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ARTICLE INFO ABSTRACT

Keywords: Prepared dishes are popular among consumers due to their convenience, but microorganisms in
Microwave dishes have the potential to cause spoilage and even lead to foodborne illnesses, rendering mi-
Radio frequency crobial control a critical step in production. This paper reviews microbial control techniques
High pressure processing commonly used in prepared dishes, including conventional thermal techniques; novel thermal

Irradiation
Pasteurization
Prepared food

processing, including microwave (MW) and radio frequency (RF) heating; and non-thermal
treatment, such as high-pressure processing (HPP) and irradiation. In addition, it summarizes the
applications of these techniques in prepared dishes and analyzes factors affecting microbial in-
activation, providing guidance for the optimization of these techniques. These technologies are
compared in terms of technical characteristics, commercial applicability, the dish types for which
they are suitable, etc. Traditional thermal treatment is currently the main processing method
used for the industrial microbial control of prepared dishes, while other novel processing tech-
nologies have their own characteristics. MW has poor penetration ability, RF is suitable for dishes
with a regular shape and consistent thickness, HPP (generally 300-600 MPa) is unsuitable for
dishes containing air bubbles, and low-dose irradiation (< 10kGy) is preferred only for the
pasteurization of prepared dishes due to food safety concerns. Finally, the challenges and
countermeasures associated with their application in prepared dishes are discussed. Further
studies and continuous improvements of microbial control techniques are of great significance to
produce safe and high-quality prepared dishes.

1. Introduction

Current definitions of prepared dishes, prepared food, ready-to-eat dishes, and ready-to-eat food are vague, having no clear
distinctions or definitions. Among these, prepared food and prepared dishes are more widely used at present, where the former
concerns a broad range of products that can be classified into different categories according to the type of raw materials, distribution
conditions, degree of processing, and consumption methods [1], as shown in Table 1. Some papers equate prepared dishes with
prepared food, but it is preferable to regard prepared dishes as a kind of prepared food. Prepared dishes include industrially produced
traditional dishes that belong to the category of finished products and can be eaten either directly or after heating, such as Kung Pao
Chicken, Shredded Pork with Fish, Mapo Tofu, Korean Bibimbap. Prepared dishes with regional characteristics are popular among
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Table 1
Classification of prepared food.

Classification standard Category

Raw material Livestock
Aquatic products
Vegetables
Grains

Edible mushrooms
Circulation condition Frozen storage (< -18°C)

Cold storage (0-10°C)

Room temperature

Degree of processing Raw material
Semi-finished product
Finished product Prepared dish
Staple food
Snack food
Sauces and cured products
Edible method Ready to eat

Ready to heat
Ready to cook
Ready to serve

consumers due to their unique flavor, often requiring a variety of raw materials for cooking and having a complicated production
process. Regardless, most are eaten immediately after cooking to ensure better taste and flavor.

Nowadays, as food processing technology has undergone rapid development, many traditional dishes have been commercially
produced. As such, prepared dishes are in high demand in Europe, North America, and Asia. For instance, China is the largest con-
tributor to the prepared dishes industry [2]; currently, there are more than 70,000 prepared dishes companies in China. With strong
support for the government, the scale of China’s prepared dishes market has been growing steadily over the past 3 years, worth
approximately 58 billion USD in 2022, representing a year-on-year growth of 21.3 %. The market penetration rate of prepared dishes in
both the United States and Japan exceeds 60 %, while it is only 10-15 % in China, which means prepared dishes in China have a greater
development potential. As such, in 2026, China’s prepared dishes industry is expected to evolve into the trillion-dollar market [3].

Several factors have contributed to the development of the prepared dishes industry, the first of which is the expansive con-
sumer market. With the accelerating pace of life, an increasing number of people have no time or interest in cooking, and a lack of
cooking skills is also a hindrance. Rising incomes have also led to a change in consumption attitudes; despite the relatively higher
cost compared to homemade dishes, prepared dishes remain popular among consumers due to their enhanced convenience. A
survey by Future Market Insights shows that 46 % of consumers like the idea of pre-packaged food and 31 % prefer to eat pre-
packaged food [4]. In addition, the emergence of the central kitchen concept has altered the operation mode of restaurants, as
choosing prepared dishes can accelerate cooking speed and shorten consumers’ total eating time. A popular restaurant, Saizeriya
sells prepared dishes, requiring only 10 min to complete 15 dishes, greatly improving the efficiency of food delivery, improving the
customer flow rate. Many companies have set up their own central kitchens to produce prepared dishes and distribute them to
various affiliated stores. This not only reduces costs and increases efficiency but also helps maintain consistency in product quality.
Furthermore, advancements in food processing technology and improvements in the food production chain both ensure the large-
scale production of prepared dishes, with the development of logistics, cold chains, and supply channels also opening a broad space
for the prepared dishes industry.

However, microorganism have become an important factor in the safety of prepared dishes, with the proliferation of spoilage
microorganisms damaging the quality of prepared dishes, resulting in wasted resources and economic losses. Pathogenic micro-
organisms, including Escherichia coli, Salmonella, Listeria monocytogenes, Staphylococcus aureus, and Bacillus cereus, may induce
foodborne diseases, leading to such symptoms as abdominal pain, diarrhea, nausea, and vomiting [2,5]. This poses a significant threat
to consumer health. In addition, some drug-resistant bacteria can enter the human body through prepared dishes. Guo et al. [6]
investigated drug-resistant E. coli in prepared dishes in Singapore and found that 24 of 99 isolated strains of E. coli were resistant to
one or more antimicrobial drugs. These antibiotic-resistant bacteria may be transmitted to humans through food, which is a threat to
human health. There are multiple steps in the production and consumption of prepared dishes, and the sources of pathogenic bacteria
in these dishes are closely related to raw and auxiliary materials, production processes, the production environment, operators,
storage conditions, and more [7]. Due to their typically neutral pH, complex composition, high water activity, and rich nutrient
content, prepared dishes provide favorable conditions for microorganism growth and reproduction. Therefore, inactivation of mi-
croorganisms is of great significance to ensure the safety of prepared dishes.

Despite the rapid growth of the prepared dishes industry and the importance of microbial control in protecting consumer health,
the microbial control of prepared dishes has received little attention. Current research mostly focuses on the control of micro-
organisms in prepared foods, such as ham and fresh-cut fruits and vegetables. In addition, there are only two reviews with high
relevance to the microbial control of prepared dishes published in the past 5 years [2,8]. Yu et al. [2] focus on the application of
physical fields in processing prepared dishes and do not specifically focus on microbial control. Meanwhile, Huang et al. [8] in-
vestigate the application of physical sterilization technologies to prepared dishes using only irradiation, microwave (MW), and radio
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frequency (RF). In this study, we comprehensively summarize five common microbial control techniques for prepared dishes, in-
cluding the conventional thermal technique, MW, RF, high-pressure processing (HPP), and irradiation. We also analyze factors
affecting the microbial control effect of each technology in detail, which is of great significance to optimizing microbial control
techniques. In addition, these technologies were compared in terms of technical characteristics, commercial applicability, and sui-
table dish types, which could provide effective guidance in the production of prepared dishes.

2. Microbial control techniques for prepared dishes
2.1. Conventional thermal technique

The conventional thermal technique primarily utilizes water or steam as a heating medium, relying on heat convection or con-
duction to heat food from the periphery to the interior, resulting in the elimination of microorganisms. Based on the above heat
transfer mode, cold spots in conventional thermal processing are always situated at the geometric center of the product.
Consequently, it is essential to monitor the cold spot’s temperature and ensure it reaches the target temperature during processing.
High-temperature thermal treatment alters the structure of proteins, causes denaturation and loss of the original functions of enzymes
and membrane proteins in microorganisms, and destroys the structure of nucleic acids, affecting the growth and reproduction of
microorganisms [9].

In the conventional thermal technique, D, Z, and F, values are widely used to assess the efficacy of microbial control, where the D
value represents the time needed to decrease the microbial population by one logarithmic unit under specific conditions, Z indicates
the temperature adjustment required to either increase D by tenfold or decrease it to 1/10, and F, the time needed to eliminate a
specific number of microorganisms at 121°C [10]. These are important parameters for predicting microbial inactivation during
thermal treatment, but the main problem with the conventional thermal technique is that it causes great damage to food quality,
including degradation of heat-sensitive nutrients and loss of flavor and texture [11,12]. To reduce the damage from thermal treat-
ment to food quality, many improvements have been made in recent years. Such technologies as ultra-high temperature (UHT)
instantaneous processing and variable retort temperature (VRT) processing have been developed, the former of which utilizes
temperatures of 130-150°C to process food briefly (2-8s), whereas the dynamic temperature changes in VRT aim to minimize
temperature differences between the interior and surface of the food [13-15]. These enhanced thermal techniques ensure food safety
while preserving the nutritional value and sensory quality of foods more effectively Table 2.

2.1.1. Applications of the conventional thermal technique in prepared dishes

Currently, conventional thermal processing is still the most widely used microbial control method for prepared dishes. Rajkumar
et al. [16] determine that Goat Meat Curry could be commercially sterilized with an F, value of 12 min, and the finished product
achieved a high sensory score ranging from 8.0 to 8.4, out of 9.0. In the thermal retort processing of Samgyetang, no bacteria were
detected with an F, value of 8 min and the finished product quality was still in the acceptable range, though a larger F, value would
produce adverse effects on the quality, such as increasing lipid oxidation and significantly reducing the proportion of polyunsaturated
fatty acids [17]. The main defect of the conventional thermal technique is its potential to cause severe nutritional loss and sensory
changes in dishes. Yet, a variety of improvements have been made to reduce the damage caused by the conventional thermal
technique to food quality. On the one hand, focusing on the technique itself, UHT and VRT reduce the damage of heat to food by
adjusting the temperature or time. On the other, different techniques can be combined with the conventional thermal technique to
complement each other, such as microwave-assisted or pressure-assisted thermal treatment. Furthermore, the emergence of novel
equipment has also improved the microbial control effect of the conventional thermal technique. For example, machines can stir
foods during thermal processing to improve the uniformity of heat transfer, and a direct steam-air injection system can directly
transfer the latent heat of steam to the fluid, improving heat utilization efficiency. Yet, a computer simulation is a powerful tool to
optimize thermal processing, as heat exchange simulation models can predict the heat transfer of the microbial killing process and
image analysis techniques visualize food quality during this procedure [18-20], reducing the costs required to optimize thermal
treatments.

