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Abstract

Nonthermal hurdle technologies have emerged as promising alternatives to conventional thermal processing in 
the food industry. These technologies utilize multiple barriers, such as ultrasound, high hydrostatic pressure, 
pulsed electric fields, and other techniques, to ensure microbial safety, extend shelf life, and preserve the nutri-
tional and sensory qualities of foods. This review delves into the principles, applications, and synergistic effects of 
nonthermal hurdles in food preservation, highlighting their broader implications for the food industry. It explores 
how these technologies address the limitations of traditional thermal methods, such as nutrient loss and flavor 
degradation, while meeting stringent safety and quality standards. Additionally, the review outlines the most com-
monly utilized combinations of nonthermal hurdles, offering insights into their practical applications and effec-
tiveness. These advancements present significant opportunities to reduce the reliance on chemical additives and 
promote sustainability in food production. By reducing energy consumption and minimizing waste, nonthermal 
technologies contribute to SDG 12 (Responsible Consumption and Production) and SDG 13 (Climate Action). 
Furthermore, their role in improving food safety and accessibility aligns with SDG 2 (Zero Hunger), while promot-
ing healthier food options supports SDG 3 (Good Health and Well-Being). Continued research and development 
are essential to optimizing these technologies for broader applications across diverse food types and improving 
their efficacy in ensuring food safety and quality. Extensive research has demonstrated significant advancements 
in the application of nonthermal hurdle combinations within the food sector. Ongoing studies are actively explor-
ing diverse combinations to enhance food quality. The adoption of these nonthermal hurdle technologies holds 
immense potential for the food industry, promising greater efficiency and improved food quality standards.

Keywords: food preservation; hurdle; nonthermal technology; microbial inactivation; recent advances 

Highlights

•	 Nonthermal technologies mitigate the risk of food over-
heating inherent in traditional processing methods.

•	 Hurdle combinations of nonthermal techniques 
enhance nutrition retention, meeting consumer 
demand for healthier food options.

•	 These combinations reduce processing time while 
improving preservation efficacy.

•	 Nonthermal hurdles represent an innovative pathway 
for the food processing sector, offering effective and 
sustainable processing methods.

Introduction

Recent shifts in consumer preferences reflect a growing 
inclination towards healthier lifestyles, emphasizing the 

mailto:mahendran@iifpt.edu.in
mailto:mahendran@niftem-t.ac.in


20� Quality Assurance and Safety of  Crops & Foods 17 (2)

Masilamani S et al.

to ohmic heating, MEF applies alternating current with-
out producing heat because of a regulated electrical field 
intensity. Non-thermal sterilization, or decontamination 
at low temperatures, is a promising application for MEF 
(Al-Hilphy, Abdulstar, and Gavahian, 2021; Alsaedi et al., 
2024). Irradiation in food is an emerging technique that 
uses ionizing irradiation emitted by radioactive isotopes 
to react with products to produce chemical, physical, and 
biological effects. Researchers favor electron beam (EB) 
over X-ray food treatment due to its non-radioactive 
source, high-energy electrons, which efficiently sterilize 
food without compromising quality, addressing consumer 
concerns about radioisotopes in food. Irradiation using 
an electron beam is regarded as novel in comparison to 
other non-thermal methods and is yet to be explored 
widely (Wei, Mei, and Xie, 2022). To minimize nutrient 
loss and enhance the quality of processed foods, nonther-
mal technologies play a pivotal role. They advance food 
processing by integrating multiple technologies, thereby 
pushing the boundaries of quality improvement (Anand 
et al., 2022). 

An advancement in food preservation is the application 
of hurdle technologies, which combine several methods 
to maximize the overall result (Khezerlou et al., 2023). 
The combination of multiple technologies is termed 
hurdle technology. In summary, the hurdle technique is 
the purposeful and astute application of a variety of cur-
rent and cutting-edge preservative methods. It creates 
a sequence of preservative elements that any microbe 
present should be unable to overcome. Reducing the 
severity of any one treatment method to maintain food 
quality is the main goal of hurdle technology (Obileke et 
al., 2022). In order to accomplish multi-target, moderate, 
but dependable preservation effects, the hurdle concept 
is an efficient strategy that promotes the clever combi-
nation of various preservation techniques (Aaliya et al., 
2021). When using hurdles, product groupings should 
be considered carefully based on shelf life, growth con-
ditions, and initial microbial load. Each hurdle can affect 
color, texture, or nutrient content. Combining multiple 
barriers is crucial when one alone cannot halt spoilage or 
pathogens. Hurdle technology extends beyond homeo-
stasis disruption to address specific preservation factors 
for different organisms (Mahmoud et al., 2022). While 
both new thermal and nonthermal methods show prom-
ise individually, combining multiple emerging thermal 
treatments, nonthermal techniques, and thermal-non-
thermal strategies industrially has shown greater effi-
cacy (Rifna et al., 2019; Kulawik et al., 2022; Aaliya et al., 
2021). When synergistically combined with other hurdle 
approaches, they can effectively replace chemical pre-
servatives in food, a  highly desirable outcome for most 
consumers (Roobab et al., 2022). This review provides an 
in-depth discussion of nonthermal hurdle technologies. 
Numerous nonthermal technologies have already been 

