer.com/article/10.1007/s00217-002-0580-4
https://link.springer.com/article/10.1007/s00217-002-0580-4
https://doi.org/10.1007/s00217-002-0580-4
https://www.sciencedirect.com/science/article/abs/pii/S0268005X19319605
https://www.sciencedirect.com/science/article/abs/pii/S0268005X19319605
https://doi.org/10.1016/j.foodhyd.2020.105879
https://doi.org/10.1016/j.foodhyd.2020.105879
https://pubs.acs.org/doi/full/10.1021/acsfoodscitech.1c00158
https://pubs.acs.org/doi/full/10.1021/acsfoodscitech.1c00158
https://pubs.acs.org/doi/full/10.1021/acsfoodscitech.1c00158
https://doi.org/10.1021/acsfoodscitech.1c00158
https://doi.org/10.1021/acsfoodscitech.1c00158
https://www.sciencedirect.com/science/article/abs/pii/S0308814621016927
https://www.sciencedirect.com/science/article/abs/pii/S0308814621016927
https://www.sciencedirect.com/science/article/abs/pii/S0308814621016927
https://doi.org/10.1016/j.foodchem.2021.130686
https://doi.org/10.1016/j.foodchem.2021.130686
https://pubmed.ncbi.nlm.nih.gov/32116365/
https://pubmed.ncbi.nlm.nih.gov/32116365/
https://doi.org/10.1007/s13197-019-04087-9
https://doi.org/10.1007/s13197-019-04087-9
https://www.degruyter.com/document/doi/10.1515/ijfe-2019-0100/html
https://www.degruyter.com/document/doi/10.1515/ijfe-2019-0100/html
https://doi.org/10.1515/ijfe-2019-0100
https://www.scielo.br/j/cta/a/zYX4wMXzMz6WZRm6N9gdbnH/?lang=en
https://www.scielo.br/j/cta/a/zYX4wMXzMz6WZRm6N9gdbnH/?lang=en
https://www.scielo.br/j/cta/a/zYX4wMXzMz6WZRm6N9gdbnH/?lang=en
https://www.jstage.jst.go.jp/article/fstr/7/2/7_2_120/_article/-char/ja/
https://www.jstage.jst.go.jp/article/fstr/7/2/7_2_120/_article/-char/ja/
https://www.jstage.jst.go.jp/article/fstr/7/2/7_2_120/_article/-char/ja/
https://www.jstage.jst.go.jp/article/fstr/7/2/7_2_120/_article/-char/ja/
https://doi.org/10.3136/fstr.7.120
https://journals.tubitak.gov.tr/agriculture/vol47/iss4/7/
https://journals.tubitak.gov.tr/agriculture/vol47/iss4/7/
https://journals.tubitak.gov.tr/agriculture/vol47/iss4/7/
https://doi.org/10.55730/1300-011X.3104
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.19970490204
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.19970490204
https://doi.org/10.1002/star.19970490204
https://onlinelibrary.wiley.com/doi/abs/10.1094/CCHEM.2003.80.6.654
https://onlinelibrary.wiley.com/doi/abs/10.1094/CCHEM.2003.80.6.654
https://onlinelibrary.wiley.com/doi/abs/10.1094/CCHEM.2003.80.6.654
https://doi.org/10.1094/CCHEM.2003.80.6.654
https://doi.org/10.1094/CCHEM.2003.80.6.654
https://www.sciencedirect.com/science/article/abs/pii/S0023643805000654
https://www.sciencedirect.com/science/article/abs/pii/S0023643805000654
https://www.sciencedirect.com/science/article/abs/pii/S0023643805000654
https://doi.org/10.1016/j.lwt.2005.03.013
https://doi.org/10.1016/j.lwt.2005.03.013
https://www.sciencedirect.com/science/article/abs/pii/S0268005X11000828
https://www.sciencedirect.com/science/article/abs/pii/S0268005X11000828
https://www.sciencedirect.com/science/article/abs/pii/S0268005X11000828
https://doi.org/10.1016/j.foodhyd.2011.03.004
https://doi.org/10.1016/j.foodhyd.2011.03.004
https://www.taylorfrancis.com/chapters/edit/10.1201/9781351070348-1/mechanism-staling-overview-schiraldi-alberto-fessas-dimitrios
https://www.taylorfrancis.com/chapters/edit/10.1201/9781351070348-1/mechanism-staling-overview-schiraldi-alberto-fessas-dimitrios
https://www.sciencedirect.com/science/article/pii/S002364381400262X
https://www.sciencedirect.com/science/article/pii/S002364381400262X
https://www.sciencedirect.com/science/article/pii/S002364381400262X
https://doi.org/10.1016/j.lwt.2014.04.057
https://doi.org/10.1016/j.lwt.2014.04.057
https://pubmed.ncbi.nlm.nih.gov/33730663/
https://pubmed.ncbi.nlm.nih.gov/33730663/
https://pubmed.ncbi.nlm.nih.gov/33730663/
https://pubmed.ncbi.nlm.nih.gov/33730663/
https://doi.org/10.1016/j.foodchem.2021.129478
https://doi.org/10.1016/j.foodchem.2021.129478
https://www.sciencedirect.com/science/article/pii/S0023643824002871
https://www.sciencedirect.com/science/article/pii/S0023643824002871
https://www.sciencedirect.com/science/article/pii/S0023643824002871
https://doi.org/10.1016/j.lwt.2024.116008
https://doi.org/10.1016/j.lwt.2024.116008