2.1.2. Factors affecting the conventional thermal technique

Temperature and time are crucial parameters of conventional thermal processing. Xie et al. [21] examine the flavor of Water-
boiled Salted Duck treated under different conditions using gas chromatography-liquid chromatography. The results reveal a sig-
nificant increase (P < 0.05) in the contents of aldehyde, ketone, and furan after treatment at 121°C for 20 min. In contrast, thermal
treatment at 95°C for 40 min or 85°C for 50 min had a lesser effect on the flavor of the duck. This was attributed to the lower
temperature, reducing the degree of lipid oxidation, and the subsequent increase in aldehyde and ketones. However, an insufficient
temperature cannot guarantee the microbial safety of prepared dishes. Although both conditions of 84°C for 35 min and 95°C for
30 min were able to maintain the odor of Dezhou-braised Chicken without overdoing the flavor, Bacillus and Clostridium still had
strong activity after treatment at 84°C for 35 min, but they were completely inactivated by thermal treatment at 95°C for 30 min [22].
Shortening the heating time can better maintain sensory quality, and UHT processing is primarily based on this principle. With a
constant F, value of 5 min, Tang et al. [23] examine the quality change in Sweet and Sour Carp at four temperatures (110, 115, 121,
and 130°C), where the highest treatment temperature (130°C) and shortest processing time (18 min) could improve the texture of the
fish and the color and rheological properties of the sauce, and the dishes also achieved a higher sensory score, though no significant
difference (P > 0.05) was observed between the product and control groups.
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Conventional thermal treatment varies terms of heating form, whether hot air, steam, or water bath heating. The heat penetration
characteristics of prepared dishes under different heating methods differ, resulting in different microbial control effects. During
thermal treatment at 121°C, the heating rate of Imitation Shrimp Curry was faster under steam-air treatment, requiring a total process
time of only 36 min. In comparison, the water immersion treatment required 44 min, though the quality of the Shrimp Curry under
steam-air treatment was superior [24]. The packaging style of the prepared dishes is also a factor affecting thermal treatments.
Different packages have different heat transfer coefficients, which can produce different effects on prepared dishes under similar
processing conditions. Kirse-Ozolina et al. [25] assess the effect of using a doypack (Polyethylene terephthalate/Aluminum/Poly-
amide/Chlorinated polypropylene; PET/AL/PA/CPP) or glass jar on the quality of Fresh Cabbage Borscht when pasteurized. The
Borscht in the doypack after thermal treatment had a higher a value and lower b and L values, meaning the color was redder and
better preserved. Meanwhile, the Borscht in the glass jar generated a caramel flavor after pasteurization, though the sensory quality
was reduced. Moreover, the doypack product had a fast heat transfer rate, which could shorten the pasteurization cycle two-fold,
reduce energy consumption, and improve economic efficiency. Shah et al. [26] also find that the doypack form (Polyethylene ter-
ephthalate/Aluminum/Chlorinated polypropylene/Biaxially oriented Polyamide; PET/AL/CPP/BOPA) in thermal processing not
only reduced energy consumption but also improved the sensory properties of food. Parameters must be adjusted for products with
different package sizes during thermal treatment, as an increased product size decreases heat penetration and increases the time to
reach the target temperature [27]. Ignoring the effect of package size on thermal processing may result in the excessive or insufficient
killing of microorganisms.

2.1.3. Challenges of applying the conventional thermal technique to prepared dishes

Despite its limitations in preserving the sensory and nutritional quality of food compared to new microbial control techniques,
such as MW, RF, and HPP, the conventional thermal technique remains extensively employed in food processing, especially for
sterilization treatment, as we have few options at the current stage. This can be attributed to its extensive developmental history,
maturity in equipment technology, foundational role as a reference for evaluating the effectiveness of other microbial control
techniques, and the trust it garners from both businesspeople and consumers [28]. Therefore, the conventional thermal technique still
plays a significant role in the microbial control of food [29,30]. Conventional thermal technique usually needs copious amounts of
water, resulting in wasted resources. Despite the appearance of some new devices, they are primarily focused on liquid foods and less
used in prepared dishes. In addition, because a temperature of 121°C for 30 min can achieve effective sterilization, most operations
choose this condition without any adjustments. In the future, the development of appropriate treatment protocols for different
prepared dishes and microbial types is necessary.

2.2. Microwave

MW is an electromagnetic wave with a frequency range of 300 MHz-300 GHz, widely used in food processing [33]. To avoid
interference with other applications, the U.S. Federal Communications Commission (FCC) specifies MW frequencies available in the
food industry as between 915 MHz and 2450 MHz [34]. However, commercial MW systems for microbial control are mainly man-
ufactured in developed countries, including by the OMAC, Berstorff, Top’s Food, and Micvac companies, along with Washington State
University. All these systems contain heating, holding, and cooling modules, and some have preheating, equilibration, and decom-
pression sections [35]. MW is a thermal treatment technology that uses alternating electric fields to induce the constant collision of
polar molecules to generate heat and kill microorganisms [36,37]. In addition, MW can selectively heat microorganisms to a higher
temperature than surrounding food materials. This phenomenon may be attributed to the fact that microorganisms have good die-
lectricity, with an electrical charge on their surfaces, and they are more capable of converting electrical energy into heat [38]. Some
studies have also claimed that MW has non-thermal effects when killing microorganisms, but no consistent conclusions have been
reached, and currently, MW treatment is developed mainly based on its thermal effects. Because MW can penetrate food and convert
to heat inside, it has a faster heating rate and less heat loss compared to the conventional thermal technique, a property allowing MW
to preserve better the sensory attributes of prepared dishes Table 3.

2.2.1. Applications of MW to prepared dishes

MW has been used to pasteurize prepared dishes, such as beef, chicken, and potatoes. For example, Hague et al. [39] apply MW to
cooked beef and find the count of Clostridium sporogenes in the MW treated group to be nearly 4 log count/cm?, which is lower than
that in the control group after 70 d of storage at 10°C. Another study compared the effects of a water bath, RF and MW on the shelf life
and quality of Braised Beef, and MW had the highest microbial killing effect, with a 2.13-log CFU/g reduction in TPC and the best
product flavor, and its shelf life was extended to 35 d; in comparison, water bath and RF could only extend shelf life by about 20 d
[40], possibly because MW has fastest heating rate and it may induce further chemical reactions, such as the Maillard reaction, and
the degradation of amino acids, resulting in enhanced flavor. Yang et al. [41] also find that retort processing produced 2-pentylfuran,
which destroyed the flavor of Duck, while Duck treated with MW does not contain this compound, and MW treatment increased the
relative content of 1-octen-3-ol, a characteristic compound of mushroom aroma. MW does not destroy muscle bundles and can also
induce protein cross-linking to form a dense network structure, reducing damage to the texture. However, some studies have shown
that MW treatment has a worse impact on the texture of prepared dishes than conventional thermal processing, which may be related
to the selection of MW conditions and food substrates.

MW treatment has problems of inhomogeneity and the existence of cold spots, which may lead to microbial residues. Thermal-
assisted MW treatment is an effective method to improve heating uniformity by microwaving packaged food in hot water, alleviating
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the problem of overheating at the edges, because water can regulate the product temperature [42]. Ensuring good temperature
distribution of the product during MW treatment and locating cold and hot spots are essential to ensuring microbial control efficacy,
so it is necessary to obtain a real-time temperature distribution in product. A single-mode cylindrical cavity with a self-regulated
power-supply system was designed to ensure thorough and uniform microbial inactivation in foods, whereas MW power varied with
the temperature of the sample to achieve precise temperature control and maintain the product temperature at the target level [43].
Developing model foods and establishing simulation models can thus better predict the effects of MW on microorganisms and food
quality, providing a reference for the design of commercial MW processes [44,45].

2.2.2. Factors affecting MW

MW frequency affects the depth of penetration, and the penetration depth decreases as frequency increases. As well, the MW
penetration depth in food is bout 8-22 cm at 915 MHz and only 3-8 cm at 2450 MHz [46]. However, MW power and processing time
also affect microbial inactivation, the former of which determines the intensity of the electric field, where a greater output power
means a stronger electric field, causing molecules to move violently and hasten the heating rate. With a long processing time, food
can absorb more MW energy and enhance the microbial killing effect. For instance, the MW treatment of Hongsu Chicken reduced the
TPC from 7.56 log CFU/g to about 1 log CFU/g, requiring 5 min at 1400 W. In addition, at 1750 W, the treatment time was reduced to
3 min, and with an increase to 2100 W, it took only 2 min to achieve the same microbial control effect [47]. Treatment at 700 W for
3 min could reduce B. cereus vegetative cells and spores in Fried Rice by 3.41 log CFU/g and 3.02log CFU/g, respectively, and the
MW Kkilling effect is enhanced when the processing time is extended to 4 min [48].

The dielectric property of food is an important factor affecting MW processing, where the dielectric constant and dielectric loss
factor characterize the ability to store and convert electromagnetic energy, respectively, and they are important parameters for
calculating power absorption and penetration depth [49]. Dielectric property is related to the composition of food, where a generally
higher moisture content or water activity is associated with a larger dielectric loss factor, but it is not an absolute linear correlation.
For instance, Guan et al. [50] found that an increase in moisture content from 81.6 % to 87.8 % had no significant effect on both the
dielectric constant and dielectric loss factor at 915 MHz, but an increase in salt content from 0.8 % to 2.8 % raised the dielectric loss
factor from 27.1 to 52.4 at 20°C. Furthermore, the dielectric property is also affected by frequency and temperature. In a study
conducted by Brinley et al. [51], the dielectric constant of potato puree decreased by about 10 when the temperature increased from
15°C to 145°C, while the dielectric loss factor increased quadratically with an increasing temperature. This may be due to the increase
in ionic conductivity at elevated temperatures, altering the dielectric loss factor. Furthermore, the shape of food significantly in-
fluences the distribution of MW energy, where rectangular food leads to microwave aggregation in the corners, resulting in corner
heating, and spherical food causes MWs to aggregate in the center, leading to faster heating of the central part.

2.2.3. Challenges of applying MW to prepared dishes

The use of MW to control microorganisms in food is well established, and a commercial MW system is available. Some commercial
MW devices for the microbial control of prepared dishes have emerged. For example, Nanjing Yongqing Food Development of New and
High Technology Co., Ltd., has developed tunnel-type MW microbial control equipment for prepared dishes, the capacity of which
ranges from 100 kg/h to 1000 kg/h and the price from 10,791 to 83,009 USD [52]. Although the equipment is not overly expensive, its
application to prepared dishes is still in the initial stages, possible because of the lack of energy consumption analyses, so it is difficult to
assess the cost of MW processing [53]. There are some other problems with the application of MW to prepared dishes. On the one hand,
there are too many types of prepared dishes, and a prepared dish usually contains multiple ingredients [54]. Determining how to
categorize dishes reasonably and according to shape, dielectric properties, or composition and then develop corresponding MW pro-
cesses for dishes with distinct characteristics remains a challenge. In addition, the poor penetration capacity of MW means it struggles to
handle dishes with large thicknesses, which is a limitation for large-scale and high-efficiency production. The common packaging for
prepared dishes includes aluminum foil composite packaging, but aluminum has a shielding effect on electromagnetic waves and is
unsuitable for MW processing. The development of packaging suitable for MW processing should be continued in the future.

2.3. Radio frequency

RF is an alternating electromagnetic wave with a frequency of 3 kHz-300 MHz, and to avoid interference with communication,
only specific frequencies (13.56, 27.12, and 40.68 MHz) are permitted for industrial, scientific, and medical (ISM) purposes in most
countries [8]. for instance, the frequency commonly used in food processing is 27.12 MHz [55]. RF is similar to MW, both of which
are examples of dielectric heating. RF equipment generally includes parallel electrode plates, with the sample placed between two
plates during processing. Under the influence of alternating electric fields, RF acts on the sample in the direction perpendicular to the
plates, making ions move in the direction with an opposite charge. During this period, the electric field changes constantly, causing
ion oscillation and dipole molecule rotation within the food. These ions and dipole molecules continue to move at a high speed, and
the constant friction generates heat, promoting the death of microorganisms [56,57]. Some studies also report that RF exhibits a non-
thermal effect, damaging the integrity of the cell membrane, interfering with the transporter mechanism, and causing microbial
death, but its validity remains to be investigated [58,59]. Unlike the conventional thermal technique, the heat from RF is generated
by electromagnetic waves acting directly on food rather than based on thermal conduction or convection. This results in less heat loss,
a high heating efficiency, and a more uniform temperature distribution. As well, the wavelength of RF is 20-360 times longer than the
commonly used MW, so its penetration depth is deeper and can be used to process food with large thicknesses [60,61]. RF has also
been applied in the microbial control of a wide range of prepared dishes Table 4.
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2.3.1. Applications of RF in prepared dishes

Using RF to deactivate microorganisms can not only ensure food safety, but also guarantee the edible quality of dishes, as it is a
volumetric heating method with a lesser impact on food sensory. Pasteurization of Braised Beef using RF reduced TPC by 1.55 log
CFU/g, with no significant sensory differences (P < 0.05) observed between the treated and control groups. Meanwhile, the shelf
life of dishes at 37°C can be extended from 14 d to 42 d, and RF can reduce lipid oxidation compared to heat treatment in a normal
water bath [40]. The TPC of Kung Pao Chicken treated with RF for 20 min met the Chinese National Standard (GB 2726-2016),
whereas the chewiness, hardness, and flavor of Kung Pao Chicken were better than those treated with conventional thermal
techniques [62]. Xu et al. [63] apply RF in the pasteurization of Twice-Cooked Pork, where treatment for 20 min reduced TPC by
2log CFU/g, meeting the requirements of the Chinese National Standard (GB 29921-2013). In comparison with conventional
thermal pasteurization, RF pasteurization caused less damage to the texture and flavor of the product, and the sensory score was
closer to that of the control group.

