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With the rapid growth of the global population and the increasing demand for healthier diets, improving 
the nutrient utilization efficiency of staple food crops has become a critical scientific and industrial chal-
lenge, prompting innovation in food processing technologies. This review introduces first the common 
nutritional challenges in the processing of staple food crops, followed by the comprehensive examination 
of research aiming to enhance the nutritional quality of staple food crop-based foods through innovative 
processing technologies, including microwave (MW), pulsed electric field (PEF), ultrasound, modern fer-
mentation technology, and enzyme technology. Additionally, soybean processing is used as an example 
to underscore the importance of integrating innovative processing technologies for optimizing nutrient 
utilization in staple food crops. Although these innovative processing technologies have demonstrated 
a significant potential to improve nutrient utilization efficiency and enhance the overall nutritional pro-
file of staple food crop-based food products, their current limitations must be acknowledged and 
addressed in future research. Fortunately, advancements in science and technology will facilitate pro-
gress in food processing, enabling both the improvement of existing techniques as well as the develop-
ment of entirely novel methodologies. This work aims to enhance the understanding of food practitioners 
on the way processing technologies may optimize nutrient utilization, thereby fostering innovation in 
food processing research and synergistic multi-technological strategies, ultimately providing valuable 
references to address global food security challenges. 

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction 

Grains, legumes, and tubers are fundamental staple food 
crops that form the core of the human diet, providing essential 
macronutrients such as carbohydrates, fats, and proteins, thereby 
directly contributing to human health and well-being [1]. 
Throughout history, societies have consistently advanced food 
processing technologies to maximize the nutritional benefits 
and healthiness of staple food crops [2]. Unfortunately, conven-
tional food processing methods often result in substantial nutri-
ent losses, low utilization efficiency, the generation of potentially 
harmful substances, and suboptimal sensory properties in the 
final staple food crop-based products [3]. This has created a 
growing need for innovative food processing technologies to 
overcome these limitations and meet the evolving consumer 
preferences [4–6]. 

Innovative processing technologies can be broadly categorized 
into three types: physical, chemical, and bioprocessing [3,7,8].
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Physical methods, such as high-pressure, ultrasound, and pulsed 
electric field (PEF) processing, use non-thermal energies to extract 
bioactive compounds, improve nutrient bioavailability, and modu-
late texture without harmful chemicals, resulting in safer, cleaner 
and greener offerings [4–6]. Chemical processing employs food-
grade reagents, antioxidants, and antimicrobials to boost the func-
tionality, digestibility, and safety of staple food crop-based prod-
ucts, meeting consumer demands for nutritious and safe options 
[9,10]. Bioprocessing leverages microorganisms and enzymes to 
enhance flavor, texture, and nutritional profiles, aligning with the 
growing preferences of consumers for lightly or unprocessed, nat-
ural, and sustainable foods [11,12]. The judicious integration and 
implementation of these diverse processing technologies enable 
the development of staple food crop-based products with 
enhanced nutritional value, improved quality characteristics, and 
greater consumer appeal, ultimately contributing to better health 
outcomes and environmental sustainability [13]. 

From the perspective of food processing, improving nutrient 
utilization, reducing losses, and increasing functional benefits are 
effective strategies for addressing the global food crisis and meet-
ing human health needs [14]. However, the successful implemen-
tation of these strategies depends on innovations in food 
processing technology [2]. Therefore, it is essential to systemati-
cally analyze the limitations of traditional processing technologies 
regarding nutrient utilization in staple food crops and further 
understand the principles of innovative processing technologies 
to promote the efficient utilization and improvement of their 
nutritional value. As shown in Fig. 1 [15,16], this work will first 
analyze the common nutritional problems encountered with the 
processing of various staple food crops including grains, legumes, 
and tubers. Subsequently, innovative food processing technologies 
with the potential to significantly address these problems—such as 
non-thermal processing, natural deep eutectic solvents (NADESs), 
fermentation, and enzyme processing—will be reviewed, outlining 
their development status and current limitations. Finally, future 
directions for food processing technology, based on the latest sci-
entific and technological progress as well as the current needs of 
the food industry, will be discussed. 

2. Main nutritional challenges in staple food crop processing 

Nutritional challenges posed by consumers’ consumption of 
grains, legumes, and tubers arise from nutrient imbalances and 
antinutritional factors [17]. For instance, grain husks contain ben-
eficial nutrients like vitamins and minerals alongside antinutri-
tional factors such as phytic acid. Mechanical processing, like 
grinding and refining, often removes husks, resulting in refined 
grains that provide energy but lack a comprehensive nutritional 
value, potentially contributing to dietary imbalances and chronic 
diseases [18]. In contrast, whole grain consumption is consistently 
linked to health benefits, with many countries’ dietary guidelines 
advocating their increased consumption [18–20]. However, 
improving the texture, sensory quality, and functional characteris-
tics of whole-grain products remains a challenge [21]. 

While using whole grains reduces nutrient losses, the presence 
of antinutritional factors is still a concern. Legumes such as beans, 
lentils, and peas, contain lectins and protease inhibitors that can 
hinder digestion and nutrient absorption [22,23]. Lectins may 
damage the gut lining, while protease inhibitors reduce protein 
digestibility. Tubers, like potatoes, cassava, and yams, staples in 
many regions, are also not exempt of concerns; for instance, cas-
sava will produce cyanide if not properly processed [24]. Similarly, 
potatoes can accumulate glycoalkaloids, toxic compounds whose 
presence increases when exposed to light, posing health risks if 
consumed in large amounts. Consequently, research focuses on 
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developing sustainable technologies to reduce the presence of 
antinutritional factors while preserving the nutritional value of 
foods. 

Recent advancements in processing staple food crops have cen-
tered on two primary areas: whole grains and extracted staple food 
crop ingredients. For whole grains, the goal is to enhance their 
nutritional value, improve their sensory qualities, and address 
the challenges associated with their incorporation into food prod-
ucts. One major challenge is the less appealing texture and sensory 
profile of whole grains compared to their refined alternatives. Opti-
mized milling processes have been developed to retain more bran 
and germ, enhancing the texture of whole grain flour. Additionally, 
fermentation and enzymatic treatments have been employed to 
improve the taste, texture, and digestibility of whole grain prod-
ucts, making them more palatable. Research is also investigating 
the functional properties of whole grains, particularly their poten-
tial to reduce the risk of chronic diseases. Technological advance-
ments aim to retain and enhance these health benefits through 
minimal processing to preserve bioactive compounds such as diet-
ary fiber, polyphenols, and flavonoids. 