Journal of Food Chemistry & Nanotechnology  |   Volume 10 Issue 2, 2024 92

Bread Staling Measurement Techniques: A Review Mohammadi-Moghaddam et al.

52.	 Zhang M, Xiao S, Gong A, Liu X, Wu Y, et al. 2022. Effect of lacto-
sucrose on the evaluation of visual appearance, texture, water mobility, 
microstructure and inhibition of staling in wheat bread. Int J Food Sci 
Technol 57(6): 3862-3871. https://doi.org/10.1111/ijfs.15716 

53.	 Filipčev B, Pojić M, Šimurina O, Mišan A, Mandić A. 2021. Psyllium 
as an improver in gluten-free breads: effect on volume, crumb texture, 
moisture binding and staling kinetics. LWT 151: 112156. https://doi.
org/10.1016/j.lwt.2021.112156 

54.	 Ju Q, Li Y, Sun H, Chen J, Yuan Y, et al. 2020. Effect of potato flour on 
quality and staling properties of wheat–potato flour bread. Food Sci Nutr 
8(10): 5474-5482. https://doi.org/10.1002/fsn3.1829 

55.	 Abd-El-Khalek MH, Amer TA, Ibrahim MS. 2019. Determination 
of the staling rate of Egyptian Balady bread by using texture profile 
analysis (TPA): a new method. Arab Univ J Agric Sci 27(5): 2527-2538. 
https://doi.org/10.21608/ajs.2019.17017.1087 

56.	 Ribotta PD, Cuffini S, León AE, Añón MC. 2004. The staling of bread: 
an X-ray diffraction study. Eur Food Res Technol 218: 219-223. https://
doi.org/10.1007/s00217-003-0835-8

57.	 Alfaris NA, Gupta AK, Khan D, Khan M, Wabaidur SM, et al. 2022. 
Impacts of wheat bran on the structure of the gluten network as studied 
through the production of dough and factors affecting gluten network. 
Food Sci Technol 42: e37021. https://doi.org/10.1590/fst.37021 

58.	 Marinopoulou A, Papadakis D, Petridis D, Papageorgiou M. 2011. 
Monitoring staling of packaged sliced pan breads: physicochemical 
properties, sensory evaluation, and consumer preference. J Culinary Sci 
Technol 18(5): 396-412. https://doi.org/10.1080/15428052.2019.1640
158 

59.	 Kou X, Luo D, Zhang K, Xu W, Li X, et al. 2019. Textural and stal-
ing characteristics of steamed bread prepared from soft flour added 
with inulin. Food Chem 301: 125272. https://doi.org/10.1016/j.food-
chem.2019.125272 

60.	 Curti E, Carini E, Cobo MF, Bocher T, Vittadini E. 2017. The use 
of two-dimensional NMR relaxometry in bread staling: a valuable 
tool?. Food Chem 237: 766-772. https://doi.org/10.1016/j.food-
chem.2017.05.143 

61.	 Choi YJ, Kim BY, Baik MY. 2010. Analytical methodology for 
bread staling. J Korean Soc Appl Biol Chem 53: 389-400. https://doi.
org/10.3839/jksabc.2010.061 

62.	 Nawaz H, Waheed R, Nawaz M, Shahwar D. 2020. Physical and 
Chemical Modifications in Starch Structure and Reactivity. In Chemi-
cal Properties of Starch. IntechOpen, pp 13-35. 