consumption of natural and fresh foods free from chem-
ical additives (Mehraj et al., 2023; Anand et al., 2022; 
Zhang et al., 2018). This trend is driven not only by evolv-
ing lifestyles and technological advancements but also 
by higher standards and expectations among consum-
ers (Chakka, Sriraksha, and Ravishankar, 2021; Jadhav, 
Annapure, and Deshmukh, 2021). As the environment 
and population continue to grow, there is an increasing 
demand for enhanced food processing techniques. The 
traditional method of processing food is through ther-
mal treatments, a practice that has been in place for cen-
turies. Over time, numerous advancements have been 
made in this area (Chakka, Sriraksha, and Ravishankar, 
2021). The most commonly used thermal treatments 
include baking, frying, drying, pasteurization, steriliza-
tion, and ultra-high temperature treatments (Mehraj 
et  al., 2023). Treating food with these thermal technol-
ogies causes nutritional and quality losses, even though 
they improve the shelf life of the food material (Mehraj 
et al., 2023; Jadhav, Annapure, and Deshmukh, 2021). The 
use of thermal methods in food preparation also leads to 
the production of harmful chemical toxicants, such as 
furan, amines, acrylamide, and polycyclic hydrocarbons 
(Rathod, Nikheel et al., 2022). Moreover, some of these 
thermal processing techniques consume a lot of energy 
(Bigi et al., 2023). Destroying microorganisms in food 
necessitates the use of high temperatures, which unfor-
tunately results in the loss of heat-sensitive nutrients. To 
achieve both the destruction of harmful microbes and 
the retention of quality and nutritional parameters in 
food, the need for improved technologies and methodol-
ogies is vital. By embracing nonthermal technologies, the 
aforementioned issues are resolved as they are integrated 
into the regular processing line (Jadhav, Annapure, and 
Deshmukh, 2021).

Nonthermal food processing techniques do not raise the 
temperature of food as traditional thermal methods do. 
They effectively reduce microorganisms, extend shelf life, 
and enhance texture and sensory qualities through brief 
treatment periods. Maintaining low temperatures pre-
serves nutritional value, including heat-sensitive vitamins 
and proteins. These methods also improve food quality 
by eliminating food-degrading microorganisms while 
retaining sensory characteristics (Mehraj et al., 2023; 
Anand et al., 2022). Certain food-degrading enzymes are 
also destroyed during treatment. Nonthermal technol-
ogies like pulsed electric field, ultrasound, cold plasma, 
pulsed light, high-pressure processing, UV light, mod-
erate electric field, and irradiation, including X-rays, 
gamma rays, and electron beams, have been widely 
used in food processing industries (Mehraj et al., 2023; 
Jayasena et al., 2023). Among these, an evolving tech-
nology called a moderated electric field (MEF) has the 
potential to improve food production in an environ-
mentally friendly manner (Alsaedi et al., 2023). Parallel 
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result in the denaturation of protein, the loss of nutri-
tional value, and ineffective fruit and vegetable preserva-
tion. In addition, the use of chemical additives can lead to 
environmental issues or even turn them into carcinogens 
(Obileke et al., 2022). 

Consumers expect that food consumed not only meets 
safety standards but also contributes positively to health 
and serves as a source of energy (Jadhav, Annapure, and 
Deshmukh, 2021). Initially, awareness of the nutritional 
content of processed foods was limited, as homemade 
meals were generally preferred for their perceived health 
benefits. However, with modernization came a shift 
towards convenience, driving increased consumption 
of processed foods. Moreover, the year-round availabil-
ity of ingredients has bolstered the appeal of processing 
technologies. A good food processing procedure is one 
that produces little to no impact on the final product’s 
texture, color, flavor, or nutritional value while using 
minimal resources and little processing time (Patel and 
Patel, 2023). This provides a better understanding of non-
thermal technologies, which have multiple effects, such 
as preservation, prolonging the shelf life of food, and 
retaining the nutritional parameters in processed food 
products. Food materials’ properties are altered using 
nonthermal techniques to offer them the required sen-
sory attributes after processing (Chen et al., 2022). Foods 
treated with this technique have mild to no loss in nutri-
tional content (Kulawik et al., 2022). The hurdle applica-
tion of these technologies further reduces process time. 

employed in combination to enhance processing effec-
tiveness, as depicted in Figure 1. Ongoing research con-
tinues to explore and advance these approaches. Initially, 
this technology was used as a pre-treatment to improve 
the process, followed by another nonthermal technol-
ogy that imparts better treatment and utilization of food. 
By removing the constraints associated with individual 
technologies, the hurdle framework increases the effec-
tiveness and scope of applications while reducing the 
negative effects on food quality (Bigi et al., 2023). This 
paper investigates the effectiveness of various nonther-
mal technologies used as hurdles in food processing for 
a range of applications, including preservation. It fur-
ther evaluates their impact on nutritional content and 
explores their broader implications for the food industry. 
Additionally, the paper examines the most commonly 
employed or frequently utilized combinations of non-
thermal hurdles, providing an overview of their practical 
applications and performance.