In addition to whole grains, recent advancements have explored 
the extraction and utilization of ingredients from staple food crops 
or their by-products, including starch, protein, dietary fiber, oil, 
and bioactive compounds [25–27]. These ingredients can be for-
mulated into value-added products, improving their nutritional 
profiles, as well as enhancing the sustainability of the food sector 
by reducing the amount of waste materials generated. For instance, 
starch can be processed to become indigestible by humans but 
available for targeted colonic fermentation that produces benefi-
cial short-chain fatty acids supporting immunity, intestinal health, 
and microbiota balance [28–30]. Plant oils extracted from crops 
such as rapeseed, soybeans, and peanuts have complex composi-
tions of fatty acids, vitamins, polyphenols, and other bioactive 
compounds enhancing their sensory qualities. Current efforts in 
oil processing focus on leveraging new technologies to enhance 
extraction efficiency, preserve or augment nutritional value, and 
improve flavor. However. the utilization of abundant proteins in 
staple food crop residues after starch or oil extraction can pose 
some challenges, as certain phytochemicals may diminish nutri-
tional value or lead to undesirable sensory properties [31]. Innova-
tive processing technologies to obtain high-quality proteins are 
attracting significant attention. Additionally, staple food crop-
derived dietary fibers and bioactive compounds are incorporated 
into foods to enhance gut health and develop functional products 
with specific health benefits. 

In conclusion, addressing the nutritional challenges of grains, 
legumes, and tubers is essential for improving dietary health and 
preventing chronic diseases. While whole grains offer significant 
benefits, their use in food products is often limited by their texture 
and antinutritional factors. Recent advancements in processing 
technologies aim to enhance the nutritional value and palatability 
of whole grains while facilitating the extraction of beneficial ingre-
dients from staple crops. These innovations create value-added 
products that reduce waste and improve nutrition, contributing 
to more sustainable food systems. The following sections will 
detail how these technologies effectively tackle these challenges. 

3. Efficient utilization of nutritional components through 
innovative food processing technologies 

3.1. Innovative physical processing technologies 

3.1.1. Dielectric heating technologies in staple food crop processing 
Dielectric heating raises the temperature of electrically 

insulating materials by exposing them to a high-frequency
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Fig. 1. Innovative food processing technologies promoting the full utilization of staple food crops’ nutrients and enhancing the nutrition provided by staple food crop-based 
foods. The innovative food processing technologies shown in the figure include ultrasound technology, cold plasma technology, natural deep eutectic solvents (NADESs) 
technology, enzyme technology, and fermentation technology. NADES part reproduced with permission under the Creative Commons Attribution (CC BY) license from Ref. 
[15]. Achieving full utilization of grains part reproduced with permission under the Creative Commons Attribution (CC BY) license from Ref. [16]. ZEN: zearalenone; SBG: 
spent barley grain; SBPF: spent barley protein and fiber; ROS: reactive oxygen species; RNS: reactive nitrogen species. The definition of all the abbreviations in the figure 
could be found in the cited references.
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electromagnetic field. Unlike conventional conduction-based 
methods, which rely on a temperature gradient, dielectric heating 
generates heat internally, minimizing temperature variations 
between external and internal layers—a common issue in conven-
tional thermal processes [32,33]. This technique employs two 
regions of the electromagnetic spectrum: radio frequency (RF), 
spanning from 10 kHz to 300 MHz, and microwave (MW), ranging 
from 300 MHz to 300 GHz. These high-frequency fields enable 
rapid heating of insulating materials.

Novel heating methods in food processing must ensure con-
sumer safety and acceptance while retaining nutritional integrity. 
Studies indicate that MW treatment outperforms conventional 
methods, enhancing food quality—such as structure, texture, and 
color— while retaining more nutrients, including vitamins and 
bioactive compounds [34–38]. Moreover, MW techniques boost 
production efficiency by reducing treatment time and energy con-
sumption [39–41]. The application of a 915 MHz industrial MW, 
noted for its superior penetration power compared to 2.45 GHz 
MW, has been tested for rice drying. This technology significantly 
shortens drying time compared to traditional heated-air dryers 
[35], achieving a 67% head rice yield in one-pass drying at an 
energy input of 450 kJ∙kg−1 and a bed thickness of 5 cm, outper-
forming conventional methods that yield only 58%. The potential 
gains for the global rice processing sector from this technology 
are tremendous, with data from Arkansas estimating additional 
revenue of 15 million USD just for that United States [42,43]. It also 
helps reduce energy costs, prevent rice breakage, minimize nutri-
tional degradation, and improve rice quality, making a break-
through in rice drying technologies [36,42,44]. Additionally, MW 
processing effectively reduces anti-nutritional factors, such as phy-
tic acid and trypsin inhibitors, in grains, thus enhancing food qual-
ity and safety. Beyond rice drying, MW processing also improves 
the extraction efficiency of essential oils with strong antioxidant 
properties and is widely used to recover valuable compounds from 
food processing waste [45,46]. 

In contrast, RF energy penetrates deeper into samples, making it 
suitable for processing large size and bulk materials. As technology 
progresses, RF heating is emerging as a potential non-chemical 
method for insect control in grains, possibly replacing chemical 
fumigation [47,48]. This approach can reduce grain losses during 
storage and transportation, ensuring more grains available for con-
sumption, thus enhancing overall grain utilization [49,50]. The dif-
ferences in dielectric properties between pest insects and grains 
allow for selective heating under RF conditions. The higher loss fac-
tor in insects, particularly those with higher moisture content, 
enables RF heating to reach lethal temperatures for insects while 
keeping grain temperatures relatively low [51]. This capability is 
advantageous for developing effective RF disinfestation treatments 
that control pests without compromising grain quality [52]. 

While MW and RF heating provide benefits like rapid heating, 
minimal nutritional losses, and high controllability, they still face 
challenges, particularly uneven heating. Factors, such as the size, 
shape, and dielectric property heterogeneity of raw material can 
lead to uneven electromagnetic wave distribution, affecting tem-
perature uniformity. Future research should integrate insights 
from food science, physics, and materials science to better under-
stand how polar components in food materials behave in electro-
magnetic fields, particularly their absorption and conversion of 
electromagnetic energy into heat, in order to meet the demand 
for comprehensive nutrition utilization in food processing. 

3.1.2. Electric field technologies in staple food crop processing 
Electric field technologies, including PEF and cold plasma, are 

novel non-thermal processing techniques gaining considerable 
attention for their advantages over conventional ones. Electric field 
energy is used to induce physical or chemical changes in grains at 
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the molecular level without requiring high temperatures, thus pre-
serving the nutritional value and quality of the food product. 