63.	 He HJ, Wang Y, Wang Y, Liu H, Zhang M, et al. 2023. Simultaneous 
quantifying and visualizing moisture, ash and protein distribution in 
sweet potato [Ipomoea batatas (L.) Lam] by NIR hyperspectral imaging. 
Food Chem 18: 100631. https://doi.org/10.1016/j.fochx.2023.100631 

64.	 Correa MJ, Arp CG, Ferrero C. 2021. Hydrocolloids in Wheat Bread-
making: Traditional and Novel Uses. In Trends in Wheat and Bread 
Making. Academic Press, pp 227-254. 

65.	 Curti E, Bubici S, Carini E, Baroni S, Vittadini E. 2011. Water mo-
lecular dynamics during bread staling by nuclear magnetic resonance. 
LWT Food Sci Technol 44(4): 854-859. https://doi.org/10.1016/j.
lwt.2010.11.021 

66.	 Pourfarzad A, Habibi‐Najafi MB. 2012. Optimization of a liquid im-
prover for barbari bread: staling kinetics and relationship of texture with 
dough rheology and image characteristics. J Texture Stud 43(6): 484-
493. https://doi.org/10.1111/j.1745-4603.2012.00362.x 

67.	 Sheikholeslami Z, Karimi M, Yosefzadeh Sani S. 2019. Physicochemi-
cal, textural and sensory analysis of bread made from bakery premixe. J 
Food Bioprocess Eng 2(1): 35-40.  

68.	 Santos FG, Aguiar EV, Braga AR, Alencar NM, Rosell CM, et al. 
2021. An integrated instrumental and sensory approach to describe the 
effects of chickpea flour, psyllium, and their combination at reducing 
gluten-free bread staling. Food Packag Shelf Life 28: 100659. https://doi.
org/10.1016/j.fpsl.2021.100659 

69.	 Baik MY, Chinachoti P. 2000. Moisture redistribution and phase tran-
sitions during bread staling. Cereal Chem 77(4): 484-488. https://doi.
org/10.1094/CCHEM.2000.77.4.484 

70.	 Primo-Martin C, Van de Pijpekamp A, Van Vliet T, De Jongh HH, 
Plijter JJ, et al. 2006. The role of the gluten network in the crispness 
of bread crust. J Cereal Sci 43(3): 342-352. https://doi.org/10.1016/j.
jcs.2005.12.007 

71.	 Verbauwhede AE, Lambrecht MA, Jekle M, Lucas I, Fierens E, et al. 
2020. Microscopic investigation of the formation of a thermoset wheat 
gluten network in a model system relevant for bread making. Int J Food 
Sci Technol 55(2): 891-898. https://doi.org/10.1111/ijfs.14359

72.	 Yu L, Guo L, Liu Y, Ma Y, Zhu J, et al. 2021. Novel parameters charac-
terizing size distribution of A and B starch granules in the gluten net-
work: effects on dough stability in bread wheat. Carbohydr Polym 257: 
117623. https://doi.org/10.1016/j.carbpol.2021.117623 

73.	 Sidhu JS, Al-Saqer J, Al-Zenki S. 1997. Comparison of methods for the 
assessment of the extent of staling in bread. Food Chem 58(1-2): 161-
167. https://doi.org/10.1016/S0308-8146(96)00196-3 

74.	 Ahlborn GJ, Pike OA, Hendrix SB, Hess WM, Huber CS. 2005. Sen-
sory, mechanical, and microscopic evaluation of staling in low‐pro-
tein and gluten‐free breads. Cereal Chem 82(3): 328-335. https://doi.
org/10.1094/CC-82-0328

75.	 House LA, Gao Z, Spreen TH, Gmitter FG, Valim MF, et al 2011. 
Consumer preference for mandarins: implications of a sensory analysis. 
Agribusiness 27(4): 450-464. https://doi.org/10.1002/agr.20275 

76.	 Byarugaba R, Nabubuya A, Muyonga J. 2020. Descriptive sensory anal-
ysis and consumer preferences of bean sauces. Food Sci Nutr 8(8): 4252-
4265. https://doi.org/10.1002/fsn3.1721 