To improve the microbial killing effect, RF is often used in conjunction with other techniques, one approach of which is to
combine RF with bacteriostatic substances, such as zinc oxide, carbon dots, or chitosan [64-66]. Another strategy is to combine RF
with hot water to heat prepared dishes to shorten the processing time and improve food quality [40,67]. Similar to MW, the variable
shape and dielectric properties of prepared dishes are likely to cause non-uniform heating, which may produce microbial residues. In
addition, to avoid secondary pollution, RF is usually used to process packaged prepared dishes. However, typical food packaging,
such as polyethylene (PE) and polypropylene (PP), is unsuitable for RF processing because it is not heat-resistant. Wu et al. [68]
investigate the impact of RF energy on the properties of PE and PP packaging materials, and although the mechanical properties of
the packaging, including its tensile strength, elongation at break, and Young’s modulus, did not change significantly with an extended
RF heating time, the outer edges of the PE and PP packages melted after 3 min of treatment. Therefore, it is also necessary to consider
the impact of RF on packaging materials and develop prepared dishes packages that are more suitable for RF treatment.

2.3.2. Factors affecting RF

The electrode gap can affect the RF heating rate, but generally, decreasing the electrode gap could enhance the electric field and
increase the heating rate, but it is not linearly correlated [46], as an optimal electrode gap must always be determined to achieve the
best heating and energy utilization efficiency. Wang et al. [67] use RF to treat Spicy Pork Slices, but the heating rate decreased
sharply when the electrode gap increased from 190 to 200 mm, and the killing efficiency of GeoBacillus stearothermophilus was highest
at a 190-mm electrode gap, though it took the shortest time to achieve a 5-log reduction. The temperature increases when extending
the RF processing time, leading to a better microbial control effect. In addition, an excessive processing time also results in quality
degradation. Zhao et al. [69] use RF to pasteurize Boiled Gansi Dish for 8, 12 and 16 min, resulting in reductions of B. subtilis by 2.13,
3.62, and 4.63 log CFU/g, respectively. The microbial control effect was optimal at 16 min, but the hardness of Gansi significantly
decreased (P < 0.05) after 16 min of RF treatment. Meanwhile, the scores for appearance, flavor, and texture were also significantly
decreased. Xu et al. [70] also reach a similar conclusion when exploring the effect of RF treatment on Stewed Pork with Carrots.
Therefore, it is necessary to choose an appropriate RF treatment time to kill microorganisms, as well as to ensure the quality of dishes.

The composition of food is also a crucial factor affecting RF treatment. Similar to MW, the dielectric properties of food have a
significant impact on RF treatment, influencing the absorption and attenuation of RF energy in food. As such, the dielectric constant
and dielectric loss factor are commonly used to describe the dielectric property of food, where the former reflects the ability of
materials to store electrical energy and the latter the ability to convert electrical energy into heat energy [71]. Components in
prepared dishes are complex, and their dielectric properties differ, which can cause inhomogeneity in RF processing. Wang et al. [60]
measure the dielectric properties of each component in meat lasagna during RF treatment and find that the relative loss factor of
sauce was approximately twice that of beef meatballs, mozzarella cheese, and noodles. Under the same operating conditions, the
temperatures of sauces rose much higher than those of other components, possibly leading to localized overheating. As well, like MW,
the shape of food affects the distribution of RF energy, leading to an uneven temperature distribution. Consequently, prepared dishes
with a uniform shape are more suitable for RF treatment.

The packaging of prepared dishes also affects RF treatment. For instance, Xu et al. [72] use infrared thermography to measure the
temperature uniformity of Flavored Shredded Pork during RF pasteurization, where the temperature distribution in the cooking bag
was relatively uniform but the temperature outside the cooking bag suddenly decreased. This is likely because the cooking bag had a
good barrier effect, reducing heat loss and facilitating RF pasteurization. This was consistent with the findings of the Twice-cooked
Pork Dish and Kung Pao Chicken [62,63]. Meanwhile, Wang et al. [67] use a cylindrical package when applying RF to Spicy Pork
Slices. The product is stratified in the container, the top layer is oil, the middle layer soup, while the bottom layer Spicy Pork Slices,
but the overall heating rate of the bottom layer was slower than top layer. The geometric center exhibited the slowest heating rate
and served as a cold spot. Xu et al. [73] place Pork into a cylindrical polypropylene container and find that the geometric center of the
sample had the highest heating rate, of 5.92 °C/min, while the heating rate at the bottom edge was only 3.92 °C/min. Thus, the
packaging of prepared dishes significantly influences temperature distribution during RF treatment.

2.3.3. Challenges of applying RF to prepared dishes

RF has been commercially applied in post-baking of biscuits, but it is still in the laboratory stage with regard to microbial control
[74]. Compared with the conventional thermal technique, RF equipment is complex and expensive, the cost of which is estimated to
range between 2686 and 64,482 dollars per installed kW, without considering operating costs [75]. In addition, a few companies are
struggling to develop RF equipment suitable for food pasteurization/sterilization, limiting the application of RF to prepared dishes [76].
In addition, RF is more suitable for processing food products with a regular shape, which also limits the application of RF to prepared
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dishes. Furthermore, dish components have a profound influence on RF processing, so it remains a challenge to develop appropriate RF
procedures for a wide variety of prepared dishes with acceptable heating uniformity. Introducing a water bath to the treatment to
improve the uniformity of RF treatment may be a development trend in the future. Similar to MW, common aluminum foil-laminated
packages are unsuitable for RF processing, so it is necessary to produce prepared dish packages suitable for RF processing.

2.4. High pressure processing

HPP is a non-thermal pasteurization method that involves applying a pressure of 100-1000 MPa to food [77], used for prepared
dishes via non-continuous processing. The packaged samples are positioned in a processing chamber and pressurized using a pressure
transfer medium, the most commonly used of which is water [78]. HPP changes the distance between atoms, and the strength of non-
covalent bonds is influenced by this distance. For example, the strength of ionic bonds is inversely proportional to the distance
between charged particles. Therefore, HPP has a destructive effect on non-covalent bonds, including ionic bonding, hydrogen
bonding, hydrophobic interactions, and van der Waals’ forces. This impact further affects the function of biomolecules and disrupts
the balance of the intracellular environment. In addition, HPP can also cause damage cell wall and membrane of microorganisms,
leading to alterations in cell morphology and achieving pasteurization [79,80]. HPP does not disrupt covalent bonds. Therefore,
ascorbic acid, anthocyanin, conjugated linoleic acid, and other nutrients that are mainly maintained by covalent bonds could be
preserved during HPP treatment. Moreover, HPP is a non-thermal treatment and has a minimal influence on heat-sensitive com-
ponents. This characteristic allows for better preservation of food’s nutritional value [81]. In addition, according to Le Chatelier's
principle, the isostatic principle, and the microscopic ordering principle, HPP treatment is a uniform instantaneous process unaffected
by product shape and size [82], and it has made progress in the pasteurization of various prepared dishes since the FDA permitted its
use for commercial production of foods in 2009 Table 5.

2.4.1. Applications of HPP to prepared dishes

Devatkal et al. [83] treat Chicken Nuggets with 300 MPa for 5 min, leading to a TPC decrease to less than 1 log CFU/g, with no
significant impact on the color and texture of the chicken. In addition, it extended shelf life of Chicken Nuggets by 2 weeks at 4°C.
Singha et al. [84] treated Hilsa Curry with HPP (500 MPa, 5 min), leading to a reduction in TPC by 0.78 * 0.15log CFU/g, and the
product treated with HPP exhibited higher color and texture scores compared to conventional thermal-treated (75°C, 5 min) products.
Yi et al. [85] compare the effects of HPP (550 MPa, 5 min) and thermal pasteurization (85°C, 30 min) on Wine-marinated Shrimp,
both of which reduced TPC below the detectable limit and prolonged the shelf life of shrimp by about 76 d at 4°C. However, HPP
treatment reduced lipid oxidation and more effectively preserved the appearance, springiness, and chewiness of Wine-marinated
Shrimp compared to the thermal treatment [85].

For low-acid prepared dishes (pH < 4.6), HPP treatment can kill pathogenic and spoilage microorganisms, but it is difficult to
inactivate spores, so low-temperature storage is usually required to prevent spore germination [86]. To improve the pasteurization
effect, HPP is often combined with other techniques, which not only enhances the microbial inactivation effects, but also shortens the
holding time and improves the production efficiency. HPP treatment induces physical compression, and the compression process
converts mechanical energy into heat energy, consequently resulting in an increase in food temperature, which is generally at a rate
of 3°C/100 MPa for water. However, the different components of prepared dishes have varied compressibility and specific heat,
possibly causing an uneven temperature rise during HPP treatment [87,88]. To control the temperature during HPP treatment, a
temperature monitoring system is usually integrated into HPP devices. As well, some devices incorporate a cooling system to mitigate
the potential damage to food quality caused by temperature rises.

2.4.2. Factors affecting HPP

Numerous factors can influence HPP pasteurization, with pressure and holding time being the most critical among them, as
generally, increasing these will enhance the pasteurization effect. Singha et al. [84] investigate the effect of HPP on the pasteurization
of Hilsa Curry, but TPCs could only be reduced by 2.5log CFU/g with 300 MPa treatment for 5 min at 60°C, while TPCs could be
reduced by nearly 5log CFU/g with an increase in pressure to 400 MPa. When the pressure increased to 500 MPa, TPCs decreased
about two-fold, as much as 300 MPa, and when the treatment time was extended from 5 to 10 min at 400 MPa, TPC reduction could
be increased by about 0.5 log CFU/g. Yet, pressure plays a more key role than time in pasteurization. Yuan et al. [89] observe a tailing
phenomenon on the microbial inactivation curve during the HPP treatment of Boiled Bamboo Shoots, indicating that after reaching a
certain time, extending the holding time is ineffective at improving inactivation intensity and may have a negative effect on food
quality. The variance analysis shows that holding time has no significant impact on the pasteurization process when compared to
pressure. Therefore, holding time could be appropriately shortened to improve production efficiency. To determine an appropriate
pressure and treatment time, the Weibull kinetic model is commonly used for simulating and predicting microbial inactivation.
Utilizing the Weibull model and taking pressure and time as independent variables, Yuan et al. [90] establish a microbial death
prediction model for continuous HPP pasteurization processing that enables a more convenient prediction of the pasteurization effect
on Boiled Bamboo Shoots and similar products under specified conditions. The pressure and holding time required to achieve the
target pasteurization rate could be calculated, providing theoretical guidance for commercial applications.