PEF, particularly promising for maintaining product quality and 
for its energy efficiency in food processing [53–55], features a sys-
tem that includes a high-voltage pulse power supply, treatment 
chamber, and control systems. Square wave and bipolar pulses 
are preferred for sustained intensity and cell membrane perme-
ability, respectively. PEF has been shown to modify starches by 
transforming them from crystalline to non-crystalline states, with 
intensified effects at higher field strengths due to the disruption of 
hydrogen bonds and double helices [53,56–59]. However, exces-
sive PEF can cause significant damage to starch granules, altering 
their morphology [60,61]. Additionally, PEF enhances the germina-
tion rate (10%) and seedling rate (28%) while decreasing the 
endogenous microflora and improving grain storage. Despite its 
potential, the use of PEF implies that foods are able to withstand 
high electric fields and requires significant equipment costs, neces-
sitating efforts to reduce power consumption and ensure consis-
tent field strength for commercial viability. 

Cold plasma technology offers a sustainable alternative by min-
imizing the need for chemical additives. It ionizes gases with elec-
tric fields to generate chemically active substances that interact 
with food components, thereby altering nutritional quality in 
grains like pearl millet, guar seed, horse gram, yam, and rice [62– 
67]. This method effectively utilizes available food raw materials, 
making various foods more digestible and compatible with human 
nutritional needs. In terms of starch utilization, plasma treatment 
enhances enzymatic accessibility and promotes digestion by etch-
ing surfaces and depolymerizing starch molecules in legume flours 
[68]. It also improves in vitro protein digestibility in legume flours 
by decreasing anti-nutritional components and altering protein 
conformation [66,67]. Notably, plasma treatment can mitigate 
excessive anti-nutritional factors like tannins, phytic acid, and 
saponins in legumes and grains and enhancing minerals absorption 
[62,66,69,70]. Additionally, it can modify total phenol and flavo-
noid content by either releasing bound phenols or degrading them 
[66,67,69,70]. Plasma treatment may also be used for nutrient for-
tification, elevating the content of rice in iron and ascorbic acid to 
862.93 and 1398.27 mg per 100 g, respectively, improving their 
bioavailability with the formation of acidic functional groups on 
the rice surface [63]. Additionally, it can remedy methionine defi-
ciencies in kidney and adzuki beans by 37.5% and 50%, respectively, 
while altering the amino acid composition of yam and rice flours 
[62,68,71]. Despite the promising enhancements in functional 
and nutritional properties through plasma treatment, further 
research is essential to clarify the impacts of reactive species and 
assess their long-term effects. 

3.1.3. Mechanical technologies in staple food crop processing 
Mechanical technologies like high pressure processing (HPP) 

and ultrasound have revolutionized food processing by offering 
efficient, non-thermal treatment options. These technologies uti-
lize extreme pressures or mechanical waves to alter the 
microstructure and physicochemical properties of food materials 
under relatively mild conditions [72]. HPP utilizes water or other 
fluids as a medium to distribute pressure uniformly across the food 
matrix, while ultrasound enhances mass transfer through acoustic 
cavitation caused by sound waves. Both technologies result in 
shorter processing times and lower temperature conditions, mak-
ing them advantageous over traditional methods [73,74]. 

Traditional heat treatment often alters the structure of macro-
molecules and degrades small molecules in foods. In contrast, 
HPP is a commercialized non-thermal technology that subjects 
foods, in sealed containers, to pressures ranging from 100 to 
600 MPa at room temperature, allowing for the processing of foods 
in various sizes and packaging forms [73]. This method causes
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minimal damage to the nutritional and sensory qualities of grains 
compared to thermal methods, effectively preserving color, aroma, 
taste, and nutritional content. For instance, HPP can induce starch 
gelatinization in rice, improving texture, nutritional value, and 
quality attributes [75]. It can also facilitate the transfer of nutri-
ents, such as thiamine, from the rice outer layers to its endosperm 
[76]. In Japan, HPP has been applied to enhance ready-to-eat 
steamed rice by modifying proteins and starches [77] and increas-
ing c-aminobutyric acid (GABA) levels in brown rice [78]. HPP 
offers numerous advantages for processing legumes and whole 
grains, enhancing efficiency and sensory attributes while eliminat-
ing anti-nutritional factors and maximizing nutritional and func-
tional benefits [79–81]. For instance, lentils, peas, and faba beans 
exhibit higher gel strength and increased foaming capacity after 
HPP treatment. Additionally, reduced hardness and chewiness of 
chickpea and rice were observed due to protein aggregation during 
HPP processing. However, HPP faces challenges such as the need 
for robust packaging, handling issues for low-density materials, 
and compliance with safety regulations. 

Like HPP, ultrasound technology is a non-thermal treatment 
that alters the physicochemical properties of grains using mechan-
ical waves. Low-intensity, high-frequency ultrasound is employed 
for non-destructive analysis, while high-intensity, low-frequency 
ultrasound is utilized in food processing [82]. The cavitation effect 
of ultrasound disrupts plant cell walls, alters protein conformation 
to expose hydrolysis sites, and regulates enzyme activity, promot-
ing the hydrolysis of protein into more digestible peptides [83–85]. 
Ultrasound also accelerates solvent penetration through cell walls, 
enhancing the release and extraction efficiency of bioactive com-
pounds from grains such as quinoa, corn cob, rice bran, peanut, 
lupin, and sweet potatoes [83,86–89]. Additionally, ultrasound-
mediated hydration has improved functional properties of finger 
millet by reducing phytates and tannins by 73% and 71%, respec-
tively [90]. It has also served as a pretreatment to significantly 
increase nutrient absorption in fortified rice by 140% for vitamin 
B5 and by 1982-fold for folate [91,92]. High-intensity ultrasound 
has been recommended for increasing phenolic phytonutrient 
levels in tofu whey [93]. While ultrasound technology plays an 
important role in efficient nutrition utilization, further research 
is needed to elucidate the detailed mechanisms of its effects on 
nutrients, enzymes, and microorganisms, as well as the influencing 
factors of cavitation intensity and quantitative methods of measur-
ing cavitation activity. 

As shown in Fig. 2, the advantages of novel physical processing 
technologies primarily lie in the maximizing nutrient retention, 
reducing antinutritional factors, fortifying nutrients, and regulat-
ing the digestive outcomes of grains during processing. This is par-
ticularly significant to address global challenges such as climate 
change, land scarcity, population growth, and rising nutritional 
demands. These technologies, characterized by high efficiency, 
clean production, and environmental sustainability, align with 
the growing trend of sustainable development in the food sector. 
By leveraging these advanced physical processing technologies, 
food processing can be refined to minimize resource wastage and 
ensure the retention of nutrients in food products, thereby meeting 
consumers’ growing demand sustainable healthy and nutritious 
foods. 