Why a Nonthermal as a Hurdle?

Originally, the primary objective of the food process-
ing sector was to preserve food and extend its shelf 
life for continuous availability. However, the focus has 
since evolved beyond mere preservation from microbial 
spoilage to include consideration of additional parame-
ters, such as nutritional aspects (Patel and Patel, 2023). 
Conventional thermal processing methods typically 

Figure 1.  Nonthermal hurdle combinations and their applications.
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UV light with a wavelength of 254 nm as a hurdle combi-
nation. Ultrasound was operated at 33 kHz for 22.95 min, 
and UV light at 1.577 J/cm² for 10 min. A 5-log reduc-
tion in bacterial and yeast populations was achieved with 
the optimal ultrasound and UV combination. Ultrasound 
travels through the material as longitudinal waves, caus-
ing cavitation. The implosion of the bubbles produces 
shock waves that, in turn, destroy the cell walls and 
membranes of microorganisms and denature their DNA 
(deoxyribonucleic acid) through the sonolysis of liquid 
(Stepišnik Perdih, Zupanc, and Dular, 2019). When UV 
rays are absorbed by DNA, pyrimidine nucleotide bases 
undergo cross-linking. The creation of these dimers pre-
vents further transcription and replication, ultimately 
resulting in cell death (Corrêa et al., 2020). The combined 
action of UV exposure and ultrasonic waves results in a 
reduction of bacterial load, which can be attributed to 
two phases of inactivation: the first is ultrasonic cavi-
tation, which destroys cell walls, and the second is UV 
exposure, which denatures DNA and causes cell death. 
The organoleptic quality retention was almost similar 
to fresh juice, along with the microbial reduction men-
tioned above (Anjaly et al., 2022).

Hwang et al. (2023) conducted research involving three 
nonthermal hurdle combinations for microbial inactiva-
tion in granulated and powdered foods. The hurdles used 
were intense pulsed light (IPL), atmospheric plasma, and 
UV. IPL was applied with a fluence of 24.4 J/cm², volt-
age of 30 V, and a time duration of 30 min; atmospheric 
plasma was operated at 1 kV and 30 Hz, and UV light was 
at 253.7 nm, with 8 W per lamp and five lamps. A maxi-
mum of 1.33 ± 0.24 log microbial reduction was observed 
in sesame seeds. These combinations were also applied 
to black pepper powder and red pepper powder, which 
showed microbial log reductions of 0.41 ± 0.04 and 0.52 
± 0.05, respectively. Due to variations in the surface prop-
erties of red and black pepper powders, the effects were 
less pronounced than those observed in sesame seeds. 
Free radicals, including free electrons, dissolved hydro-
gen peroxide, ozone, electric fields, acoustic shock waves, 
and ultraviolet light (UV), are all produced by plasma, 
and it is well known that UV only slightly contributes to 
the process of plasma decontamination. Therefore, the 
potency of reactive species raises the mechanical dam-
age to microbial cells and enhances microbial inactiva-
tion. A study by Lara et al. (2022) on microbial reduction 
in fresh beef using a nonthermal hurdle combination of 
aqueous ozone and UV-C found that aqueous ozone at 
0.9 ppm was sprayed, and UV-C was operated at 69 mJ/
cm² for 30 s. This combination showed a 1.7 log reduc-
tion in Escherichia coli after 10 cycles, with a 1-h time 
gap between each cycle. To enhance antimicrobial action 
and promote cell death, the above combination was 
studied further. As microbes encounter the stationary 
growth phase, they release proteases that break down 

Usually, the hurdle combination includes one nonthermal 
or thermal technique, which is combined with other hur-
dles such as preservatives, acidulants, enzymes, etc. (Basak 
and Chakraborty, 2022). To overcome the negative aspects 
of the above combinations, including the retention of 
chemical residues in some foods, the “nonthermal hurdle” 
approach is used. Some of the recent applications of non-
thermal hurdle technologies in the food sector are listed in 
Table 1, which helps us understand the positive impacts of 
these technologies. The food processing sector is poised 
for significant growth in nonthermal processes. These 
methods offer consumers nutritious, wholesome food with 
improved textures, flavors, and colors (Allai et al., 2023). 

Effect of Nonthermal Hurdle on Microbial Inactivation

The major reason for spoilage in any food material is 
microorganisms. Inactivation of these spoilage-causing 
microorganisms without significant loss in nutritional 
parameters is achieved through nonthermal hurdle tech-
nology. The main purpose of hurdle technology is to 
prevent specific microorganisms from growing and sta-
bilizing by exposing them to alternating or simultaneous 
environmental, physical, and chemical stresses (Aaliya 
et al., 2021). Three primary mechanisms work together to 
accomplish this task: metabolic fatigue, stress response 
mechanism deprivation, and obstruction of equilibrium 
conditions (Pal et al., 2017; Bigi et al., 2023; Obileke et al., 
2022). The studies below not only focus on liquid food 
products but also on solid food materials. They examine 
the technique’s negative effects on microbes and its posi-
tive impact on product characteristics.