2.4.3. Challenges in applying HPP to prepared dishes
HPP should not be used to treat dishes containing air bubbles, because the pressure can compress the bubbles and destroy the

texture of the dishes [91]. Moreover, the rate of pressurization and depressurization can affect the inactivation of microorganisms,
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but existing conclusions present contradictory results [92]. Therefore, the changes in microorganisms at different rates of pressur-
ization and depressurization must be investigated in depth to determine precise HPP treatment parameters. In addition, HPP may also
change the pH of prepared dishes, potentially altering the microbiological control effect, but few studies have focused on in-
stantaneous pH changes in foods under HPP treatment [93]. Solving the problem of measuring in situ pH under pressure is crucial to a
comprehensive understanding of the effects of HPP on the composition of prepared dishes. Furthermore, the efficiency of HPP is
constrained by expensive equipment and batch processing, rendering it less competitive in terms of production costs compared to the
conventional thermal technique. Depending on its equipment capacity (35-525L) and degree of automation, the cost of an HPP
system ranges from 0.6 to 4 million dollars, accompanied by higher operating and maintenance costs [94,95]. It is estimated that the
treatment cost of HPP is between 0.09 and 0.22 dollars per kilogram, which is about seven times as much as conventional thermal
treatment [94,96]. In the future, the cost of equipment should be further reduced, and the efficiency of processing should be im-
proved to increase the competitiveness of HPP.

2.5. Irradiation

Irradiation is a non-thermal microbial control technique that exposes samples to y rays, X rays, or electron beams. Irradiation rays
can also be generated by both radioactive and machine sources. Specifically, y rays are generated by the radionuclides °Co or *’Cs,
while X rays and electron beams are generated by electron accelerators [46]. y rays exhibit superior penetration capabilities, at a
depth reaching 40 cm compared to approximately 20 cm for X rays and only 8 cm for electron beams. Consequently, y rays find
extensive use in industrial irradiation. However, due to public concerns regarding radionuclides, there was gradual development of X
rays and electron beams generated by machine sources [28]. Irradiation controls microorganisms through both direct and indirect
effects, the former of which signify that electrons or photons of rays collide with atoms in microbial molecules. This collision
generates an energy transfer, leading to the cross-linking, breakage, and degradation of biological macromolecules, such as DNA,
RNA, and proteins, consequently disrupting their normal functions [97,98]. Meanwhile, the indirect effect means that irradiation
induces the ionization of water molecules, resulting in the production of free radicals. These reactive substances further disrupt the
normal function of microorganisms [99]. Irradiation is a safe technology; as early as the last century, WHO/IAEA/FAO investigated
the safety of irradiated food, finding that irradiation can effectively eliminate microorganisms and food irradiated with does up to
10 kGy is not harmful to human health [100]. Currently, more than fifty countries have approved the use of irradiation in food
processing [101] Table 6.

2.5.1. Applications of irradiation to prepared dishes

Some prepared dishes are unsuitable for thermal treatment due to product characteristics; for example, Jeotgal is a traditional
type of fermented seafood dish in Korea that does not require high-temperature cooking, so thermal processing is unsuitable for such
dishes, but the temperature of Jeotgal does not increase during irradiation, preserving the original flavor of the product [102]. Park
et al. [103] apply irradiation to treat Ganjang-gejang with an initial TPC value of 6.21og CFU/g and fungi value of 4.1 log CFU/g,
neither of which were detected after exposed to 9 kGy irradiation. Li et al. [104] treat Crayfishes with 3.32 kGy irradiation, which
could reduce TPCs by 1.21log CFU/g. Over 9 d of storage at 0°C, the TPC value remained below 3log CFU/g, conforming to the
Chinese National Standard (GB 29921-2013). Typically, irradiation induces lipid oxidation, whereas vy irradiation treatment
(2-8kGy) increased the peroxide value of Guizhou Spicy Chicken [105]. Huang et al. [106] also find that the thiobarbituric acid
reactive substance (TBARS) value of Smoked Chicken Breast increased from 0.096 mg/kg to 0.240 mg/kg when the irradiation dose
was increased from 0 to 6 kGy, which was consistent with the research conclusions of Park et al. [103]. Lipid oxidation caused by
irradiation can be attributed to the generation of free radicals, which have strong oxidation activity and facilitate fat oxidation.

Both irradiation and HPP are non-thermal techniques, but they differ from each other, as the latter does not cause a significant
increase in temperature and has advantages in processing cold dishes. HPP involves boosting and decompression, and the pasteur-
ization of prepared dishes must also be processed in closed containers, limiting the ability to achieve continuous processing and
reducing processing efficiency. Conversely, irradiation does not have these limitations, as some irradiation equipment include a
conveyor belt to achieve continuous processing. To reduce the negative impact of irradiation on a product’s sensory properties,
besides choosing a suitable irradiation dose, combining it with new packaging is also an option. In addition, the damage to the flavor
of prepared dishes caused by irradiation can be reduced by lowering the product temperature and adding ascorbic acid. There are also
inhomogeneities in dose distribution during irradiation, and the actual absorbed dose of food can be monitored with a dosimeter to
maintain it within an acceptable error range. With tools like MCNPX2.6, appropriate dose distribution can be obtained by adjusting
the parameters of the rays and the distance between the energy source and sample [107].

2.5.2. Factors affecting irradiation

The type and dose of irradiation have a direct effect on the microbial control of prepared dishes. For instance, Song et al. [108]
compare the lethal effects of y rays and electron beams on three food-borne pathogens in Bajirak Jeotkal. Further, the D, values of
Vibrio parahemolyticus, Listeria monocytogenes and Staphylococcus aureus treated with y rays were 0.29, 0.64, and 0.63 kGy, respec-
tively, whereas the D;, values of electron beam for these bacteria were 0.36, 0.79, and 0.81 kGy, respectively. This suggests that a
lower dose of y rays was sufficient to achieve an equivalent decontamination effect compared to electron beams. Park et al. [31] also
reach a similar conclusion: when the treatment dose was 5 or 10 kGy, Bulgogi treated with y rays had fewer TPCs than those treated
by electron beam during storage for 90 d. This indicates that y rays were more effective in pasteurization due to their superior
penetration ability compared to electron beams. In addition, the higher the irradiation dose, the better the bactericidal effect. No
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TPCs were detected in the Potato treated with doses above 7 kGy during 30 d of storage. However, TPCs were detected on day 7 after
treatment with doses below 5kGy [109]. Marathe et al. [110] also find that increasing the irradiation dose enhances the microbial
inactivation effect when irradiating Pulav. Irradiation doses should not be excessively high, as an overdose can result in deterioration
of the quality of prepared dishes. For example, Chen et al. [111] observe that a high irradiation dose of 40 kGy results in considerable
damage to product flavor, leading to a significant reduction in the overall acceptability of Stir Fry Chicken Dices with Hot Chili.
Changes to a food’s sensory characteristics caused by high-dose irradiation are related to lipid oxidation and the decomposition of
amino acids or carbohydrates. The degradation of hydroperoxides during lipid oxidation can also generate low-molecular-weight
alcohols, aldehydes, and acids, introducing unpleasant odors. As well, the decomposition of certain sulfur-containing amino acids
produces volatile sulfides, which can also destroy flavor [112,113].

Packaging also affects irradiation treatment, as the presence of oxygen can facilitate lipid oxidation. To reduce lipid oxidation
during irradiation, vacuum packaging is an effective measure. Li et al. [114] irradiate Sauced Duck and find that the introduction
of modified atmosphere packaging not only enhances microbial safety, but also delays the increase in the TBARS rate during
storage. At the end of storage, the TBARS value was about 0.4 lower than that in the group separately treated by irradiation.
Simultaneously, the change in biogenic amines and TVB-N slowed, and the product obtained a higher sensory score. Compounds in
food packaging materials may migrate into foods during processing, so it is critical to determine the effects of irradiation processes
on common prepared dish packaging. Ma et al. [115] investigate the effect of irradiation on food packaging materials with dif-
ferent components and brands, such as PA/CPP, PET/Al/PA/CPP, and PA/PE, and the results show that irradiation did not increase
the migration of primary aromatic amines (PAAs), but reduced the PAAs in simulated food, which is a safe microbial control
method. However, if the package contains prepared dishes with different compositions, whether the effect of irradiation on PAA
migration is consistent with the previous conclusions concerning the interaction of fats, proteins, organic acids, and other com-
ponents must be further verified.

2.5.3. Challenges in applying irradiation to prepared dishes

Currently, irradiated agricultural products are growing at an annual rate of 20-25 %, and the total annual global irradiated
agricultural products has reached 1.48 million tons [116]. However, irradiation has not been used for the commercial microbial
control of prepared dishes, as one of the biggest problems with irradiation is the lack of consumer acceptance. Consumers always
associate it with radioactive elements, though studies have confirmed the safety of irradiation, limits the application of irradiation to
prepared dishes. Therefore, establishing uniform standards to address consumer concerns poses a significant challenge in its appli-
cation to prepared dishes [117]. The irradiation dose applied to food is typically less than 10 kGy, and this may not ensure the desired
microbial control effect [118]. Meanwhile, v rays generated by radionuclides, such as ®°Co or '*’Cs, cannot be halted at any time,
necessitating strict protective measures to prevent leakage and monitor inherent safety risks. Electron beams generated by me-
chanical sources are safer, but they exhibit limited penetration capacity. Moreover, when generating X rays, the energy tends to
dissipate in the form of heat, with a conversion rate ranging only from 8 % to 17 % [119]. Further investigations are still needed to
address these issues. In addition, the cost of irradiation should be considered, the cost of which is estimated to be 0.01-0.15 dollars/
kg and decreases as the volume increases [94]. Concurrently, the processing cost is also related to the radioactive source. °°Co is more
cost-effective than electron beams when the annual processing capacity is less than 23 million kg [94]. However, the annual pro-
cessing capacity is limited for small companies, and the construction of irradiation processing support facilities also requires a large
investment. In the future, increasing the cooperation of companies and establishing large-scale irradiation facilities to provide the
centralized treatment of prepared dishes will help solve this problem.

3. Conclusion and future perspective

With the accelerated pace of life, prepared dishes have a broad development prospect, but microbial control remains a crucial
step in the production of prepared dishes, not only guaranteeing the safety of prepared dishes, but also extending shelf life and
improving economic efficiency. The conventional thermal technique, MW, RF, HPP, and irradiation are the most common mi-
crobial control technologies for prepared dishes, and we summarize their applications to prepared dishes. To provide a clearer
overview of the development potential for each technology, we have compared them, as shown in Table 7. Economic costs were
not considered, because currently, several microbial control technologies other than the conventional thermal technique have
not yet been commercialized. Due to the characteristics of the technologies, different technologies are suitable for diverse types
of prepared dishes. For instance, the conventional thermal technique is universal and suitable for all types of dishes, while MW
has poor penetration ability and can only be used to treat dishes with limited thickness. RF is suitable for dishes with large
thickness and a regular shape, while HPP is unsuitable for dishes containing air bubbles and irradiation is usually used for dishes
with a low initial microbial load. In addition, these technologies have different requirements for packaging, such that the
conventional thermal technique requires heat-resistant packaging. Because of the shielding effect of aluminum against elec-
tromagnetic waves, prepared dishes packaged in aluminum-based materials cannot be treated with MW and RF, while HPP
treatment requires pressure-resistant packaging with good barrier properties. Finally, irradiation treatment has no unique re-
quirements for packaging. Among these five techniques, the conventional thermal technique induced the greatest damage to the
quality of dishes, though it was difficult to make comparisons with the other techniques. Overall, there is a wide variety of
prepared dishes, and no technology is perfect and versatile. As such, we must select the most suitable microbial control tech-
nique based on the characteristics of different prepared dishes. In the future, the combination and complementary advantages of
various technologies will be the development trend.
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Many factors limit the application of these technologies; on the one hand, the equipment and techniques are immature and
expensive, and on the other, the related regulations and standards are imperfect, so consumers and food companies also need time to
accept the emerging technologies. Therefore, future efforts should be directed toward the following areas:

1. Establishing regulations and standards for applying various microbial control technologies to prepared dishes to improve industry
standardization and win the trust of consumers.

2. Developing new equipment and combining various techniques to complement each other, thus enhancing microbial control
efficacy.

3. Using software and models to optimize the microbial inactivation process and improve the scientificity of techniques and reduce
the costs of research.

4. Ensure microbiological safety while maximizing the nutritional and sensory qualities of prepared dishes to satisfy consumer
demand.