3.2. Innovative chemical processing technologies 

3.2.1. Treating by-products with NADES to enhance the utilization of 
nutrients 

Food processing faces challenges to improve the utilization of 
nutrients in staple food crops. Extracting vegetable oil from rape-
seed (Brassica napus L.) and starch from peas (Pisum sativum L.) 
enriches the protein content of residues. However, antinutrients 
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and phytochemicals may undermine their nutritional quality and 
sensory properties, causing off-tastes, off-flavors, and off-colors 
[94,95]. The perception of grain proteins, especially from rapeseed, 
as inferior to animal proteins limits their use [96]. Conventional 
aqueous methods struggle to remove these compounds, resulting 
in their co-solubilization and co-precipitation with proteins. While 
organic solvents can retain insoluble proteins, they raise toxicity 
concerns, and even food-grade ethanol can denature proteins 
[97]. The alternative method, dry fractionation, relies on grinding 
and particle separation without water or chemicals, with the 
resulting pea protein concentrate still having undesirable sensory 
properties and requiring further extraction [98]. 

To overcome these limitations and maximize the potential of 
staple food crop-based foods, chemical processing technologies 
have been explored, particularly the use of NADES, by the food 
industry. These solvents, formed by combining hydrogen bond 
acceptors and donors derived from natural sources, have garnered 
significant attention due to their effectiveness in extracting low 
molecular weight phytochemicals from various plant materials 
[99,100]. The unique solvation properties of NADES enable selec-
tive extraction of target compounds, potentially allowing for the 
recovery of both the phytochemicals and the protein- and fiber-
rich residues [101]. However, challenges persist regarding the sep-
aration of extracted materials, achieving complete sedimentation 
of particles due to the viscosity of certain NADES, and understand-
ing the effects of water content on the stability of dispersed pro-
teins. Additionally, the recovery and reuse of the NADES, along 
with the efficient extraction and purification of the phytochemi-
cals, require further research and development [101–104]. 
Addressing these technical and operational challenges is crucial 
for the successful implementation of NADES-based extraction pro-
cesses in the context of staple food crop protein refining and the 
advancement of staple food crop-based food products. 

3.2.2. Introducing natural preservatives as components to achieve 
chemical preservation 

Food spoilage during storage is a major concern, as moisture 
and nutrients foster microbial growth and toxin production, lead-
ing to declines in quality, nutritional value, and food safety [105]. 
Preservatives are used to inhibit microbial growth and enhance 
food quality. Although synthetic preservatives extend shelf-life sig-
nificantly, consumer concerns have led the shift towards natural 
alternatives from plants, animals, and microbes [105,106]. Natural 
preservatives like essential oils [107], polyphenols, lysozymes, 
lactoferrin, chitosan, and antimicrobials [105,106] have gained 
industry attention. 

Baked goods, especially bread, are susceptible to microbial spoi-
lage during storage [107]. Essential oils have emerged as promising 
natural preservatives through various methods: ① incorporation 
into packaging, ② encapsulation for controlled release, and ③ 
direct inclusion [107–109]. For instance, lemongrass essential oil, 
when encapsulated in cassava starch fibers, extended, by inhibiting 
spoilage microorganisms such as Penicillium crustosum and Asper-
gillus flavus, the bread shelf-life from 5 to 10 d [110]. Carvacrol 
loaded into potato soluble starch nanofibers also showed anti-
spoilage benefits [111], and orange essential oil-enriched oleogel 
extended shelf-life by at least 5 d while also improving bread tex-
ture [112]. Furthermore, nanoencapsulated oregano and thyme 
essential oils demonstrated strong resilience against mold and 
yeast in bread, extending shelf-life by 21 d [113]. Although the 
unpleasant odor associated with many essential oils remains a 
challenge [107], Rosmarinus officinalis L. essential oils have been 
found to improve both aroma and safety in bread [114]. 

Antimicrobial peptides also offer potent resistance against 
bacteria, fungi, and molds [105]. Derived through enzymatic 
hydrolysis and fermentation [115], they inhibit microbial growth
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and extend shelf-life. For instance, faba bean flour fermented with 
Levilactobacillus brevis AM7 produced antibacterial peptides [116], 
while surplus bread fermented with Lactobacillus brevis AM7 
demonstrated antifungal properties [117]. Palm kernel cake, fer-
mented with Lactobacillus casei ATCC334, yielded bioactive pep-
tides that extended bread shelf-life by 10 d [118]. Enzyme 
technology has also been employed to generate antimicrobial pep-
tides from proteins. For instance, lactopeptidase hydrolyzed wheat 
gluten, producing peptides that delayed fungal growth in bread 
(e.g., Aspergillus niger and Penicillium sp.) for up to 3 d at 
0.3 g∙kg−1 [9]. Similarly, enzymatic hydrolysis of pea, lentil, and 
faba bean flours yielded an extract rich in antimicrobial peptides 
that inhibited fungi growth, extending bread shelf life by up to 
14 d without affecting sensory properties [119]. Hydrolyzed goat 
whey with trypsin also enhanced antifungal activity, reducing fun-
gal presence and mycotoxins, thus extending bread shelf-life [120]. 

Despite these benefits, antimicrobial peptides face challenges 
such as hygroscopicity, bitterness, and instability. Encapsulation 
systems, such as spray-drying with maltodextrin and whey protein 
concentrate, have improved the stability and sensory properties of 
alcalase-hydrolyzed oleaster-seed peptides, enhancing texture 
properties and masking bitterness in bread [121]. 

3.2.3. Introducing natural antioxidants as components to inhibit food 
oxidation 

Food oxidation during storage can be effectively delayed by 
incorporating natural antioxidants, such as polyphenols, 
Fig. 2. Schematic diagram of the relationships between physical technologies and nutriti
E: electric field; VB: vitamin B. 
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flavonoids, and vitamins derived from food-grade raw materials, 
thereby replacing synthetic additives to enhance functionality 
[106,122]. Although complex purification processes are sometimes 
required, simple treatments—such as crushing or water extrac-
tion—can yield antioxidant-rich mixtures suitable for direct food 
applications. 

Vegetable powders, including carrot, spinach, and beetroot, 
mixed with ground rice and thermoplastically extruded, impart 
natural color and enhance the mineral, protein, lipid, fiber, phe-
nolic, and antioxidant content in breakfast cereals. However, the 
high fiber content affects the physical structure by reducing 
swelling, hardness, and paste viscosity. Overall, these vegetable 
powders serve as beneficial additives that improve the nutri-
tional and functional value of breakfast cereals [10]. Additionally, 
partial substitution of common wheat flour with cereal coffee in 
pasta production resulted in reduced brightness, heightened red-
ness, shorter cooking time, and higher cooking losses, while 
affecting favorably aroma, flavor, and color, and reducing sticki-
ness at elevated levels. Pasta enriched with cereal coffee, with an 
optimal addition of up to 4 g per 100 g of wheat flour, exhibited 
a greater total phenolic content and antioxidant capacity [123]. 
Although potentially having negative impacts on texture and 
overall food perception, murici (Byrsonima verbascifolia), rich in 
fiber, lipids, carotenoids, and antioxidants, has been used in 
the production of cereal bars, for all the benefits it conferred 
[124]. Similarly, spirulina and orange blossom essential oils were 
incorporated into gluten-free, sugar-free cereal bars, resulting in
onal characteristics related to staple food crops. Created with BioRender. v: voltage; 
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higher sensory scores and significantly enhanced nutritional and 
energy values [125]. Tea extracts, rich in flavanols and gallic acid 
derivatives—including catechins and epicatechins—are potent 
natural antioxidants. Incorporating tea extracts, like Assam tea 
at 0.3 mg∙g−1 , into cereal foods not only boosts the antioxidant 
capacity but also enhances the food functionality. The use of 
0.5% Assam tea extract in rice bran breakfast cereal production 
significantly increased total phenolic content and antioxidant 
capacity, while also improving sensory properties and consumer 
acceptance [126]. 