In research by Chen et al. (2021), the nonthermal hurdle 
combination of thermosonication and high hydrostatic 
pressure was used, and the study focused on reducing 
the microbial load by destroying microorganisms in blue-
berry juice. For thermosonication, sound waves were 
created at 240 W and 40 kHz, with temperature combi-
nations of 25°C and 45°C followed for 15 min each. Even 
though the name includes ‘thermo’ in sonication, the 
temperature was maintained below 45°C, so it falls under 
nonthermal technology. Similarly, high hydrostatic pres-
sures of 400 and 600 MPa were applied for 5 min each. 
The study concluded that combinations of nonthermal 
technologies—pressure at 400 and 600 MPa with ther-
mosonication at 25°C and 45°C—showed a reduction 
in microbial load below 1 log CFU/mL, along with the 
inactivation of enzymes like polyphenol oxidase. This 
combined effect of thermosonication and high hydro-
static pressure caused mechanical damage to the cell 
wall structure of microbes through pressure, cavitation, 
and free radical oxidation, leading to the inactivation of 
microbes. In a study by Anjaly et al. (2022) on pineapple 
juice, the shelf life was enhanced using ultrasound and 
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Recent advances in nonthermal hurdle approaches in food

such as tissue weakening, color degradation, and nutrient 
depletion, there has been a growing interest in develop-
ing non-thermal physical technologies to reduce micro-
bial loads on fruits and vegetables (Deng et al., 2020).

Retention of chemical residues in fruits and vegeta-
bles has always been a potential problem in processing. 
Farmers use pesticides and fungicides to mitigate dam-
age from pests, such as insects and microbes, aiming to 
enhance crop yield. However, these chemicals are not 
entirely removed through normal washing procedures. 
Nonthermal hurdle technology is employed to reduce 
chemical residues in fruits and vegetables. The most com-
monly used fungicide, chlorothalonil, has been linked to 
detrimental effects on human health (Jones et al., 2020). 
In soil and plant systems, chlorothalonil can persist and 
break down depending on factors such as the amount 
applied, the planting schedule, soil characteristics, cli-
mate, and the use of fertilizers. Gaining more insight 
into its behavior in soil and vegetable systems could 
help develop protocols that optimize fungicide usage, 
improve food safety, and reduce environmental pollu-
tion (Zhang et al., 2021). A study conducted by Ali et al. 
(2022) aimed to reduce the fungicide residue of chloro-
thalonil in tomatoes. The nonthermal hurdle combina-
tion of ultrasound and plasma-activated water was used. 
Plasma-activated water was generated using a plasma 
jet operated at 220 V and 50 kHz, with 250 mL of water 
for each batch. Similarly, ultrasound was applied after 
the activation of water using the plasma jet, operating 
at 500 W and 40 kHz. The tomatoes, weighing between 
28 and 35 g, were soaked in plasma-activated water for 
various time intervals followed by ultrasound treatment 
for 15 min. The combined treatment of plasma-activated 
water (10 min) followed by ultrasound (15 min) showed 
the highest reduction in fungicide residue, with a reduc-
tion of 89.29%. The results indicate that the combination 
of nonthermal technologies led to a greater degradation 
of the fungicide chlorothalonil in tomatoes (Ali, Cheng, 
and Sun, 2021). This was achieved with minimal to no 
textural changes and retention of nutritional parameters 
(Ali et al., 2023).

Nonthermal Hurdles in Particular Composition of Food

Based on composition, foods are classified into solid, liq-
uid, and semisolid categories. Below are some examples 
of nonthermal hurdles applied to solid and liquid foods 
individually, with a detailed overview of their effects.

Effect of  nonthermal hurdle technologies in solid foods
Nonthermal technologies have been used as pre-
treatment in combination with traditional treatments in 
food processing operations (Shiekh, Zhou, and Benjakul, 
2021). However, in recent years, nonthermal technologies 

the connective tissue between the meat’s muscle fibers, 
enabling bacterial penetration in the meat. According to 
one theory, light photons on the meat may scatter in ozo-
nated water, interfering with their journey to the meat’s 
surface, where bacteria reside during their rapid growth 
phase. Unlike UV light alone, ozone can cause oxida-
tive damage to other tissues after processing (Corrêa et 
al., 2020). The combined effectiveness of these two anti-
microbial strategies against microbes was found to be 
lower than their individual effectiveness (Harikrishnan et 
al., 2023; Dogu-Baykut and Gunes, 2022). This research 
underscores the significance of choosing the appropri-
ate pairing of methods for concurrent application during 
processing. A few more studies on microbial inactivation 
in various foods using nonthermal hurdles are listed in 
Table 2. 