5. Researching microbiological control conditions, packing, storage temperature, and shelf life for different prepared dishes to
establish a systematic research framework.

CRediT authorship contribution statement

Xiushan Wang: Writing — original draft, Methodology, Investigation, Conceptualization. Pu Jing: Writing — review & editing,
Project administration. Chen Chen: Methodology, Investigation. Jinhong Wu: Writing — review & editing. Huiyun Chen: Writing —
review & editing. Shunshan Jiao: Writing — review & editing, Supervision, Investigation, Conceptualization.

Declaration of Competing Interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements
This study was financially supported by Ningbo Key Research and Development Plan (20237122).

References

[1] X. Wu, L. Rao, H. Zhang, X. Hu, X. Liao, Quality and safety improvement of premade cuisine by novel food processing technologies, J. Food Sci. Tech. 40 (5)
(2022) 1-13, https://doi.org/10.12301/spxb202200904.

[2] Q. Yu, M. Zhang, R. Ju, A.S. Mujumdar, H. Wang, Advances in prepared dish processing using efficient physical fields: a review, Crit. Rev. Food Sci. Nutr.
(2022) 1-15, https://doi.org/10.1080/10408398.2022.2138260.

[3] FoodTalks, Analysis report on operational and investment decisions in the Chinese prepared dishes industry for the period 2023-2025. (2024) <https://www.
foodtalks.cn/news/50735).

[4] FMI, Convenience food market, (2022) <https://www.futuremarketinsights.com/reports/global-convenience-foods-market).

[5] J. Lehel, R. Yaucat-Guendi, L. Darnay, P. Palotas, P. Laczay, Possible food safety hazards of ready-to-eat raw fish containing product (sushi, sashimi), Crit. Rev.
Food Sci. Nutr. 61 (2021) 867-888, https://doi.org/10.1080/10408398.2020.1749024.

[6] S.Guo, M.Y.F. Tay, K.T. Aung, K.L.G. Seow, L.C. Ng, R.W. Purbojati, D.I. Drautz-Moses, S.C. Schuster, J. Schlundt, Phenotypic and genotypic characterization of
antimicrobial resistant Escherichia coli isolated from ready-to-eat food in Singapore using disk diffusion, broth microdilution and whole genome sequencing
methods, Food Control 99 (2019) 89-97, https://doi.org/10.1016/j.foodcont.2018.12.043.

[7] P.Wang, A. Hu, X. Fan, X. Zhao, Y. Ge, Y. Chen, Bacterial communities in prepared foods available at supermarkets in Beijing, China, Food Res. Int. 120 (2019)
668-678, https://doi.org/10.1016/j.foodres.2018.11.024.

[8] M. Huang, M. Zhang, B. Bhandari, Recent development in the application of alternative sterilization technologies to prepared dishes: a review, Crit. Rev. Food
Sci. Nutr. 59 (2019) 1188-1196, https://doi.org/10.1080/10408398.2017.1421140.

[9]1 S. Bhattacharya, Conventional and Advanced Food Processing Technologies, John Wiley & Sons Inc, Chichester, West Sussex; Hoboken, NJ, 2014.

[10] R. Simpson, Thermal Processing of Packaged Foods, Food Engineering Series, Springer, 2007, https://doi.org/10.1007/978-3-319-24904-9.

[11] U. Roobab, R.M. Aadil, G.M. Madni, A.E.D. Bekhit, The impact of nonthermal technologies on the microbiological quality of juices: a review, Compr. Rev. Food
Sci. Food Saf. 17 (2018) 437-457, https://doi.org/10.1111/1541-4337.12336.

[12] A. Sarifudin, D. Desnilasari, D. Kristanti, W. Setiaboma, D.P. Putri, D.N. Surahman, S.K.D.F.A. Putri, T. Santosa, D. Gandara, M. Mochamad, Effect of different
sterilization time on the quality properties and sensory acceptance of fishball of mackerel fish (Rastrelliger kanagurta) packaged in retort pouch, IOP Conf. Ser.
Earth Environ. Sci. 995 (2022) 012019, https://doi.org/10.1088/1755-1315/995/1/012019.

[13] E. Avila-Gaxiola, F. Delgado-Vargas, J. Zazueta-Niebla, G. Lopez-Angulo, M. Vega-Garcia, J. Caro-Corrales, Variable retort temperature profiles for
canned papaya puree: variable retort temperature profiles applied to papaya puree, J. Food Process Eng. 39 (2016) 11-18, https://doi.org/10.1111/jfpe.
12194.

[14] V. Chiozzi, S. Agriopoulou, T. Varzakas, Advances, applications, and comparison of thermal (pasteurization, sterilization, and aseptic packaging) against non-
thermal (ultrasounds, UV radiation, ozonation, high hydrostatic pressure) technologies in food processing, Appl. Sci. 12 (2022) 2202, https://doi.org/10.3390/
app12042202.

[15] T.Ma,J. Wang, T. Lan, S. Bao, Q. Zhao, X. Sun, X. Liu, How to comprehensively improve juice quality: a review of the impacts of sterilization technology on the
overall quality of fruit and vegetable juices in 2010-2021, an updated overview and current issues, Crit. Rev. Food Sci. Nutr. (2022) 1-51, https://doi.org/10.
1080/10408398.2022.2121806.

[16] V. Rajkumar, K. Dushyanthan, A.K. Das, Retort pouch processing of Chettinad style Goat Meat Curry- a heritage meat product, J. Food Sci. Technol. 47 (2010)
372-379, https://doi.org/10.1007/5s13197-010-0062-9.

[17] J.Kim, D.T. Utama, H.S. Jeong, F.H. Barido, S.K. Lee, Quality characteristics of retort Samgyetang marinated with different levels of soy sauce and processed at
different F, values, J. Anim. Sci. Technol. 62 (2020) 713-729, https://doi.org/10.5187/jast.2020.62.5.713.

[18] E.R.Bornhorst, F. Liu, J. Tang, S.S. Sablani, G.V. Barbosa-Canovas, Food quality evaluation using model foods: a comparison study between microwave-assisted
and conventional thermal pasteurization processes, Food Bioprocess Technol. 10 (2017) 1248-1256, https://doi.org/10.1007/s11947-017-1900-9.

16


https://doi.org/10.12301/spxb202200904
https://doi.org/10.1080/10408398.2022.2138260
https://www.foodtalks.cn/news/50735
https://www.foodtalks.cn/news/50735
https://www.futuremarketinsights.com/reports/global-convenience-foods-market
https://doi.org/10.1080/10408398.2020.1749024
https://doi.org/10.1016/j.foodcont.2018.12.043
https://doi.org/10.1016/j.foodres.2018.11.024
https://doi.org/10.1080/10408398.2017.1421140
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref7
https://doi.org/10.1007/978-3-319-24904-9
https://doi.org/10.1111/1541-4337.12336
https://doi.org/10.1088/1755-1315/995/1/012019
https://doi.org/10.1111/jfpe.12194
https://doi.org/10.1111/jfpe.12194
https://doi.org/10.3390/app12042202
https://doi.org/10.3390/app12042202
https://doi.org/10.1080/10408398.2022.2121806
https://doi.org/10.1080/10408398.2022.2121806
https://doi.org/10.1007/s13197-010-0062-9
https://doi.org/10.5187/jast.2020.62.5.713
https://doi.org/10.1007/s11947-017-1900-9

X. Wang, P. Jing, C. Chen et al. Food Physics 1 (2024) 100015

[19]
[20]
[21]
[22]
[23]

[24]

[25]
[26]
[27]
[28]
[29]
[30]

[31]

[32]
[33]

[34]

[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]

[46]

[47]
[48]
[49]
[50]
[51]
[52]
[53]
[54]

[55]

H.S. Cheon, W.-I. Cho, J.Y. Yi, M.-S. Chung, Optimization of sterilization conditions for retorted meatballs based on prediction of heat penetration, Food Sci.
Biotechnol. 24 (2015) 1661-1666, https://doi.org/10.1007/s10068-015-0215-8.

D. Mosna, G. Vignali, Three-dimensional CFD simulation of a “steam water spray” retort process for food vegetable products, Int. J. Food Eng. 11 (2015)
715-729, https://doi.org/10.1515/ijfe-2015-0062.

Q. Xie, B. Xu, Y. Xu, Z. Yao, B. Zhu, X. Li, Y. Sun, Effects of different thermal treatment temperatures on volatile flavour compounds of Water-boiled Salted Duck
after packaging, LWT-Food Sci. Tech. 154 (2022) 112625, https://doi.org/10.1016/j.1wt.2021.112625.

Z. Wang, Y. Shi, K. Zhou, H. Zhou, X. Li, C. Li, Z. Wang, B. Xu, Effects of different thermal temperatures on the shelf life and microbial diversity of Dezhou-
braised Chicken, Food Res. Int. 136 (2020) 109471, https://doi.org/10.1016/j.foodres.2020.109471.

F. Tang, W. Xia, Y. Xu, Q. Jiang, W. Zhang, L. Zhang, Effect of thermal sterilization on the selected quality attributes of sweet and sour carp, Int. J. Food Prop. 17
(2014) 1828-1840, https://doi.org/10.1080/10942912.2012.745130.

K. Hema, P. Velayutham, C.O. Mohan, D. Sukumar, B. Sundaramoorthy, S. Athithan, G. Sugumar, C.N. Ravishankar, K.A. Kumar, Thermal process evaluation of
analogue shrimp product (ASP) from lizard fish (Saurida tumbil) in retort pouches, Indian J. Anim. Res. 55 (2) (2021) 230-235, https://doi.org/10.18805/I1JAR.
B-3898.

A. Kirse-Ozolina, S. Muizniece-Brasava, E. Raits, Z. Kruma, Effect of sterilization parameters on quality of commercially-prepared instant soups, Eng. Rural Dev.
22 (24.05) (2019) 695-704, https://doi.org/10.22616/ERDev2019.18.N0O01.

M.A. Shah, S.J.D. Bosco, S.A. Mir, K.V. Sunooj, Evaluation of shelf life of retort pouch packaged Rogan Josh, a traditional meat curry of Kashmir, India, Food
Packag. Shelf. 12 (2017) 76-82, https://doi.org/10.1016/j.fps.2017.04.001.

T.H. Ham, W.B. Yoon, Application of direct steam injection system to minimize browning of white radish (Raphanus sativus) broth during sterilization, Int. J.
Agric. Biol. Eng. 10 (2017) 210-220, https://doi.org/10.25165/].ijabe.20171006.3350.

X. Li, M. Farid, A review on recent development in non-conventional food sterilization technologies, J. Food Eng. 182 (2016) 33-45, https://doi.org/10.1016/j.
jfoodeng.2016.02.026.

G.V. Barbosa-Cénovas, I. Medina-Meza, K. Candogan, D. Bermtdez-Aguirre, Advanced retorting, microwave assisted thermal sterilization (MATS), and pressure
assisted thermal sterilization (PATS) to process meat products, Meat Sci. 98 (2014) 420-434, https://doi.org/10.1016/j.meatsci.2014.06.027.

R. Simpson, C. Ramirez, D. Jiménez, S. Almonacid, H. Nufiez, A. Angulo, Simultaneous multi-product sterilization: revisited, explored, and optimized, J. Food
Eng. 241 (2019) 149-158, https://doi.org/10.1016/j.jfoodeng.2018.08.007.

J.G. Park, B.S. Song, J.H. Kim, J.N. Park, I.J. Han, H.J. Hwang, M.W. Byun, H.Y. Cho, Y.W. Kim, J.H. Mah, J.W. Lee, Effect of autoclaving and irradiation on
microbiological safety and quality of ready-to-eat Bulgogi, Korean J. Food Sci. Anim. Resour. 30 (2010) 780-786, https://doi.org/10.5851/kosfa.2010.30.5.
780.