77.	 Ruiz-Capillas C, Herrero AM. 2021. Sensory analysis and consumer 
research in new product development. Foods 10(3): 582. https://doi.
org/10.3390/foods10030582 

78.	 Mohammadi-Moghaddam T, Firoozzare A. 2021. Investigating the ef-
fect of sensory properties of black plum peel marmalade on consumers 
acceptance by discriminant analysis. Food Chem 11: 100126. https://doi.
org/10.1016/j.fochx.2021.100126 

79.	 Mohammadi-Moghaddam T, Firoozzare A, Helalian S. 2021. The effect 
of different spices on the moisture content, texture characterizations 
and consumer preferences of roasted sunflower seeds. Food Chem 12: 
100130. https://doi.org/10.1016/j.fochx.2021.100130 

80.	 Mohammadi Moghaddam T, Razavi SM, Taghizadeh M, Sazgarnia A. 
2016. Sensory and instrumental texture assessment of roasted pistachio 
nut/kernel by partial least square (PLS) regression analysis: effect of 
roasting conditions. J Food Sci  Technol 53: 370-380. https://doi.org/10.
1007%2Fs13197-015-2054-2 

81.	 Mohammadi-Moghaddam T, Firoozzare A, Daryadar S, Rahmani Z. 
2020. Black plum peel jam: physicochemical properties, sensory at-
tributes, and antioxidant capacity. Int J Food Prop 23(1): 1737-1747. 
https://doi.org/10.1080/10942912.2020.1830798 

82.	 Li P, Wu G, Yang D, Zhang H, Qi X, et al. 2020. Applying sensory and 
instrumental techniques to evaluate the texture of French fries from fast 
food restaurant. J Texture Stud 51(3): 521-531. https://doi.org/10.1111/
jtxs.12506 

83.	 Mohammadi-Moghaddam T, Firoozzare A, Parak Z, Nia M. 2020. 
Physicochemical properties, sensory attributes, and antioxidant activity 
of black plum peel sharbat as affected by pectin and puree concentra-
tions. Int J Food Prop 23(1): 665-676. https://doi.org/10.1080/109429
12.2020.1754235 

84.	 Cauvain S. 2004. Improving the Texture of Bread. In Texture in Food. 
Woodhead Publishing, pp 432-450.

85.	 Le-Bail A, Agrane S, Queveau D. 2012. Impact of the baking duration 
on bread staling kinetics. Food Bioprocess Tech 5: 2323-2330. https://doi.
org/10.1007/s11947-011-0634-3

86.	 Angioloni A, Collar C. 2009. Gel, dough and fibre enriched fresh 
breads: relationships between quality features and staling kinetics. J Food 
Eng 91(4): 526-532. https://doi.org/10.1016/j.jfoodeng.2008.09.033 