Traditional food processing methods, such as sugaring, salting, 
smoking, and the use of additives, pose potential health risks. 
Recently, innovative chemical processing techniques, including 
NADES and the incorporation of natural preservatives and antiox-
idants, have garnered significant attention. As illustrated in 
Fig. 3, NADES can be utilized for extracting and separating by-
products from staple food crops during processing to obtain alter-
native proteins [99,127]. Plant-derived essential oils and protein-
derived peptides have demonstrated efficacy in preserving baked 
goods, minimizing the loss of nutritional components from raw 
staple food crops, and maximizing their utilization [111,119]. 
Moreover, utilizing powders or extracts from food raw materials 
or by-products abundant in natural antioxidants, such as polyphe-
nols and flavonoids, as ingredients in commercial staple food crop-
based foods can enhance both the antioxidant capacity and func-
tionality of foods, while simultaneously boosting their nutritional 
value [124]. 
Fig. 3. Application of chemical technologies in staple food crop processing. Increasin
utilization, reducing nutrient losses, and increasing the presence of active substances. C
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3.3. Innovative bioprocessing technologies 

3.3.1. Modern fermentation technology 
Fermentation has long been a crucial method in food process-

ing. Microorganisms, including bacteria, yeasts, and fungi, convert 
carbohydrates into acids, gases, or alcohol, facilitating energy pro-
duction under anaerobic conditions. This biochemical process 
enhances food quality, digestibility, and nutritional value [128]. 
With advancements in biotechnology, numerous sophisticated fer-
mentation methods have emerged. This part focuses on three sig-
nificant advancements: the selection of specific bacterial strains 
for fermentation, the application of synthetic biology, and the opti-
mization of reaction environments, all of which have led to a mul-
titude of novel applications [129–131]. 

Recent research has made significant strides in utilizing natural 
microbes for fermentation, with ongoing efforts aimed at enhanc-
ing their efficiency. Shi et al. [132] employed lactic acid fermenta-
tion with Lactobacillus plantarum to eliminate grassy off-flavors 
from pea protein isolates, thereby enhancing aroma and increasing 
customer acceptance. Byanju et al. [133] demonstrated that fer-
mentation involving Lactobacillus plantarum and Pediococcus acidi-
lactici significantly reduces anti-nutritional factors in legumes, 
particularly lowering total phenolic content. Budhwar et al. [134] 
proposed that the combination of germination and probiotic fer-
mentation will optimize nutrient utilization in cereals and millets. 
Beyond the use of single bacterial strains, the use of mixed bacte-
rial cultures has also demonstrated some value. Chen et al. [135]
g the nutritional value of staple food crop-based food by improving by-product 
reated with BioRender. 
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applied a mixed starter culture of Rhizopus arrhizus, Saccharomyces 
cerevisiae, Pichia kudriavzevii, and Lacticaseibacillus rhamnosus to 
effectively enhance the fermentation process and improve the 
quality of highland barley yellow wine. 

The advancement of synthetic biology facilitates the develop-
ment of more potent microbes with enhanced specificity and mul-
tifunctionality for application in fermentation systems. Gene 
modification of lactic acid bacteria using innovative technologies, 
such as clustered regularly interspaced short palindromic repeats 
(CRISPR)-CRISPR associated protein 9 (Cas9), has demonstrated 
increased phytase expression during fermentation [136]. Through 
gene editing, engineered bacteria can be optimized for specific fer-
mentation purposes. Lee et al. [137] applied Cas9 gene editing to 
Saccharomyces cerevisiae; by deleting the RGT2 and SNF3 genes, 
they enhanced carbon dioxide production during bread fermenta-
tion. Additionally, overexpressing ASP3 while deleting URE2 
resulted in reduced acrylamide formation in potato chips and 
increased savory amino acid levels in rice wine, illustrating the 
potential of gene editing in fermentation processes. Lang et al. 
[138] utilized CRISPR-Cas9 to disrupt the ECM33 gene in EC1118, 
which increased fermentation efficiency by 20% in nitrogen-
limited defined media and by 13% in nitrogen-sufficient media, 
both under continuous shaking conditions. Improvements in 
fermentation performance through gene editing have also 
been documented with Aspergillus oryzae [139], Saccharomyces 
cerevisiae AGY001 [140], Aspergillus niger [141], and other species 
[142]. 

Mutagenesis has also been applied in fermentation. Takahashi 
et al. [143] developed a mutant strain of sake yeast, K901C8, 
derived from Kyokai No. 901. This strain produces elevated levels 
of ethyl caprylate, imparting a distinctive pineapple- and apricot-
like flavor to sake. The mutant yeast has potential application for 
the production of premium sake, enhancing both quality and con-
sumer acceptance. A comparative study [144] on bioprospecting 
and synthetic biology in beverage fermentation indicates that both 
techniques have achieved significant advancements. The interac-
tion between these two methodologies may play a crucial role in 
the design of future fermentation schemes. 

Improved control over the fermentation process has provided 
deeper insights into the mechanisms involved and increased the 
ability to regulate key variables. Ye et al. [145] utilized gas 
chromatography-olfactometry and odor activity value analysis to 
identify the primary aroma components in Millet Huangjiu during 
fermentation. Chai et al. [136] employed single-factor experiments 
and response surface methodology to optimize the fermentation of 
bean dregs and soybean meal, resulting in higher efficiency and 
improved fermentation quality. Wu et al. [146] optimized fermen-
tation time and added potato pulp to enhance its control during 
steamed bread production. Their findings indicated that alterations 
to these factors would modify the bread’s volatile compounds and 
texture. 