Nonthermal Hurdle as Disinfectant Reducing the 
Chemical Residue

Fresh produce, including vegetables and fruits, are essen-
tial components of the human diet due to their numerous 
nutritional and health benefits. In addition to demanding 
high-quality, fresh-like products, consumers are becom-
ing increasingly aware of the safety risks associated with 
consuming fruits and vegetables (Deng et al., 2020). To 
ensure microbiological safety and extend the shelf life 
of fresh produce, it is crucial to eliminate microorgan-
isms during post-harvest handling. Today, a variety of 
disinfection techniques are used. The most commonly 
used antimicrobial sanitizer in the food industry is chlo-
rine. However, halogenated organic compounds, such as 
chloroform, can be produced when chlorine reacts with 
organic materials, and these compounds are linked to 
human rectal and bladder cancer (Roobab et al., 2022). 
Furthermore, treating water with chlorine releases chlo-
rine vapors and forms trihalomethanes and haloacetic 
acids, two byproducts that may cause cancer (Praeger, 
Herppich, and Hassenberg, 2018). Similarly, organic 
acids destroy microorganisms by lowering the pH of 
their environment and inside their cells, which disrupts 
membrane permeability and transport. However, due 
to their low concentration or short treatment duration, 
organic acids have relatively low antimicrobial efficacy 
and fail to effectively control microorganisms (Deng 
et  al., 2020). Additionally, using high concentrations of 
organic acids has drawbacks, such as altering the flavor 
and aroma of fruits and vegetables and potentially cor-
roding human tissue and medical equipment (Khan et al., 
2017). One drawback of sanitizer washing is the need for 
large amounts of water, which can lead to environmen-
tal contamination and pathogen cross-contamination. 
Moreover, the moisture left behind after washing fos-
ters the growth of mold. Since thermal treatments cause 
undesirable physiological decay and metabolic reactions, 
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have been employed as a hurdle to overcome the minor 
to major losses that occur during traditional techniques 
such as thermal and chemical treatments (Bigi et  al., 
2023). Below are a few studies on the effect of nonther-
mal hurdles on solid foods. Johnson et al. (2022) utilized 
plasma-functionalized water combined with ultrasound 
as a nonthermal hurdle on Larimichthys polyactis—a 
small yellow croaker (fish). The study focused on the 
functional and bioactive properties of the fish. Plasma-
functionalized water was obtained by treating 20 mL of 
double-distilled water between dielectric barrier dis-
charge electrodes, 5 mm apart, with a plasma generator 
operating at a voltage of 70 V for 8 min. Ultrasound was 
then applied after plasma-functionalized water treat-
ment, operating at 500 W and 40 kHz for 4 min. The 
combination of plasma-functionalized water and ultra-
sound treatment caused partial denaturation of the pro-
tein structure, which led to increased peptide yield with 
improved solubility, while lowering emulsification and 
foaming abilities. Additionally, the treatment enhanced 
enzymes with specific antioxidant properties. The hurdle 
combination of ultrasound and plasma-functionalized 
water was also applied to Pampus argenteus (silver pom-
fret) by Johnson, Sun, Cheng, and Li (2022). Plasma-
functionalized water was prepared by treating 20 mL 
of double-distilled water between dielectric barrier dis-
charge electrodes. It was operated at 70 V with a fre-
quency of 10 kHz for 8 min using atmospheric cold 
plasma. Ultrasound treatment was then applied at 500 W 
and 40 kHz for 5 min at room temperature (25°C). The 
treated fish were vacuum packed and stored at 4°C for 
15 days. Storage studies showed modifications in myo-
fibrillar proteins, improved nutritional retention, and a 
biomedical index of fatty acids and lipids, with a lowered 
pH of 5.7. This study demonstrated the improvement in 
the storage life of the treated fish while retaining their 
nutritional parameters through the use of nonthermal 
technologies as a hurdle.