https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.15716
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.15716
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.15716
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.15716
https://doi.org/10.1111/ijfs.15716
https://www.sciencedirect.com/science/article/abs/pii/S0023643821013098
https://www.sciencedirect.com/science/article/abs/pii/S0023643821013098
https://www.sciencedirect.com/science/article/abs/pii/S0023643821013098
https://doi.org/10.1016/j.lwt.2021.112156
https://doi.org/10.1016/j.lwt.2021.112156
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3.1829
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3.1829
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3.1829
https://doi.org/10.1002/fsn3.1829
https://journals.ekb.eg/article_83206.html
https://journals.ekb.eg/article_83206.html
https://journals.ekb.eg/article_83206.html
https://doi.org/10.21608/ajs.2019.17017.1087
https://link.springer.com/article/10.1007/s00217-003-0835-8
https://link.springer.com/article/10.1007/s00217-003-0835-8
https://doi.org/10.1007/s00217-003-0835-8
https://doi.org/10.1007/s00217-003-0835-8
https://www.scielo.br/j/cta/a/c5r9JdnzSbjF3V39sKspjVc/?lang=en
https://www.scielo.br/j/cta/a/c5r9JdnzSbjF3V39sKspjVc/?lang=en
https://www.scielo.br/j/cta/a/c5r9JdnzSbjF3V39sKspjVc/?lang=en
https://www.scielo.br/j/cta/a/c5r9JdnzSbjF3V39sKspjVc/?lang=en
https://doi.org/10.1590/fst.37021
https://www.tandfonline.com/doi/abs/10.1080/15428052.2019.1640158
https://www.tandfonline.com/doi/abs/10.1080/15428052.2019.1640158
https://www.tandfonline.com/doi/abs/10.1080/15428052.2019.1640158
https://www.tandfonline.com/doi/abs/10.1080/15428052.2019.1640158
https://doi.org/10.1080/15428052.2019.1640158
https://doi.org/10.1080/15428052.2019.1640158
https://www.sciencedirect.com/science/article/abs/pii/S0308814619313822
https://www.sciencedirect.com/science/article/abs/pii/S0308814619313822
https://www.sciencedirect.com/science/article/abs/pii/S0308814619313822
https://doi.org/10.1016/j.foodchem.2019.125272
https://doi.org/10.1016/j.foodchem.2019.125272
https://www.sciencedirect.com/science/article/abs/pii/S0308814617309548
https://www.sciencedirect.com/science/article/abs/pii/S0308814617309548
https://www.sciencedirect.com/science/article/abs/pii/S0308814617309548
https://doi.org/10.1016/j.foodchem.2017.05.143
https://doi.org/10.1016/j.foodchem.2017.05.143
https://link.springer.com/article/10.3839/jksabc.2010.061
https://link.springer.com/article/10.3839/jksabc.2010.061
https://doi.org/10.3839/jksabc.2010.061
https://doi.org/10.3839/jksabc.2010.061
https://www.intechopen.com/chapters/68720
https://www.intechopen.com/chapters/68720
https://www.intechopen.com/chapters/68720
https://www.sciencedirect.com/science/article/pii/S2590157523000731
https://www.sciencedirect.com/science/article/pii/S2590157523000731
https://www.sciencedirect.com/science/article/pii/S2590157523000731
https://www.sciencedirect.com/science/article/pii/S2590157523000731
https://doi.org/10.1016/j.fochx.2023.100631
https://www.sciencedirect.com/science/article/abs/pii/B9780128210482000088?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B9780128210482000088?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B9780128210482000088?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S0023643810003981
https://www.sciencedirect.com/science/article/pii/S0023643810003981
https://www.sciencedirect.com/science/article/pii/S0023643810003981
https://doi.org/10.1016/j.lwt.2010.11.021
https://doi.org/10.1016/j.lwt.2010.11.021
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1745-4603.2012.00362.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1745-4603.2012.00362.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1745-4603.2012.00362.x
https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1745-4603.2012.00362.x
https://doi.org/10.1111/j.1745-4603.2012.00362.x
https://jfabe.ut.ac.ir/article_73076.html
https://jfabe.ut.ac.ir/article_73076.html
https://jfabe.ut.ac.ir/article_73076.html
https://www.sciencedirect.com/science/article/abs/pii/S2214289421000272
https://www.sciencedirect.com/science/article/abs/pii/S2214289421000272
https://www.sciencedirect.com/science/article/abs/pii/S2214289421000272
https://www.sciencedirect.com/science/article/abs/pii/S2214289421000272
https://doi.org/10.1016/j.fpsl.2021.100659
https://doi.org/10.1016/j.fpsl.2021.100659
https://onlinelibrary.wiley.com/doi/abs/10.1094/CCHEM.2000.77.4.484