Multiple advanced sensors have been employed for the intel-
ligent monitoring of fermentation processes. For instance, 
Greulich et al. [147] utilized fourier transform infrared spec-
troscopy to monitor the fermentation of oats and peas, facilitat-
ing a precise control of the pH. Lin et al. [148] implemented a 
mixed fermentation involving lactic acid bacteria and Neurospora 
crassa, combined with MW treatment, to significantly enhance 
the functional properties and structural characteristics of soy-
bean soluble polysaccharides. Wang et al. [149] employed a 
CRISPR/Cas12-based nucleic acid assay to monitor Bacillus amy-
loliquefaciens at the species level during Daqu fermentation. This 
approach facilitates improved control of key microorganisms 
that influence flavor, ultimately improving the quality of 
fermented foods. 
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3.3.2. Modern enzyme technology 
Fermentation harnesses natural microbial processes and 

emphasizes the crucial role of enzymes in breaking down complex 
molecules, thereby driving advancements in enzyme technology. 
Enzymes such as amylases and proteases enhance dough proper-
ties and broaden gluten applications in breadmaking [150,151]. 
Enzyme-assisted modification of plant protein has been shown to 
enhance textures in plant-based foods through processes including 
extraction, hydrolysis, and cross-linking [152]. Additionally, 
enzyme technology is employed to reduce allergenicity in foods 
by degrading allergenic proteins into non-allergenic forms, thereby 
rendering products safer for individuals with food allergies 
[153,154]. 

In addition to isolating and selecting natural enzymes, the 
design of artificial enzymes has advanced through computer-
aided methods, allowing precise modifications to enhance 
enzyme activity, stability, specificity, and selectivity [146]. Direc-
ted evolution, which simulates natural evolutionary processes, 
has demonstrated significant potential in expanding enzyme 
diversity and functionality. This approach customizes enzymes 
to function under new reaction conditions, optimizes their cat-
alytic activity for different substrates, and enables them to cat-
alyze novel chemical reactions [155]. As biotechnology 
advances, innovative enzyme solutions are emerging, propelling 
advancements in food science and improving nutrient utilization 
across diverse applications. 

In industrial applications, enzymes encounter challenges 
related to recovery and recycling [156], leading to increased costs. 
To optimize enzyme reusability and adaptability to various opera-
tional environments, enzyme immobilization has been extensively 
studied. When compared to free enzymes, immobilization typically 
enhances pH and thermal stability, as well as activity [157]. For 
example, the immobilization of soybean urease, isolated from 
mature seeds, onto alginate and chitosan improved its physico-
chemical properties, maintaining stability at 75 °C and enabling 
reuse up to 14 times with only a 20% reduction in the original 
activity [158]. Similarly, protease-resistant a-galactosidase from 
Oudemansiella radicata, immobilized on sodium alginate and chi-
tosan, exhibited higher efficiency and stability. It completely 
hydrolyzed within 3 h raffinose family oligosaccharides in soymilk 
at 50 °C, rendering it highly effective and reusable in industrial 
environments [159]. Additionally, nano co-immobilization of a-
amylase and maltogenic amylase using nano-magnetic combined 
cross-linked enzyme aggregates (NM-Combi-CLEAs) significantly 
improved thermostability and reusability, retaining 80.4% of activ-
ity after ten cycles and showing a 1.5-fold increase in thermosta-
bility at 95 °C  [160]. 

In recent years, innovations in fermentation and enzyme tech-
nologies have significantly enhanced the nutritional utilization, 
processing efficiency, and product quality of staple food crops. 
Fig. 4 illustrates the innovative applications of these technologies 
in the processing of staple food crops. These advancements have 
played a crucial role in increasing the nutritional value and produc-
tion efficiency of staple food crops, rendering processing more sus-
tainable and environmentally friendly, while also improving the 
health benefits of food products. 

3.4. Multi-technologies collaboration 

The use of a single technology often fails to achieve optimal 
results, even with optimized processing conditions. To address 
this, an increasing amount of research has focused on the collabo-
rative use of multiple processing technologies. This integrated 
approach aims to obtain desirable processing effects, such as ideal 
texture and full bioavailability of nutrients [161].
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Fig. 4. Application of biotechnologies in the processing of staple food crops. 
3.4.1. MW-based co-processing technologies 
MW technology is extensively utilized in food processing for its 

energy efficiency, deep penetration, and ability to heat food mate-
rials effectively. However, despite its better uniformity compared 
to direct heating, MW heating alone can lead to uneven heating. 
To overcome this limitation, MW processing is often combined 
with other technologies, such as ultrasonic processing, hot air dry-
ing, and high-pressure cooking [13,162]. In the context of process-
ing tubers such as potatoes, sweet potatoes, and yams, it has been 
empirically demonstrated that integrating ultrasonic and MW in 
vacuum frying significantly reduces oil absorption in potato chips 
by 20% to 40%. Additionally, the frying process is shortened by 
20% to 28%, resulting in reduced energy consumption. Moreover, 
the visual appearance, texture, and microstructure of fried prod-
ucts are improved [13,162–166]. 

The combination of ultrasonic and MW drying technologies has 
been shown to accelerate drying times (by about 20%), increase 
energy efficiency, and preserve or even enhance the nutritional, 
such as free amino acid content, and flavor profiles of staple food 
crop-based foods [167–171]. Sequential application of ultrasonic 
pretreatment followed by MW drying positively impacts the 
physicochemical properties of various staple food crops, including 
rice, potatoes, and kidney beans, by improving color, structure, 
total phenolic contents, texture, and rehydration ability [167– 
171]. Additionally, pulse-spouted MW vacuum drying has been 
found to improve the organoleptic quality of edamame, preserving 
its crisp texture and color while maintaining its nutrient and 
antioxidant content. Notably, the ascorbic acid content of the soya 
bean product processed with this method is 2.7 times higher than 
that of products dried with hot air, while total phenolic and chloro-
phyll content increased by approximately 12% and 20%, respec-
tively [172]. 

In rice processing, combining MW and hot air increased gela-
tinization, reduced crystallinity, and produced instant rice that 
cooks quickly (in just 2 min) under vacuum conditions [173], lead-
ing to lighter weight and longer shelf life [174]. The integration of 
moist heat and MW treatment in quinoa flour processing also 
altered its composition, increasing dietary fiber, amylose, and 
resistant starch content, which resulted in a lower estimated glyce-
mic index and greater health benefits [175]. 

MW technology has also been applied in combination with 
other techniques to utilize staple food crop by-products and 
extract active ingredients. For instance, Wang et al. [176] com-
bined ultrafine grinding with high-pressure, MW, or high-
temperature cooking to process bean dregs, significantly enhanc-
ing their quality by increasing soluble dietary fiber content (in-
creased by 91.52% when compared to hot air drying), creating a 
honeycomb porous structure, decreasing anti-nutritional factors 
(decreased by 30% when compared to hot air drying), and enhanc-
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ing processing properties, thus broadening their applications. 
Moreover, MW pretreatment of wheat gluten protein before enzy-
matic hydrolysis has been shown to alter its structure, reduce 
allergenicity (with a nearly ten-fold reduction in immunoreactive 
epitopes with R5-competitive enzyme linked immunosorbent 
assay (ELISA)), accelerate hydrolysis, and improve the biological 
activity of the resulting hydrolysate, including free-radical scav-
enging and metal-ion chelating activity [177]. 