In a study conducted by Mello et al. (2021), the combi-
nation of pulsed electric fields (PEF) and ultrasound was 
applied to orange peels, followed by drying, to investigate 
their effects on quality parameters. The pulsed electric 
field operated at an electric field strength of 1.20 kV/cm 
and a frequency of 10 Hz for durations of 200 µs and 600 
µs, while ultrasound was operated at 20.5 kW/m³. This 
nonthermal hurdle was applied as a pre-treatment, fol-
lowed by drying at 50°C. The hurdle effect of the pulsed 
electric field for 200 µs, combined with ultrasound as 
a pre-treatment before drying, resulted in the short-
est drying time while retaining the original color of the 
orange peel. Additionally, it helped preserve phenolic 
content and ascorbic acid. However, the pulsed electric 
field treatment for 600 µs led to a reduction in antiox-
idant activity. In conclusion, the combination of pulsed 
electric field and ultrasound shortened drying time and 
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microbes in milk, with only slight changes in pH and 
color. Similarly, a study by Sahoo & Chakraborty (2023) 
investigated the inactivation of pectin methyl esterase 
(PME) in sweet orange juice (Citrus sinensis L. Osbeck). 
PME is responsible for the destabilization of the cloudy 
nature of orange juice. In this study, pulsed light was 
combined with ultrasound. Various voltage and time 
combinations were tested, both individually and in com-
bination. The operating condition of 283 s at 2.84 kV 
resulted in 98.5% PME inactivation, while ultrasound at 
108 W for 9 min achieved an 82.5% reduction in PME. 
However, the combination of pulsed light at 2.4 kV for 
180 s and ultrasound at 80 W for 360 s resulted in 98.3% 
PME inactivation. This combination reduced the operat-
ing time and voltage required, achieving excellent PME 
inactivation. It also led to more than a 5-log reduction in 
the natural microbiota, 99.4% retention of phenolic com-
pounds, and only a 5% loss in vitamin C. Sensory param-
eters and bioactive compounds were largely unaffected, 
with only minimal degradation in color observed.

A study by Bebek Markovinović et al. (2024) examined 
the influence of two nonthermal treatments on antioxi-
dant activity and bioactive components in strawberry 
juice. The hurdles used were high-power ultrasound 
and pulsed electric field (PEF). Ultrasound was operated 
at 25% amplitude and 50% pulse for various durations, 
while PEF was applied at a strength of 30 kV/cm and a 
frequency of 100 Hz for different time intervals. The 
results indicated that shorter treatment times of ultra-
sound combined with PEF favored the preservation of 
bioactive compounds in the juice. The highest yield of 
condensed tannins, flavonols, total phenolic content, and 
antioxidant capacity was achieved with a shorter ultra-
sound treatment time of 2.5 min, based on the optimi-
zation of the hurdle parameters. This study suggests that 
functional strawberry juice can be produced by fine-tun-
ing the parameters of the hurdle technology. Overall, 
nonthermal technologies can be effectively used as hur-
dle treatments in both solid and liquid foods, leading to 
improved yield, retention of nutritional parameters, and 
microbial load reduction, all contributing to enhanced 
shelf life. This approach offers food processing indus-
tries the opportunity to optimize process parameters and 
improve efficiency.

Nonthermal Hurdle in Extraction 

In the food and pharmaceutical industries, extraction 
is a method used to separate bioactive molecules from 
raw materials for use as active ingredients. Conventional 
extraction techniques include solvent extraction, steam or 
water distillation, maceration, squeezing or cold process-
ing, and Soxhlet extraction (Zia et al., 2020). However, 
these traditional methods have several drawbacks, 

preserved important nutritional compounds, when com-
pared to the individual treatments. In a recent study by 
Harikrishnan et al. (2023), the combination of UV and 
ozone was applied to study the hurdle effect on the tex-
tural and structural properties of dough. The dough was 
made from de-oiled rice bran, virgin coconut oil cake 
(VCOC), corn starch, wheat bran, and guar gum as bind-
ing agents. The dough was treated with UV at 1000 µW/
cm² for 15 min and aqueous ozone at 3 mg/L for 5 min 
at pH 4. A microbial reduction of 5.2 logs was observed 
compared to the untreated sample. Significant reduc-
tions in yeast/mold count and bacterial load were noted. 
The textural and structural properties also improved in 
the treated dough compared to the untreated sample. 
A study on cleaning and microbial inactivation in cray-
fish (Procambarus clarkii) was conducted by Ling, Tan, 
et al. (2022) using a hurdle combination of ozone water 
and ultrasound. Ozone water at a concentration of 26.6 
mg/L for 20 min and ultrasound at an intensity of 200 
W for 10 min were used. The most dominant microbe in 
untreated crayfish, Chrysoebacterium, was significantly 
reduced by this treatment. All microbial communities, 
including total viable count (TVC), psychrophilic viable 
count (PVC), mesophilic viable count (MVC), hydro-
gen sulfide-producing bacteria (HSPB), yeast and mold, 
and Pseudomonas, were reduced. Overall, the quality 
of the crayfish was not affected by this combination of 
techniques.

The investigation into solid foods processed using non-
thermal technologies as hurdles has shown several ben-
eficial outcomes. These technologies have demonstrated 
positive effects on the treated foods, enhancing yield, 
preserving nutritional parameters, and extending the 
storage life of certain food materials. Similarly, numer-
ous studies have explored the application of various non-
thermal technologies as hurdles across different food 
types, consistently yielding positive results in several key 
parameters. Ongoing research continues to explore the 
potential of these hurdle combinations across diverse 
food categories, promising further insightful findings in 
the coming years.