https://onlinelibrary.wiley.com/doi/abs/10.1094/CCHEM.2000.77.4.484
https://doi.org/10.1094/CCHEM.2000.77.4.484
https://doi.org/10.1094/CCHEM.2000.77.4.484
https://www.sciencedirect.com/science/article/abs/pii/S0733521006000063
https://www.sciencedirect.com/science/article/abs/pii/S0733521006000063
https://www.sciencedirect.com/science/article/abs/pii/S0733521006000063
https://doi.org/10.1016/j.jcs.2005.12.007
https://doi.org/10.1016/j.jcs.2005.12.007
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.14359
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.14359
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.14359
https://ifst.onlinelibrary.wiley.com/doi/abs/10.1111/ijfs.14359
https://doi.org/10.1111/ijfs.14359
https://www.sciencedirect.com/science/article/abs/pii/S0144861721000114
https://www.sciencedirect.com/science/article/abs/pii/S0144861721000114
https://www.sciencedirect.com/science/article/abs/pii/S0144861721000114
https://www.sciencedirect.com/science/article/abs/pii/S0144861721000114
https://doi.org/10.1016/j.carbpol.2021.117623
https://www.sciencedirect.com/science/article/abs/pii/S0308814696001963
https://www.sciencedirect.com/science/article/abs/pii/S0308814696001963
https://www.sciencedirect.com/science/article/abs/pii/S0308814696001963
https://doi.org/10.1016/S0308-8146(96)00196-3
https://onlinelibrary.wiley.com/doi/abs/10.1094/CC-82-0328
https://onlinelibrary.wiley.com/doi/abs/10.1094/CC-82-0328
https://onlinelibrary.wiley.com/doi/abs/10.1094/CC-82-0328
https://doi.org/10.1094/CC-82-0328
https://doi.org/10.1094/CC-82-0328
https://onlinelibrary.wiley.com/doi/abs/10.1002/agr.20275
https://onlinelibrary.wiley.com/doi/abs/10.1002/agr.20275
https://onlinelibrary.wiley.com/doi/abs/10.1002/agr.20275
https://doi.org/10.1002/agr.20275
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3.1721
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3.1721
https://onlinelibrary.wiley.com/doi/full/10.1002/fsn3.1721
https://doi.org/10.1002/fsn3.1721
https://www.mdpi.com/2304-8158/10/3/582
https://www.mdpi.com/2304-8158/10/3/582
https://doi.org/10.3390/foods10030582
https://doi.org/10.3390/foods10030582
https://www.sciencedirect.com/science/article/pii/S2590157521000146
https://www.sciencedirect.com/science/article/pii/S2590157521000146
https://www.sciencedirect.com/science/article/pii/S2590157521000146
https://doi.org/10.1016/j.fochx.2021.100126
https://doi.org/10.1016/j.fochx.2021.100126
https://www.sciencedirect.com/science/article/pii/S2590157521000183
https://www.sciencedirect.com/science/article/pii/S2590157521000183
https://www.sciencedirect.com/science/article/pii/S2590157521000183
https://www.sciencedirect.com/science/article/pii/S2590157521000183
https://doi.org/10.1016/j.fochx.2021.100130
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4711475/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4711475/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4711475/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4711475/
https://doi.org/10.1007%2Fs13197-015-2054-2
https://doi.org/10.1007%2Fs13197-015-2054-2
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1830798
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1830798
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1830798
https://doi.org/10.1080/10942912.2020.1830798
https://onlinelibrary.wiley.com/doi/abs/10.1111/jtxs.12506
https://onlinelibrary.wiley.com/doi/abs/10.1111/jtxs.12506
https://onlinelibrary.wiley.com/doi/abs/10.1111/jtxs.12506
https://doi.org/10.1111/jtxs.12506
https://doi.org/10.1111/jtxs.12506
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1754235
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1754235
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1754235
https://www.tandfonline.com/doi/full/10.1080/10942912.2020.1754235
https://doi.org/10.1080/10942912.2020.1754235
https://doi.org/10.1080/10942912.2020.1754235
https://www.sciencedirect.com/science/article/abs/pii/B9781855737242500234?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/B9781855737242500234?via%3Dihub
https://link.springer.com/article/10.1007/s11947-011-0634-3
https://link.springer.com/article/10.1007/s11947-011-0634-3
https://doi.org/10.1007/s11947-011-0634-3
https://doi.org/10.1007/s11947-011-0634-3
https://www.sciencedirect.com/science/article/abs/pii/S0260877408004937
https://www.sciencedirect.com/science/article/abs/pii/S0260877408004937
https://www.sciencedirect.com/science/article/abs/pii/S0260877408004937
https://doi.org/10.1016/j.jfoodeng.2008.09.033