R. Kumar, G. Johnsy, R. Rajamanickam, S. Nataraju, S.N. Sabhapathy, A.S. Bawa, Effect of combination processing on the microbial, chemical and sensory
quality of ready-to-eat (RTE) vegetable Pulav, Radiat. Phys. Chem. 80 (2011) 1448-1450, https://doi.org/10.1016/j.radphyschem.2011.06.015.

P. Sudha, V. Manoja, J. Deepa, J. Jayakumar, S.G. Kishore, R. Pandiselvam, Optimization of microwave-assisted aqueous extraction of pigments from annatto
seeds using Box-Behnken design, Biomass Convers. Bior. (2023) 1-14, https://doi.org/10.1007/513399-023-04046-7.

Z. Peng, Y. Zhang, Z. Ai, R. Pandiselvam, J. Guo, A. Kothakota, Y. Liu, Current physical techniques for the degradation of aflatoxins in food and feed:
safety evaluation methods, degradation mechanisms and products, Compr. Rev. Food Sci. F. 22 (5) (2023) 4030-4052, https://doi.org/10.1111/1541-
4337.13197.

J. Tang, Y.K. Hong, S. Inanoglu, F. Liu, Microwave pasteurization for ready-to-eat meals, Curr. Opin. Food Sci. 23 (2018) 133-141, https://doi.org/10.1016/j.
cofs.2018.10.004.

P. Guzik, P. Kulawik, M. Zajac, W. Migdal, Microwave applications in the food industry: an overview of recent developments, Crit. Rev. Food Sci. Nutr. 62
(2022) 7989-8008, https://doi.org/10.1080/10408398.2021.1922871.

N. Kutlu, R. Pandiselvam, I. Saka, A. Kamiloglu, P. Sahni, A. Kothakota, Impact of different microwave treatments on food texture, J. Texture Stud. 53 (2022)
709-736, https://doi.org/10.1111/jtxs.12635.

Q. Guo, D.-W. Sun, J.H. Cheng, Z. Han, Microwave processing techniques and their recent applications in the food industry, Trends Food Sci. Technol. 67
(2017) 236-247, https://doi.org/10.1016/].tifs.2017.07.007.

M.A. Hague, C.L. Kastner, D.Y.C. Fung, K. Kone, J.R. Schwenke, Use of nisin and microwave treatment reduces Clostridium sporogenes outgrowth in precooked
vacuum-packaged Beef, J. Food Prot. 60 (1997) 1072-1074, https://doi.org/10.4315/0362-028X-60.9.1072.

Q. Wang, M. Zhang, B. Adhikari, P. Cao, C. Yang, Effects of various thermal processing methods on the shelf-life and product quality of vacuum-packaged
Braised Beef, J. Food Process Eng. 42 (4) (2019) e13035, https://doi.org/10.1111/jfpe.13035.

X. Yang, Y. Li, P. Wang, D. Luan, J. Sun, M. Huang, B. Wang, Y. Zheng, Quality changes of duck meat during thermal sterilization processing caused by
microwave, stepwise retort, and general retort heating, Front. Nutr. 9 (2022) 1016942, https://doi.org/10.3389/fnut.2022.1016942.

A. Soni, J. Smith, A. Thompson, G. Brightwell, Microwave-induced thermal sterilization-a review on history, technical progress, advantages and challenges as
compared to the conventional methods, Trends Food Sci. Technol. 97 (2020) 433-442, https://doi.org/10.1016/].tifs.2020.01.030.

J. Reverte-Ors, J. Pedrefio-Molina, P. Fernandez, A. Lozano-Guerrero, P. Periago, A. Diaz-Morcillo, A novel technique for sterilization using a power self-
regulated single-mode microwave cavity, Sensors 17 (2017) 1309, https://doi.org/10.3390/517061309.

H. Cong, F. Liu, Z. Tang, C. Xue, Dielectric properties of sea cucumbers (Stichopus japonicus) and model foods at 915MHz, J. Food Eng. 109 (2012) 635-639,
https://doi.org/10.1016/j.jfoodeng.2011.06.012.

A. Valero, M. Cejudo, R.M. Garcia-Gimeno, Inactivation kinetics for Salmonella Enteritidis in Potato Omelet using microwave heating treatments, Food Control
43 (2014) 175-182, https://doi.org/10.1016/j.foodcont.2014.03.009.

V.M. Gémez-Lépez, G. Pataro, B. Tiwari, M. Gozzi, M.A.A. Meireles, S. Wang, B. Guamis, Z. Pan, H. Ramaswamy, S. Sastry, F. Kuntz, P.J. Cullen, S.K. Vidyarthi,
B. Ling, J.M. Quevedo, A. Strasser, G. Vignali, P.C. Veggi, R. Gervilla, H.M. Kotilainen, M. Pelacci, J. Vigand, A. Morata, Guidelines on reporting treatment
conditions for emerging technologies in food processing, Crit. Rev. Food Sci. Nutr. 62 (21) (2022) 5925-5949, https://doi.org/10.1080/10408398.2021.
1895058.

J. Wang, M. Zhang, C. Yang, ZnO nanoparticles combined low frequency microwave on the quality and shelf life of Hongsu Chicken dishes, J. Food Sci.
Biotechnol. 39 (2020) 76-83 (in Chinese).

H.S. Kim, S.J. Choi, K.S. Yoon, Efficacy evaluation of control measures on the reduction of Staphylococcus aureus in salad and Bacillus cereus in Fried Rice served
at restaurants, Foodborne Pathog. Dis. 15 (2018) 198-209, https://doi.org/10.1089/fpd.2017.2334.

C. Ellison, M. McKeown, S. Trabelsi, D. Boldor, Dielectric properties of biomass/biochar mixtures at microwave frequencies, Energies 10 (4) (2017) 502,
https://doi.org/10.3390/en10040502.

D. Guan, M. Cheng, Y. Wang, J. Tang, Dielectric properties of mashed potatoes relevant to microwave and radio-frequency pasteurization and sterilization
processes, J. Food Sci. 69 (2004) FEP30-FEP37, https://doi.org/10.1111/j.1365-2621.2004.tb17864.x.

T.A. Brinley, V.D. Truong, P. Coronel, J. Simunovic, K.P. Sandeep, Dielectric properties of sweet potato purees at 915 MHz as affected by temperature and
chemical composition, Int. J. Food Prop. 11 (2008) 158-172, https://doi.org/10.1080/10942910701284291.

H. Ma, W. Chen, Research status and prospect of emerging physical sterilization technology of solid food based on electromagnetic wave and plasma, J. Food
Sci. Tech. 41 (04) (2023) 1-15, https://doi.org/10.12301/spxb202300403.

J.C. Atuonwu, S.A. Tassou, Energy issues in microwave food processing: a review of developments and the enabling potentials of solid-state power delivery,
Crit. Rev. Food Sci. 59 (9) (2019) 1392-1407, https://doi.org/10.1080/10408398.2017.1408564.

M.L. Montero, S. Sablani, J. Tang, C.F. Ross, Characterization of the sensory, chemical, and microbial quality of microwave-assisted, thermally pasteurized
Fried Rice during storage, J. Food Sci. 85 (2020) 2711-2719, https://doi.org/10.1111/1750-3841.15384.

K. Xiao, Y. Tang, Effect of dispersion and ion concentration on radio frequency heating, Innov. Food Sci. Emerg. Technol. 67 (2021) 102552, https://doi.org/
10.1016/j.ifset.2020.102552.

17


https://doi.org/10.1007/s10068-015-0215-8
https://doi.org/10.1515/ijfe-2015-0062
https://doi.org/10.1016/j.lwt.2021.112625
https://doi.org/10.1016/j.foodres.2020.109471
https://doi.org/10.1080/10942912.2012.745130
https://doi.org/10.18805/IJAR.B-3898
https://doi.org/10.18805/IJAR.B-3898
https://doi.org/10.22616/ERDev2019.18.N001
https://doi.org/10.1016/j.fpsl.2017.04.001
https://doi.org/10.25165/j.ijabe.20171006.3350
https://doi.org/10.1016/j.jfoodeng.2016.02.026
https://doi.org/10.1016/j.jfoodeng.2016.02.026
https://doi.org/10.1016/j.meatsci.2014.06.027
https://doi.org/10.1016/j.jfoodeng.2018.08.007
https://doi.org/10.5851/kosfa.2010.30.5.780
https://doi.org/10.5851/kosfa.2010.30.5.780
https://doi.org/10.1016/j.radphyschem.2011.06.015
https://doi.org/10.1007/s13399-023-04046-7
https://doi.org/10.1111/1541-4337.13197
https://doi.org/10.1111/1541-4337.13197
https://doi.org/10.1016/j.cofs.2018.10.004
https://doi.org/10.1016/j.cofs.2018.10.004
https://doi.org/10.1080/10408398.2021.1922871
https://doi.org/10.1111/jtxs.12635
https://doi.org/10.1016/j.tifs.2017.07.007
https://doi.org/10.4315/0362-028X-60.9.1072
https://doi.org/10.1111/jfpe.13035
https://doi.org/10.3389/fnut.2022.1016942
https://doi.org/10.1016/j.tifs.2020.01.030
https://doi.org/10.3390/s17061309
https://doi.org/10.1016/j.jfoodeng.2011.06.012
https://doi.org/10.1016/j.foodcont.2014.03.009
https://doi.org/10.1080/10408398.2021.1895058
https://doi.org/10.1080/10408398.2021.1895058
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref45
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref45
https://doi.org/10.1089/fpd.2017.2334
https://doi.org/10.3390/en10040502
https://doi.org/10.1111/j.1365-2621.2004.tb17864.x
https://doi.org/10.1080/10942910701284291
https://doi.org/10.12301/spxb202300403
https://doi.org/10.1080/10408398.2017.1408564
https://doi.org/10.1111/1750-3841.15384
https://doi.org/10.1016/j.ifset.2020.102552
https://doi.org/10.1016/j.ifset.2020.102552

X. Wang, P. Jing, C. Chen et al. Food Physics 1 (2024) 100015

[56]
[57]
[58]
[59]
[60]
[61]
[62]
[63]
[64]
[65]
[66]
[67]
[68]
[69]
[70]
[71]
[72]

[73]

[74]
[75]
[76]
[77]
[78]
[79]

[80]

[81]
[82]
[83]
[84]
[85]
[86]
[87]
[88]
[89]
[90]
[91]
[92]
[93]

[94]

S. Jiao, E. Salazar, S. Wang, Radio Frequency, in: V.M. G6mez-Lépez, R. Bhat (Eds.), Electromagnetic Technologies in Food Science, Wiley, 2021, pp. 272-297,
https://doi.org/10.1002/9781119759522.ch11.

Y.F. Yen, S.D. Chen, Influence of radio frequency heating on the pasteurization and drying of solid-state fermented wolfiporia cocos products, Foods 11 (2022)
1766, https://doi.org/10.3390/foods11121766.

J. Xu, M. Zhang, Y. An, A.S. Roknul, B. Adhikari, Effects of radio frequency and high pressure steam sterilisation on the colour and flavour of prepared Nostoc
sphaeroides, J. Sci. Food Agric. 98 (2018) 1719-1724, https://doi.org/10.1002/jsfa.8644.

J. Xu, M. Zhang, B. Bhandari, R. Kachele, ZnO nanoparticles combined radio frequency heating: a novel method to control microorganism and improve product
quality of prepared carrots, Innov. Food Sci. Emerg. Technol. 44 (2017) 46-53, https://doi.org/10.1016/j.ifset.2017.07.025.

J. Wang, K. Luechapattanaporn, Y. Wang, J. Tang, Radio-frequency heating of heterogeneous food-Meat lasagna, J. Food Eng. 108 (2012) 183-193, https://doi.
org/10.1016/j.jfoodeng.2011.05.031.