3.4.2. Ultrasonic-based co-processing technologies 
The combination of ultrasonic method with other technologies 

has been widely used to improve the nutritional value of staple 
food crops. For instance, the addition of GABA and ultrasonic treat-
ment significantly increased free flavonoid levels by 28.1% to 31.5% 
and free polyphenol levels by 71.1% to 73.2%, thereby improving 
the antioxidant capacity of sprouted mung beans. Additionally, 
the glycemic index of mung bean starch was reduced by approxi-
mately 17% [178–180]. Moreover, brown glutinous rice treated 
with low-frequency ultrasonic and calcium chloride stress during 
the pre-germination stage exhibited improved germination and 
an up to 12% increase in total polyphenols. This treatment also sig-
nificantly increased GABA and metabolite levels including pyruvic 
acid (up to 3.29-fold), glycerol (1.32-fold), glutamate (7.63-fold), 
glucose (4.88-fold), and other metabolites, thereby improving its 
nutritional content [181]. 

The use of multi-frequency ultrasonic pretreatment combined 
with infrared drying has been effective in sweet potato processing, 
reducing drying time, increasing phytochemical content, and 
enhancing antioxidant activity in the final product. At 60 °C infra-
red drying, sweet potato pretreated with ultrasound at a frequency 
of 40 kHz exhibited increased levels of b-carotene (by 42.2%), 
polyphenols (by 136.4%), and flavonoids (by 145.0%) [182]. While 
ultrasonic treatment with infrared drying accelerated the drying 
process and reduced moisture content, it did not lead to a signifi-
cant increase in bioactive ingredients content, maintaining consis-
tency with untreated samples [183]. Additionally, combining 
ultrasonic with PEF has been shown to enhance the quality and 
safety of fried potato chips, reducing acrylamide content by 66% 
and lipid levels by 24.7% [184]. 

3.4.3. Fermentation-based co-processing technologies 
Fermentation is an important technology in staple food crop 

processing that enhances nutritional quality when combined with 
other methods such as cereal or legume sprouting. The fermenta-
tion of germinated corn seeds with microorganisms significantly 
increased the levels of protein, vitamin E, total phenolics, vitamin 
B1, and GABA, while also doubling antioxidant activity and gener-
ating volatile compounds that impart a sweet, corny, and creamy 
flavor [185]. The use of sprouted germinated quinoa for yogurt
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fermentation led to a notable increase in total phenolic and flavo-
noid content by 30.9% and 11.9%, respectively, resulting in 
enhanced antioxidant capacity [186]. The combination of sprout-
ing and sourdough fermentation in whole grain produced cereals 
rich in dopamine (27 mg∙kg−1 ) and L-3,4-dihydroxyphenylalanine 
(50 mg∙kg−1 ), attributed to the conversion of tyrosine released dur-
ing sprouting by microorganisms. This process also increased 
GABA levels (up to 674 mg∙kg−1 ) and helped regulate histamine 
and phenylethylamine levels [187,188]. Concurrent fermentation 
of germination and solid-state fermentation considerably 
improved the nutritional profile of brown finger millet flour, 
enhancing protein, fiber, minerals, resistant starch, flavonoids, 
phenolics, antioxidants, and amino acids, while reducing antinutri-
tional factors such as phytic acid and oxalate by up to 59.57% and 
72.09%, respectively. Additionally, this process enhanced water 
absorption and protein solubility, and slightly altered gelatiniza-
tion and thermal properties [189]. Lactic acid fermentation and 
grain germination were found to impact microorganisms and 
metabolomics of rye dough, with germination affecting the types 
of microorganisms present, resulting in increased levels of ter-
penoids, phenolic compounds, and both protein and non-protein 
amino acids in the dough [190]. 

Enzyme technology, similar to the hydrolysis of polysaccharides 
and proteins during germination, is increasingly integrated with 
fermentation for staple food crop processing, active ingredient 
extraction, and by-product utilization. Synergistic fermentation 
using multiple enzymes, including cellulase, xylanase, esterase, 
a-amylase, and protease, has been shown to significantly increase 
extractable phenolics and antioxidant properties in spelt seeds, 
especially trans-ferulic acid contents, which increased by 8263% 
[191]. The use of multiple bacterial strains, including Bacillus sub-
tilis, Saccharomyces cerevisiae, Lactobacillus plantarum, and Lacto-
bacillus rhamnosus, in conjunction with proteases to ferment 
soybean dregs and meal resulted in more than a fivefold enhance-
ment in peptide, free amino acid, and organic acid content. The 
addition of protease significantly boosted total protease activity, 
stimulated microbial growth, enhanced amylase secretion, and 
reduced sugar metabolism, thereby lowering pH, improving fer-
mentation efficiency, and enhancing the quality of fermented 
products [192]. Solid-state fermenting of corn gluten–wheat bran 
mixture has been found to enhance the contents of crude protein, 
ash, small peptides, free amino acids, total phenol, and lactic acid 
[193]. Furthermore, the combination of fermentation with 
dynamic high-pressure micro-fluidization resulted in a higher sol-
uble dietary fiber content in soybean residue while reducing the 
insoluble-to-soluble ratio [194]. 

3.4.4. Enzyme-based co-processing technologies 
Enzyme technologies can also be combined with other process-

ing methods in staple food crop-based food production. Enzymatic 
extrusion (2‰ a-amylase) of oat flour improved water solubility 
from 5.99% to 43.63%, resulting in a 11-fold increase in reducing 
sugar content. This process caused gelatinization and reduced crys-
tallinity, lowering viscosity and increasing fluidity in oat milk, 
which enhanced both its stability and sensory appeal [195]. Using 
a double-enzyme approach (thermostable a-amylase and pullu-
lanase) during rice flour annealing increased resistant starch con-
tent from 5.00% to 16.56%, thus reducing digestibility. 
Incorporating single pullulanase improved hydration properties, 
impacting starch and protein structures, thermal properties, water 
solubility, and swelling characteristics [196]. 

Enzyme technology is extensively applied to manage indi-
gestible raw materials or create functional hydrolysates, often inte-
grated with other technologies to improve efficiency and 
applicability. Kong et al. [197] demonstrated a significant increase 
in water-soluble dietary fiber content (e.g., water-extractable ara-
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binoxylan from 0.31 to 3.03 g per 100 g) in rye bran through a 
co-modification method involving extrusion and enzymatic 
hydrolysis (using cellulase, xylanase, high-temperature a-
amylase, and acid protease). This method also enhanced water-
holding capacity, oil-holding capacity, and cholesterol adsorption 
capacity by 100%, 71%, and 133%, respectively, promoting the 
growth of beneficial bacteria and demonstrating strong prebiotic 
potential. 