Journal of Food Chemistry & Nanotechnology  |   Volume 10 Issue 2, 2024 93

Bread Staling Measurement Techniques: A Review Mohammadi-Moghaddam et al.

87.	 Barros JH, Telis VR, Taboga S, Franco CM. 2018. Resistant starch: ef-
fect on rheology, quality, and staling rate of white wheat bread. J Food Sci 
Technol 55: 4578-4588. https://doi.org/10.1007/s13197-018-3393-6 

88.	 Aguirre JF, Osella CA, Carrara CR, Sánchez HD, Buera MD. 2011. 
Effect of storage temperature on starch retrogradation of bread staling. 
Starch 63(9): 587-593. https://doi.org/10.1002/star.201100023 

89.	 Coletta M, Gates FK, Marciani L, Shiwani H, Major G, et al. 2016. 
Effect of bread gluten content on gastrointestinal function: a crossover 
MRI study on healthy humans. Br J Nutr 115(1): 55-61. https://doi.
org/10.1017/s0007114515004183 

90.	 Chen Y. 2020. Effect of Crust Treatments and Crumb Modifications on 
Bread Quality and Bread Staling. Doctoral Dissertation, ETH Zurich. 

91.	 Ruan RR, Chen PL. 2000. Nuclear Magnetic Resonance Techniques. 
In Bread Staling. CRC Press, pp 125-140. 

92.	 Haghighat‐Kharazi S, Kasaai MR, Milani JM, Khajeh K. 2020. An-
tistaling properties of encapsulated maltogenic amylase in gluten‐
free bread. Food Sci Nutr 8(11): 5888-5897. https://doi.org/10.1002/
fsn3.1865 

93.	 Xie Q, Liu X, Xiao S, Pan W, Wu Y, et al. 2022. Effect of mulberry leaf 
polysaccharides on the baking and staling properties of frozen dough 
bread. J Sci Food Agric 102(13): 6071-6079. https://doi.org/10.1002/
jsfa.11959 

94.	 Zennoune A, Latil P, Ndoye FT, Flin F, Perrin J, et al. 2021. 3D Char-
acterization of sponge cake as affected by freezing conditions using 
synchrotron X-ray microtomography at negative temperature. Foods 
10(12): 2915. https://doi.org/10.3390/foods10122915 

95.	 Armenta-Aispuro PG, Rouzaud-Sández O, López-Franco YL, Liz-
ardi-Mendoza J, Cárdenas-López JL, et al. 2024. Freezing of Baked 
Goods and Prepared Foods. In Low-Temperature Processing of Food 
Products. Woodhead Publishing, pp 259-288. 

96.	 Castanha N, Challois S, Grenier D, Le-Bail P, Dubreil L, et al. 2023. 
Multiphoton microscopy is a nondestructive label-free approach to in-
vestigate the 3D structure of gas cell walls in bread dough. Sci Rep 13(1): 
13971. https://doi.org/10.1038/s41598-023-39797-w 

97.	 Garske RP, Mercali GD, Thys RC, Cladera-Olivera F. 2023. Cassava 
starch and chickpea flour pre-treated by microwave as a substitute for 
gluten-free bread additives. J Food Sci Technol 60(1): 53-63. https://doi.
org/10.1007/s13197-022-05586-y 

98.	 Piloni RV, Bordón MG, Barrera GN, Martínez ML, Ribotta PD. 2022. 
Porous microparticles of corn starch as bio-carriers for chia oil. Foods 
11(24): 4022. https://doi.org/10.3390/foods11244022 

99.	 Wang Y, Tacer-Caba Z, Immonen M, Kemell M, Varis JJ, et al. 2022. 
Understanding the influence of in situ produced dextran on wheat 
dough baking performance: Maturograph, biaxial extension, and dy-
namic mechanical thermal analysis. Food Hydrocoll 131: 107844. https://
doi.org/10.1016/j.foodhyd.2022.107844 

100.	Bonifazi G, Capobianco G, Gasbarrone R, Serranti S. 2021. Contam-
inant detection in pistachio nuts by different classification methods 
applied to short-wave infrared hyperspectral images. Food Control 130: 
108202. https://doi.org/10.1016/j.foodcont.2021.108202 

101.	Meng Y, Yuan W, Aktilek EU, Zhong Z, Wang Y, et al. 2023. Fine 
hyperspectral classification of rice varieties based on self-atten-
tion mechanism. Ecol Inform 75: 102035. https://doi.org/10.1016/j.
ecoinf.2023.102035