Y. Zhang, R. Pandiselvam, H. Zhu, D. Su, H. Wang, Z. Ai, A. Kothakota, A.M. Khaneghah, Y. Liu, Impact of radio frequency treatment on textural properties of
food products: an updated review, Trends Food Sci. Tech. 124 (2022) 154-166.

L. Ma, M. Zhang, J. Xu, B. Bai, Quality evaluation of Kungpao Chicken as affected by radio frequency combined with ZnO nanoparticles, LWT-Food Sci. Tech.
135 (2021) 110203, https://doi.org/10.1016/j.lwt.2020.110203.

J. Xu, M. Zhang, B. Bhandari, P. Cao, Microorganism control and product quality improvement of Twice-cooked Pork dish using ZnO nanoparticles combined
radio frequency pasteurization, LWT Food Sci. Tech. 95 (2018) 65-71, https://doi.org/10.1016/j.1wt.2018.04.067.

J. Jiang, M. Zhang, B. Bhandari, P. Cao, Development of Chinese Yam/Chicken Semi-liquid Paste for space foods, LWT Food Sci. Tech. 125 (2020) 109251,
https://doi.org/10.1016/j.1wt.2020.109251.

J. Xu, M. Zhang, P. Cao, B. Adhikari, Effect of ZnO nanoparticles combined radio frequency pasteurization on the protein structure and water state of chicken
thigh meat, LWT-Food Sci. Tech. 134 (2020) 110168, https://doi.org/10.1016/j.1wt.2020.110168.

L. Zhao, M. Zhang, H. Wang, Inhibition of the fishy odor from Boiled Crab Meatballs during storage via novel combination of radio frequency and carbon dots,
Food Control 136 (2022) 108843, https://doi.org/10.1016/j.foodcont.2022.108843.

K. Wang, C. Ran, B. Cui, Y. Sun, H. Fu, X. Chen, Y. Wang, Y. Wang, Sterilizing ready-to-eat poached Spicy Pork Slices using a new device: combined radio
frequency energy and superheated water, Foods 11 (2022) 2841, https://doi.org/10.3390/foods11182841.

T. Wu, Y. Tang, L. Lu, X. Qiu, J. Wang, Effect of radio frequency sterilization on macroscopic and mechanical properties of PE and PP packaging materials,
205-208 + 215, Sci. Technol. Food Ind. 40 (19) (2019), https://doi.org/10.13386/j.issn1002-0306.2019.19.034.

L. Zhao, M. Zhang, B. Bhandari, B. Bai, Microbial and quality improvement of Boiled Gansi Dish using carbon dots combined with radio frequency treatment,
Int. J. Food Microbiol. 334 (2020) 108835, https://doi.org/10.1016/].ijffoodmicro.2020.108835.

J. Xu, M. Zhang, P. Cao, B. Adhikari, C. Yang, Microorganisms control and quality improvement of Stewed Pork with Carrots using ZnO nanoparticels combined
with radio frequency pasteurization, Food Biosci. 32 (2019) 100487, https://doi.org/10.1016/j.fbi0.2019.100487.

A. Abea, P. Gou, M.D. Guardia, P. Picouet, M. Kravets, S. Bafién, I. Muiloz, Dielectric heating: a review of liquid foods processing applications, Food Rev. Int. 39
(8) (2022) 5684-5702, https://doi.org/10.1080/87559129.2022.2092746.

J. Xu, M. Zhang, P. Cao, B. Adhikari, Pasteurization of flavored shredded pork using ZnO nanoparticles combined with radio frequency pasteurization tech-
nology, J. Food Sci. Technol. 58 (2021) 216-222, https://doi.org/10.1007/s13197-020-04531-1.

Y. Xu, G. Yang, J. Xu, X. Guan, R. Li, S. Wang, Influence of the combination of cinnamon essential oil nanoemulsions and epsilon-polylysine on microbial
community and quality of Pork during refrigerated period and radio frequency cooking, Int. J. Food Microbiol. 381 (2022) 109911, https://doi.org/10.1016/j.
ijfoodmicro.2022.109911.

Y. Jiao, J. Tang, Y. Wang, T.L. Koral, Radio-frequency applications for food processing and safety, Annu. Rev. Food Sci. T. 9 (2018) 105-127, https://doi.org/
10.1146/annurev-food-041715-033038.

J.M. Costa, F. Marra, Advances in food processing through radio frequency technology: applications in pest control, microbial and enzymatic inactivation, Food
Eng. Rev. (2024) 1-19, https://doi.org/10.1007/s12393-024-09372-8.

J. Gao, M. Wu, S. Du, H. Zhang, S. Wang, B. Ling, Recent advances in food processing by radio frequency heating techniques: a review of equipment aspects, J.
Food Eng. 357 (2023) 111609, https://doi.org/10.1016/j.jfoodeng.2023.111609.

N. Naderi, J.D. House, Y. Pouliot, A. Doyen, Effects of high hydrostatic pressure processing on hen egg compounds and egg products: high pressure processing in
the egg industry, Compr. Rev. Food Sci. Food Saf. 16 (2017) 707-720, https://doi.org/10.1111/1541-4337.12273.

C.Y. Wang, H.W. Huang, C.P. Hsu, B.B. Yang, Recent advances in food processing using high hydrostatic pressure technology, Crit. Rev. Food Sci. Nutr. 56
(2016) 527-540, https://doi.org/10.1080/10408398.2012.745479.

V.M. Balasubramaniam, S.I. Martinez-Monteagudo, R. Gupta, Principles and application of high pressure-based technologies in the food industry, Annu. Rev.
Food Sci. T 6 (2015) 435-462, https://doi.org/10.1146/annurev-food-022814-015539.

P. Nelluri, T. Venkatesh, A. Kothakota, R. Pandiselvam, R. Garg, V. Eswaran, U.B.P. Venkatesh, R. Vaddevolu, A.M. Khaneghah, Recent advances in non-thermal
and thermal processing of jackfruit (Artocarpus heterophyllus Lam): an updated review, J. Food Process Pres. 46 (9) (2022) 16637, https://doi.org/10.1111/
jfpp.16637.

Y. Sun, L. Zhang, H. Zhang, Y. Zhang, B.G. Sun, Effects of two sterilization methods on the taste compositions of sweet and sour spare ribs flavor, J. Food
Compos. Anal. 104 (2021) 104143, https://doi.org/10.1016/j.jfca.2021.104143.

K. Gomathy, R. Pandiselvam, A. Kothakota, S.V. Ramesh, High-pressure processing: Potential applications for foods, In Handbook of research on food pro-
cessing and preservation technologies. Apple Academic Press. (2021) 3-32.

S. Devatkal, R. Anurag, B. Jaganath, S. Rao, Microstructure, microbial profile and quality characteristics of high-pressure-treated Chicken Nuggets, Food Sci.
Technol. Int. 21 (2015) 481-491, https://doi.org/10.1177/1082013214546957.

K.K.R. Singha, N.R. Swami Hulle, S. Deb, P.S. Rao, Physicochemical and microbiological characteristics of high-pressure-processed ready-to-eat Hilsa
(Tenualosa ilisha) Curry, J. Biosyst. Eng. 45 (2020) 94-103, https://doi.org/10.1007/s42853-020-00049-8.

J. Yi, L. Zhang, G. Ding, X. Hu, X. Liao, Y. Zhang, High hydrostatic pressure and thermal treatments for ready-to-eat Wine-marinated Shrimp: an evaluation of
microbiological and physicochemical qualities, Innov. Food Sci. Emerg. Technol. 20 (2013) 16-23, https://doi.org/10.1016/j.ifset.2013.09.006.

S. Inanoglu, G.V. Barbosa-Cénovas, S.S. Sablani, M. Zhu, L. Keener, J. Tang, High-pressure pasteurization of low-acid chilled ready-to-eat food, Compr. Rev.
Food Sci. Food Saf. 21 (2022) 4939-4970, https://doi.org/10.1111/1541-4337.13058.

L. Marangoni Junior, M. Cristianini, M. Padula, C.A.R. Anjos, Effect of high-pressure processing on characteristics of flexible packaging for foods and beverages,
Food Res. Int. 119 (2019) 920-930, https://doi.org/10.1016/j.foodres.2018.10.078.

N.K. Rastogi, K.S.M.S. Raghavarao, V.M. Balasubramaniam, K. Niranjan, D. Knorr, Opportunities and challenges in high pressure processing of foods, Crit. Rev.
Food Sci. Nutr. 47 (2007) 69-112, https://doi.org/10.1080/10408390600626420.

L. Yuan, L. Lu, G. Koutsimanis, C. Ge, D.P. Johnson, Research on the high hydrostatic pressure and microwave combined inactivation process and the
application to Boiled Bamboo Shoots, J. Food Saf. 39 (2019) e12616, https://doi.org/10.1111/jfs.12616.

L. Yuan, L. Ly, Y. Tang, C. Ge, Weibull kinetic modeling and nutritional effects of high-hydrostatic-pressure sterilization of soft-packing Boiled Bamboo Shoots,
Food Sci. Biotechnol. 25 (2016) 469-475, https://doi.org/10.1007/s10068-016-0065-z.

K.G. Nath, R. Pandiselvam, C.K. Sunil, High-pressure processing: effect on textural properties of food-a review, J. Food Eng. 351 (2023) 111521, https://doi.
org/10.1016/j.jfoodeng.2023.111521.

R. Sehrawat, B.P. Kaur, P.K. Nema, S. Tewari, L. Kumar, Microbial inactivation by high pressure processing: principle, mechanism and factors responsible, Food
Sci. Biotechnol. 30 (2021) 19-35, https://doi.org/10.1007/5s10068-020-00831-6.

V.M. Balasubramaniam, Process development of high pressure-based technologies for food: research advances and future perspectives, Curr. Opin. Food Sci. 42
(2021) 270-277, https://doi.org/10.1016/j.cofs.2021.10.001.

J. Ahmed, M.S. Rahman, 2012(Volume Set)Handbook of food process design2, John Wiley & Sons.

18


https://doi.org/10.1002/9781119759522.ch11
https://doi.org/10.3390/foods11121766
https://doi.org/10.1002/jsfa.8644
https://doi.org/10.1016/j.ifset.2017.07.025
https://doi.org/10.1016/j.jfoodeng.2011.05.031
https://doi.org/10.1016/j.jfoodeng.2011.05.031
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref59
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref59
https://doi.org/10.1016/j.lwt.2020.110203
https://doi.org/10.1016/j.lwt.2018.04.067
https://doi.org/10.1016/j.lwt.2020.109251
https://doi.org/10.1016/j.lwt.2020.110168
https://doi.org/10.1016/j.foodcont.2022.108843
https://doi.org/10.3390/foods11182841
https://doi.org/10.13386/j.issn1002-0306.2019.19.034
https://doi.org/10.1016/j.ijfoodmicro.2020.108835
https://doi.org/10.1016/j.fbio.2019.100487
https://doi.org/10.1080/87559129.2022.2092746
https://doi.org/10.1007/s13197-020-04531-1
https://doi.org/10.1016/j.ijfoodmicro.2022.109911
https://doi.org/10.1016/j.ijfoodmicro.2022.109911
https://doi.org/10.1146/annurev-food-041715-033038
https://doi.org/10.1146/annurev-food-041715-033038
https://doi.org/10.1007/s12393-024-09372-8
https://doi.org/10.1016/j.jfoodeng.2023.111609
https://doi.org/10.1111/1541-4337.12273
https://doi.org/10.1080/10408398.2012.745479
https://doi.org/10.1146/annurev-food-022814-015539
https://doi.org/10.1111/jfpp.16637
https://doi.org/10.1111/jfpp.16637
https://doi.org/10.1016/j.jfca.2021.104143
https://doi.org/10.1177/1082013214546957
https://doi.org/10.1007/s42853-020-00049-8
https://doi.org/10.1016/j.ifset.2013.09.006
https://doi.org/10.1111/1541-4337.13058
https://doi.org/10.1016/j.foodres.2018.10.078
https://doi.org/10.1080/10408390600626420
https://doi.org/10.1111/jfs.12616
https://doi.org/10.1007/s10068-016-0065-z
https://doi.org/10.1016/j.jfoodeng.2023.111521
https://doi.org/10.1016/j.jfoodeng.2023.111521
https://doi.org/10.1007/s10068-020-00831-6
https://doi.org/10.1016/j.cofs.2021.10.001

X. Wang, P. Jing, C. Chen et al. Food Physics 1 (2024) 100015

[95]
[96]
[97]
[98]
[99]

[100]

[101]
[102]

[103]

[104]
[105]
[106]
[107]

[108]

[109]
[110]
[111]
[112]

[113]

[114]

[115]
[116]
[117]
[118]

[119]

S. Inanoglu, G.V. Barbosa-Cénovas, S.S. Sablani, M.J. Zhu, L. Keener, J. Tang, High-pressure pasteurization of low-acid chilled ready-to-eat food, Compr. Rev.
Food Sci. F. 21 (6) (2022) 4939-4970, https://doi.org/10.1111/1541-4337.13058.