Effect of  nonthermal hurdle technologies on liquid foods
Nonthermal hurdle combinations have also been applied 
to treat various liquid foods in the food processing line 
(Manzoor et al., 2021). In a study by Hales et al. (2022), 
the microbial inactivation of milk was explored using a 
combination of high-intensity ultrasound (HIU) and 
UV-A light. HIU was operated at 500 W, 20 kHz, while 
UV-A had an intensity of 6000 µW/cm² and a wave-
length of 365 nm. Various time combinations were 
tested, with HIU for 30 s and UV-A for 15 min showing 
the best microbial reduction. The combination resulted 
in a reduction of 0.69 ± 0.04 log in microbial load, effec-
tively inactivating both gram-positive and gram-negative 
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shown to enhance the recovery of target metabolites. US 
is considered a clean, eco-friendly process that facilitates 
the extraction of active ingredients at low temperatures, 
thus reducing the breakdown of heat-sensitive materials 
and shortening extraction times (Tzima et al., 2021). The 
Moderate Electric Field (MEF) method has been found 
particularly effective in extracting colorants from plants. 
By applying voltage across the food material, MEF dam-
ages the cell membrane, altering its permeability and 
causing cell rupture. This electroporation increases the 
extraction yield by allowing the cells to absorb exogenous 
molecules more easily (Wani et al., 2021). These non-
thermal hurdles not only effectively inactivate microbes 
but also serve as valuable pre-treatment techniques in 
food processing operations, saving both time and energy 
(Shiekh, Zhou, and Benjakul, 2021; Leal et al., 2020). As 
a result, they enhance the efficiency and economy of the 
overall process. One such application of these technolo-
gies is in the extraction process, as discussed below. 

In a study by Grillo et al. (2022), the combination of 
ultrasound and pulsed electric field (PEF) was utilized as 
a nonthermal hurdle for the continuous extraction of vir-
gin olive oil. Traditionally, the olive oil extraction process 
includes a step known as “malaxation,” where olive paste 
is slowly and continuously kneaded to disperse the emul-
sion formed during crushing and to facilitate mixing and 
coalescence (Clodoveo, 2019). In this study, ultrasound 
was applied at a power of 600 W and a frequency of 22 
kHz, while the pulsed electric field was operated at 8 kV 
for 30 µs with a frequency of 15 Hz. The combination of 
these treatments caused acoustic cavitation and electro-
poration, which helped improve the oil yield from 16.3% 
to 18.1%. This nonthermal hurdle combination effec-
tively replaced the traditional malaxation step. While 
ultrasound treatment alone resulted in a yield increase 
of 17.8%, the combined treatment further enhanced the 
yield. In addition to yield, the treatments also improved 
the levels of minor components such as tocopherols and 
tocotrienols by 15.9%, thereby enhancing the quality and 
commercial value of the extracted virgin olive oil. This 
nonthermal hurdle technology has also been success-
fully applied to oil extraction from other food materials, 
demonstrating improved yields, retention of nutritional 
parameters, and enhanced quality of the extracted oil. In 
a separate study by Hossain et al. (2014), pulsed electric 
field (PEF) and pulsed light (PL) were used as pre-treat-
ments for solid-liquid extraction of steroidal alkaloids 
from potato peels. The PEF treatment was applied at a 
field strength of 0.75 kV/cm and a pulse duration of 600 
μs, resulting in a significant increase in the yield of ste-
roidal alkaloids, reaching 1856.2 μg/g from dry potato 
peels, a 99.9% increase compared to untreated peels. 
Similarly, pulsed light (PL) also enhanced the extraction 
of glycoalkaloids and aglycone alkaloids, with treatment 
fluences of 7.86 J/cm² and 9.38 J/cm². However, the PEF 

such as high energy consumption, excessive use of sol-
vents, long extraction times, and low extraction yields 
(Wani et al., 2021). Consequently, there is an increasing 
demand for innovative extraction techniques that use 
less solvent, operate more efficiently, and yield higher 
extraction rates (Zia et al., 2020). Generally, extraction 
mechanisms involve the use of chemical agents and ther-
mal treatments to enhance the yield of the desired sol-
vent. However, chemical treatments can alter product 
characteristics and leave behind chemical residues in the 
extract, while thermal treatments may lead to the loss of 
nutritional components and volatile compounds. 

Recently, there has been growing interest in innova-
tive technology-assisted extraction methods (Wiktor 
et al., 2018; Tzima et al., 2021). These methods, which 
include non-thermal techniques such as pulsed electric 
field (PEF), supercritical fluid (SF), ultrasound (US) and 
moderate electric field (MEF) assisted extraction, as well 
as thermal methods like microwave (MW) and pres-
surized liquid (PL) extraction, have proven to be effec-
tive. Compared to traditional extraction methods, these 
advanced techniques offer several advantages, includ-
ing reduced extraction times, lower energy consump-
tion, reduced costs, and less use of organic solvents. In 
microwave extraction, the interaction between micro-
wave energy and moisture in the matrix leads to evap-
oration, which creates pressure within the cell walls, 
causing them to rupture and release bioactive com-
pounds. However, microwave radiation can result in the 
loss of heat-sensitive compounds and reduced extraction 
yields, as prolonged exposure and high power levels may 
trigger heat-induced degradation and enzymatic activity, 
significantly affecting bioactive plant constituents (Zia 
et al., 2020). Pressurized liquid extraction is considered 
an effective and environmentally friendly method, using 
solvents like ethanol and water to extract bioactive com-
pounds. While it offers advantages such as reduced sol-
vent use, an oxygen- and light-free environment, and 
shorter operation times, the process can be costly in 
terms of industrial energy requirements. Supercritical 
fluid extraction, although considered clean, can produce 
extracts that contain impurities, making purification 
more challenging (Leal et al., 2020). 