A combined approach of high hydrostatic pressure, tempera-
ture, and enzymatic hydrolysis was used to create fiber-rich ingre-
dients from oat and wheat by-products. Enzymatic hydrolysis 
conducted before and after high hydrostatic pressure treatment 
increased b-glucan release, reduced phytic acid, and enhanced 
total phenolic content. Optimal conditions, such as wheat bran 
hydrolysis at 60 or 70 °C before high hydrostatic pressure treat-
ment, and oat hull hydrolysis at 70 °C after treatment, significantly 
improved the nutritional value of the end products. Notably, the 
extraction of b-glucan increased 19 and 21 times in wheat bran 
and oat hull, respectively [198]. 
4. Integration of innovative food processing technologies: 
Enabling the upgrading of the staple food crops industry value 
chain from farm to fork 

In the modern food processing landscape, ensuring the safety 
and quality of raw material sources is critical. This imperative 
serves as the fundamental foundation for guaranteeing overall food 
quality, safety, and healthiness, as well as a prerequisite for the 
smooth operation of food manufacturing processes. To further 
enhance the safety of food raw materials, the concept of the 
‘‘non-stop processing” has been introduced. This novel approach 
aims to achieve a seamless production line during the harvesting, 
storage, and handling of food raw materials, minimizing potential 
contamination and loss, thereby providing significant support for 
bolstering food security. 

Through the application of innovative processing techniques, 
a wide array of novel and nutritious food products can be 
derived from raw material sources. For instance, as shown in 
Fig. 5, soybeans, an important source of plant-based oils and 
proteins, are commonly transformed into a diverse range of 
products, including tofu, soy milk, natto, soybean oil, soy sauce, 
and miso, which are widely integrated into our daily diets. How-
ever, the presence of anti-nutritional factors and undesirable 
beany flavors in soybeans can potentially affect protein absorp-
tion and trigger allergic reactions. To address these challenges, 
strategic processing interventions are employed, such as high-
temperature steaming to inactivate the anti-nutritional factors 
in soy milk production, thereby improving protein bioavailability 
and reducing the likelihood of allergic responses. Similarly, in 
the extraction of soybean oil, a combination of cold and hot 
extrusion techniques is utilized to ensure the comprehensive 
recovery of the oil while preserving its nutritional content and 
sensory properties. Furthermore, in the production of miso, novel 
enzyme blending technologies are employed to impart more 
unique and appealing flavor profiles, enhancing the product’s 
market competitiveness. 

In the modern food industry, advanced technological methods 
are widely adopted to enhance the nutritional properties of raw 
materials and optimize the efficiency of resource utilization. For 
instance, through precision processing and comprehensive moni-
toring, every stage of the food processing workflow can be closely 
regulated to meet stringent safety and quality standards. This will 
not only elevate product quality but also enables the effective and 
comprehensive utilization of every component within the raw 
materials, thereby reducing waste.
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Fig. 5. The concept of ‘‘non-stop processing” and multi-technology integration upgrades the soybean industry value chain, ensuring nutritional quality from soybeans to 
soybean products. 
In conclusion, with the continuous advancements in food pro-
cessing technologies, the control over the safety and quality of 
raw materials is becoming increasingly stringent. Through the 
implementation of the ‘‘non-stop processing” concept and the 
strategic deployment of various cutting-edge processing technolo-
gies, the food industry can produce a wider range of high-quality, 
safe, and nutritious food products while achieving comprehensive 
and efficient resource utilization, thereby making positive contri-
butions to food security and nutritional health. 

5. Prospects 

With the rapid advancements in artificial intelligence and 
automation technologies, the global modern food processing 
industry is transitioning from the traditional mechanized produc-
tion system to a more refined and intelligent approach. In recent 
years, the food processing industry has progressed from the rough 
mechanized mode to the stages of automatic control, program con-
trol, batch processing, and rapidly moved towards the era of intel-
ligent control, enabling on-demand design and personalized 
product processing. The application of automation technologies, 
such as advanced robotics, machine learning, and artificial intelli-
gence, has not only optimized processing operations and reduced 
resource waste, but also significantly improved the quality of the 
final products. The introduction of the Internet of Things and big 
data analysis to achieve real-time monitoring and fine manage-
ment of processing, ensures product quality and safety while using 
artificial intelligence algorithms will optimize the production pro-
cess and improve efficiency and resource utilization. In the future, 
the food processing industry will be committed to using the most 
advanced technological means to ensure the maximum retention 
of nutrients, meeting consumers’ needs for high-quality, healthy 
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foods. Through continuous innovations, the development of func-
tional products will have a brighter future. An efficient, intelligent, 
and sustainable food processing industry will not only bring more 
nutritious choices to consumers but also play an important role in 
healthy eating and sustainable development around the world. 
This development direction not only meets the needs of modern 
society for health and environmental protection, but also lays a 
solid foundation for the long-term sustainable development of 
the food industry. 

6. Conclusions 

Staple food crops constitute the most fundamental food sources 
for human sustenance, and optimized staple food crops processing 
is a crucial strategy for addressing the global food crisis. Currently, 
staple food crops processed using traditional food processing tech-
nologies encounter challenges such as incomplete nutritional uti-
lization and limited nutritional value of the derived products. 
Consequently, research has increasingly concentrated on compre-
hensive staple food crops’ nutrient utilization and the nutritional 
enhancement of staple food crop-based foods through the develop-
ment of whole grain products and the processing and utilization of 
staple food crop by-products. The advancement of science and 
technology, in conjunction with evolving human needs, has jointly 
driven a new wave of transformations in the field of food process-
ing. Innovative physical processing technologies, including electric 
heating, electric field, and mechanical methods, as well as chemical 
processing technologies represented by NADES and natural addi-
tives, and bioprocessing technologies such as modern fermentation 
and enzyme technologies, have demonstrated significant potential 
in improving staple food crops’ nutrient utilization, enhancing the 
comprehensive nutritional profile of staple food crop-based foods,
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and overcoming the limitations of traditional food processing. 
However, these emerging technologies also pose inherent chal-
lenges, including high energy consumption, equipment costs, and 
limited commercial viability, which will require further research 
and development. Fortunately, advancements in technologies such 
as artificial intelligence, big data, and the Internet of Things are 
poised to shape the future trajectory of food processing. Continu-
ous innovation in food processing technology is crucial to further 
improve nutritional quality and enhance product functionalities, 
which will be a pivotal step towards addressing the global food 
crisis. 
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