V. Prithviraj, R. Pandiselvam, A.C. Babu, A. Kothakota, M.R. Manikantan, S.V. Ramesh, P.S. Beegum, A.C. Mathew, K.B. Hebbar, Emerging non-thermal
processing techniques for preservation of tender coconut water, LWT-Food Sci. Technol. 149 (2021) 111850, https://doi.org/10.1016/j.lwt.2021.111850.
A.W. Grzelak, S. Jeffkins, L. Luo, J. Stilwell, J. Hathcock, Impact of X-ray irradiation as an equivalent alternative to gamma for sterilization of single-use
bioprocessing polymers, Biotechnol. Prog. (2023) 3339, https://doi.org/10.1002/btpr.3339.

A. Prakash, What is the benefit of irradiation compared to other methods of food preservation? Genetically Modified and Irradiated Food. Academic Press.
(2020) 217-231. https://doi.org/10.1016/B978-0-12-817240-7.00013-9.

H. Yan, Z. Cui, T. Manoli, H. Zhang, Recent advances in non-thermal disinfection technologies in the food industry, Food Sci. Technol. Res. 27 (2021) 695-710,
https://doi.org/10.3136/fstr.27.695.

J. Annamalai, V. Sivam, P. Unnikrishnan, S. Kuppa Sivasankara, R. Kaushlesh Pansingh, K. Shaik Abdul, N.M. Lakshmi, R. Chandragiri Nagarajarao, Effect of
electron beam irradiation on the biochemical, microbiological and sensory quality of Litopenaeus vannamei during chilled storage, J. Food Sci. Technol. 57
(2020) 2150-2158, https://doi.org/10.1007/s13197-020-04250-7.

J.N. Park, B.S. Song, J.H. Kim, J. Choi, N.Y. Sung, 1.J. Han, J.W. Lee, Sterilization of ready-to-cook Bibimbap by combined treatment with gamma irradiation for
space food, Radiat. Phys. Chem. 81 (2012) 1125-1127, https://doi.org/10.1016/j.radphyschem.2012.02.042.

E. Jo, S. Hwang, J. Cha, Transcriptome analysis of halotolerant Staphylococcus saprophyticus isolated from Korean fermented shrimp, Foods 11 (2022) 524,
https://doi.org/10.3390/foods11040524.

J.N. Park, E. Byun, I.J. Han, B.S. Song, H.S. Sohn, S.H. Park, E.H. Byun, M.I. Yoon, N.Y. Sung, Effects of irradiation temperature on the sensory quality
improvement of gamma-irradiated Ganjang-gejang, Korean traditional marinated raw crab portunus trituberculatus in soybean sauce, Fish. Aquat. Sci. 18
(2015) 115-121, https://doi.org/10.5657/FAS.2015.0115.

H. Li, J. Huang, M. Li, Y. Chen, G. Xiong, J. Cai, X. Zu, Effects of cobalt-sourced y-irradiation on the meat quality and storage stability of Crayfishes
(Procambarus clarkii), Food Sci. Technol. 43 (2023) e104222, https://doi.org/10.1590/fst.104222.

G. Li, P. Lin, Y. Li, Y. He, Z. Liu, Quality and stability evaluation of Guizhou Spicy Chicken treated with gamma irradiation during the storage period, Food Sci.
Nutr. 11 (2023) 1982-1993, https://doi.org/10.1002/fsn3.3232.

X. Huang, Y. You, Q. Liu, H. Dong, W. Bai, B. Lan, J. Wu, Effect of gamma irradiation treatment on microstructure, water mobility, flavor, sensory and quality
properties of Smoked Chicken Breast, Food Chem. 421 (2023) 136174, https://doi.org/10.1016/j.foodchem.2023.136174.

1. Peivaste, G. Alahyarizadeh, Comparative study on absorbed dose distribution of potato and onion in X-ray and electron beam system by MCNPX2.6 Code,
MAPAN 34 (2019) 19-29, https://doi.org/10.1007/s12647-018-0287-z.

H.P. Song, B. Kim, H. Yun, D.H. Kim, Y.J. Kim, C. Jo, Inactivation of 3-strain cocktail pathogens inoculated into Bajirak Jeotkal, salted, seasoned, and fermented
short-necked clam (Tapes pilippinarum), by gamma and electron beam irradiation, Food Control 20 (2009) 580-584, https://doi.org/10.1016/j.foodcont.2008.
08.010.

J. Liu, S. Zhao, F. Wang, T. Long, B. Chen, D. Wang, P. Gao, The effect of electron beam irradiation on the microbial stability and quality characteristics of
vacuum-packaged ready-to-eat Potato, J. Food Process. Preserv. 46 (2022) 16829, https://doi.org/10.1111/jfpp.16829.

S. Marathe, R. Deshpande, J. Tripathy, S.N. Jamdar, Development of shelf stable ready-to-eat vegetable Pulav using radiation technology, J. Food Process.
Preserv. 41 (2017) e13104, https://doi.org/10.1111/jfpp.13104.

Q. Chen, M. Cao, H. Chen, P. Gao, Y. Fu, M. Liu, Y. Wang, M. Huang, Effects of gamma irradiation on microbial safety and quality of Stir Fry Chicken Dices with
Hot Chili during storage, Radiat. Phys. Chem. 127 (2016) 122-126, https://doi.org/10.1016/j.radphyschem.2016.06.022.

X. Feng, C. Jo, K.C. Nam, D.U. Ahn, Effect of irradiation on the parameters that influence quality characteristics of raw beef round eye, Innov. Food Sci. Emerg.
Technol. 45 (2018) 115-121, https://doi.org/10.1016/j.ifset.2017.09.006.

J.N. Park, J.G. Park, I.J. Han, B.S. Song, J. Choi, J.H. Kim, H.S. Sohn, J.W. Lee, Combined effects of heating and y-irradiation on the microbiological and sensory
characteristics of Gochujang (Korean fermented red pepper paste) sauce during storage, Food Sci. Biotechnol. 19 (2010) 1219-1225, https://doi.org/10.1007/
510068-010-0174-z.

Y. Li, C. Zhou, J. He, Z. Wu, Y. Sun, D. Pan, H. Tian, Q. Xia, Combining e-beam irradiation and modified atmosphere packaging as a preservation strategy to
improve physicochemical and microbiological properties of Sauced Duck product, Food Control 136 (2022) 108889, https://doi.org/10.1016/j.foodcont.2022.
108889.

J.J. Ma, ZW. Wang, J. Xu, C.Y. Hu, T.C. Qiu, Z.Y. Huang, Effect of autoclave sterilization, gamma irradiation and high-pressure processing on the migration of
4,4-MDA and its isomers in laminated food packaging bags, Food Packag. Shelf. 33 (2022) 100875, https://doi.org/10.1016/].fps.2022.100875.

H. Xiao, H. Cao, S. Chen, M. Gao, X. Wang, Z. Liu, J. Liu, Application progress in utilizing irradiation technology for controlling the health and safety of
prefabricated food, J. Nucl. Agr. Sci. 37 (07) (2023) 1428-1434.

J. Yang, M. Pan, R. Han, X. Yang, X. Liu, S. Yuan, S. Wang, Food irradiation: an emerging processing technology to improve the quality and safety of foods, Food
Rev. Int. (2023) 1-23, https://doi.org/10.1080/87559129.2023.2272961.

X. Pi, Y. Yang, Y. Sun, X. Wang, Y. Wan, G. Fu, X. Li, J. Cheng, Food irradiation: a promising technology to produce hypoallergenic food with high quality, Crit.
Rev. Food Sci. Nutr. 62 (24) (2022) 6698-6713, https://doi.org/10.1080/10408398.2021.1904822.

K. He, X. Chen, P. Zang, H. Dong, M. Zang, Z. Li, Research progress on effect of irradiation sterilization on food quality and its control, Food Ferment. Ind. 49
(10) (2023) 299-305 <http://sf1970.cnif.cn/CN/10.13995/j.cnki.11-1802/t5.032622>.

19


https://doi.org/10.1111/1541-4337.13058
https://doi.org/10.1016/j.lwt.2021.111850
https://doi.org/10.1002/btpr.3339
https://doi.org/10.1016/B978-0-12-817240-7.00013-9
https://doi.org/10.3136/fstr.27.695
https://doi.org/10.1007/s13197-020-04250-7
https://doi.org/10.1016/j.radphyschem.2012.02.042
https://doi.org/10.3390/foods11040524
https://doi.org/10.5657/FAS.2015.0115
https://doi.org/10.1590/fst.104222
https://doi.org/10.1002/fsn3.3232
https://doi.org/10.1016/j.foodchem.2023.136174
https://doi.org/10.1007/s12647-018-0287-z
https://doi.org/10.1016/j.foodcont.2008.08.010
https://doi.org/10.1016/j.foodcont.2008.08.010
https://doi.org/10.1111/jfpp.16829
https://doi.org/10.1111/jfpp.13104
https://doi.org/10.1016/j.radphyschem.2016.06.022
https://doi.org/10.1016/j.ifset.2017.09.006
https://doi.org/10.1007/s10068-010-0174-z
https://doi.org/10.1007/s10068-010-0174-z
https://doi.org/10.1016/j.foodcont.2022.108889
https://doi.org/10.1016/j.foodcont.2022.108889
https://doi.org/10.1016/j.fpsl.2022.100875
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref111
http://refhub.elsevier.com/S2950-0699(24)00009-4/sbref111
https://doi.org/10.1080/87559129.2023.2272961
https://doi.org/10.1080/10408398.2021.1904822
http://sf1970.cnif.cn/CN/10.13995/j.cnki.11-1802/ts.032622

	Research progress on microbial control techniques of prepared dishes
	1 Introduction
	2 Microbial control techniques for prepared dishes
	2.1 Conventional thermal technique
	2.1.1 Applications of the conventional thermal technique in prepared dishes
	2.1.2 Factors affecting the conventional thermal technique
	2.1.3 Challenges of applying the conventional thermal technique to prepared dishes

	2.2 Microwave
	2.2.1 Applications of MW to prepared dishes
	2.2.2 Factors affecting MW
	2.2.3 Challenges of applying MW to prepared dishes

	2.3 Radio frequency
	2.3.1 Applications of RF in prepared dishes
	2.3.2 Factors affecting RF
	2.3.3 Challenges of applying RF to prepared dishes

	2.4 High pressure processing
	2.4.1 Applications of HPP to prepared dishes
	2.4.2 Factors affecting HPP
	2.4.3 Challenges in applying HPP to prepared dishes

	2.5 Irradiation
	2.5.1 Applications of irradiation to prepared dishes
	2.5.2 Factors affecting irradiation
	2.5.3 Challenges in applying irradiation to prepared dishes


	3 Conclusion and future perspective
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgements
	References