https://link.springer.com/article/10.1007/s13197-018-3393-6
https://link.springer.com/article/10.1007/s13197-018-3393-6
https://link.springer.com/article/10.1007/s13197-018-3393-6
https://doi.org/10.1007/s13197-018-3393-6
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201100023
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201100023
https://onlinelibrary.wiley.com/doi/abs/10.1002/star.201100023
https://doi.org/10.1002/star.201100023
https://pubmed.ncbi.nlm.nih.gov/26522233/
https://pubmed.ncbi.nlm.nih.gov/26522233/
https://pubmed.ncbi.nlm.nih.gov/26522233/
https://doi.org/10.1017/s0007114515004183
https://doi.org/10.1017/s0007114515004183
https://www.research-collection.ethz.ch/handle/20.500.11850/473104
https://www.research-collection.ethz.ch/handle/20.500.11850/473104
https://www.taylorfrancis.com/chapters/edit/10.1201/9781420036671-10/nuclear-magnetic-resonance-techniques-roger-ruan-paul-chen
https://www.taylorfrancis.com/chapters/edit/10.1201/9781420036671-10/nuclear-magnetic-resonance-techniques-roger-ruan-paul-chen
https://pubmed.ncbi.nlm.nih.gov/33282240/
https://pubmed.ncbi.nlm.nih.gov/33282240/
https://pubmed.ncbi.nlm.nih.gov/33282240/
https://doi.org/10.1002/fsn3.1865
https://doi.org/10.1002/fsn3.1865
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.11959
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.11959
https://onlinelibrary.wiley.com/doi/abs/10.1002/jsfa.11959
https://doi.org/10.1002/jsfa.11959
https://doi.org/10.1002/jsfa.11959
https://www.mdpi.com/2304-8158/10/12/2915
https://www.mdpi.com/2304-8158/10/12/2915
https://www.mdpi.com/2304-8158/10/12/2915
https://www.mdpi.com/2304-8158/10/12/2915
https://doi.org/10.3390/foods10122915
https://www.sciencedirect.com/science/article/abs/pii/B9780128187333000035
https://www.sciencedirect.com/science/article/abs/pii/B9780128187333000035
https://www.sciencedirect.com/science/article/abs/pii/B9780128187333000035
https://www.sciencedirect.com/science/article/abs/pii/B9780128187333000035
https://www.nature.com/articles/s41598-023-39797-w
https://www.nature.com/articles/s41598-023-39797-w
https://www.nature.com/articles/s41598-023-39797-w
https://www.nature.com/articles/s41598-023-39797-w
https://doi.org/10.1038/s41598-023-39797-w
https://link.springer.com/article/10.1007/s13197-022-05586-y
https://link.springer.com/article/10.1007/s13197-022-05586-y
https://link.springer.com/article/10.1007/s13197-022-05586-y
https://doi.org/10.1007/s13197-022-05586-y
https://doi.org/10.1007/s13197-022-05586-y
https://www.mdpi.com/2304-8158/11/24/4022
https://www.mdpi.com/2304-8158/11/24/4022
https://www.mdpi.com/2304-8158/11/24/4022
https://doi.org/10.3390/foods11244022
https://www.sciencedirect.com/science/article/pii/S0268005X22003642
https://www.sciencedirect.com/science/article/pii/S0268005X22003642
https://www.sciencedirect.com/science/article/pii/S0268005X22003642
https://www.sciencedirect.com/science/article/pii/S0268005X22003642
https://doi.org/10.1016/j.foodhyd.2022.107844
https://doi.org/10.1016/j.foodhyd.2022.107844
https://www.sciencedirect.com/science/article/abs/pii/S0956713521003406
https://www.sciencedirect.com/science/article/abs/pii/S0956713521003406
https://www.sciencedirect.com/science/article/abs/pii/S0956713521003406
https://www.sciencedirect.com/science/article/abs/pii/S0956713521003406
https://doi.org/10.1016/j.foodcont.2021.108202
https://www.sciencedirect.com/science/article/abs/pii/S157495412300064X
https://www.sciencedirect.com/science/article/abs/pii/S157495412300064X
https://www.sciencedirect.com/science/article/abs/pii/S157495412300064X
https://doi.org/10.1016/j.ecoinf.2023.102035
https://doi.org/10.1016/j.ecoinf.2023.102035

	Abstract
	Keywords
	Introduction
	Bread starch 
	Physico-chemical properties
	Gelatinization
	Retrogradation

	Bread staling
	Bread staling steps

	Staling measurement
	Chemical methods
	Sedimentation evaluation method  
	Soluble starch measurement
	Bread swelling measurement
	Moisture content measurement

	Macroscopic methods
	Sensory methods
	Consumer preferences
	Product preferences 


	Rheological methods
	Molecular based methods
	NMR 
	MRI

	Microscopic methods
	SEM
	Optical and polarized microscopic method

	Structural features measurement
	Differential scanning calorimetry (DSC) 
	Dynamic mechanical analysis (DMA)

	Image processing method


	Conclusion
	Acknowledgements
	Conflict of Interest
	References
	Figure 1
	Figure 2
	Table 1
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Figure 8