To address the challenges associated with traditional 
extraction methods, nonthermal hurdle technologies 
have been increasingly adopted or even replaced con-
ventional techniques (Wiktor et al., 2018; Wani et al., 
2021; Z. Zhang et al., 2018). Pulsed Electric Field (PEF) 
is widely recognized as an energy-efficient technique for 
permeabilizing cellular membranes, and it has also been 
suggested as a novel stressor that can stimulate the devel-
opment of bioactive substances. Ultrasound (US), known 
for its ability to disrupt cell membranes through pressur-
ized sound wave transmission and cavitation, has been 
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When combined with ultrasound, these properties are 
further enhanced, leading to improved treatment effi-
ciency. Ultrasound induces cavitation in food materials 
through the formation of microbubbles, driven by the 
compression and rarefaction cycles of high-frequency 
sound waves. This process is more potent and effective 
compared to other nonthermal technologies (Jadhav, 
Annapure, and Deshmukh, 2021). 

Ultrasound is not only combined with plasma but also 
with other nonthermal technologies, such as high hydro-
static pressure and pulsed electric fields, to enhance food 
processing (Beitia et al., 2023). While ultrasound can be 
paired with various nonthermal technologies, the com-
binations mentioned above, as illustrated in Figure 2, are 
the most commonly used. High hydrostatic pressure is 
effective at damaging microorganisms and denaturing 
specific enzymes. However, for complete enzyme dena-
turation, it is often combined with ultrasound treatment 
(Singla and Sit, 2021). Similarly, pulsed electric fields are 
frequently used as a pre-treatment followed by ultra-
sound to improve quality retention in food products 
(Ntourtoglou et al., 2022; Pandiselvam et al., 2023). The 
mode of action in pulsed electric fields involves elec-
troporation, where externally applied electric fields cre-
ate pores in the cell walls and membranes. This process 
increases cell permeability, making it easier for intracel-
lular contents, primarily water, to pass from the cell into 
the extracellular environment (Katsimichas et al., 2023). 
Factors such as reactor geometry, temperature, exposure 
time, power intensity, and frequency affect the bacteri-
cidal efficacy of ultrasound, and these parameters need to 
be optimized for better results (Bigi et al., 2023; Bahrami 
et al., 2020). When ultrasound is combined with high 
hydrostatic pressure or pulsed electric fields as pre-treat-
ments, processing time is reduced, temperature rise is 
minimized, and the overall results improve. While each 
nonthermal technology yields good results individu-
ally, the shift towards nonthermal hurdle technologies is 
becoming more prevalent to achieve superior outcomes 
(Gomez-gomez et al., 2021).

Future Prospects and Challenges 

Non-thermal treatments have become a central focus 
in food industry research due to increasing consumer 
demand for safe, nutrient-rich, and microbe-free foods. 
These technologies are considered more environmen-
tally friendly and less harmful to food quality compared 
to traditional methods. As minimal processing tech-
niques, non-thermal technologies are gaining recogni-
tion for their ability to preserve the authenticity of food 
while enhancing its texture and organoleptic qualities. 
However, harsh processing conditions, such as high tem-
peratures, long treatment times, and high energy inputs, 

pre-treatment produced a higher yield than PL, demon-
strating its greater effectiveness in enhancing extraction 
efficiency.

Most Followed Nonthermal Hurdle Combinations

Nonthermal technologies are proving to be more efficient 
than conventional thermal treatments across various 
aspects of food processing. Their effectiveness is further 
amplified when used in combination with other nonther-
mal technologies as part of a hurdle approach. Although 
several nonthermal technologies are already in commer-
cial use within food processing industries (Anand et al., 
2022), achieving optimal combinations requires further 
research and development. Understanding the interplay 
of individual technologies and their combined effects 
through trial and error is crucial for enhancing treatment 
outcomes (Bigi et al., 2023). In this context, numerous 
studies have been conducted to develop specific combi-
nations of nonthermal hurdles tailored to different types 
of food. These hurdle combinations serve a variety of 
objectives, including preservation, microorganism inac-
tivation, enhancement of nutritional parameters, reten-
tion of sensory attributes, improvement in extraction 
efficiency, and overall protection of food quality (Anand 
et al., 2022). Among these combinations, several have 
emerged as particularly popular and effective for specific 
food applications. 

Ultrasound is one of the most prominent and promising 
nonthermal technologies, particularly when used in com-
bination with other nonthermal methods (Ostermeier 
et al., 2020; Singla and Sit, 2021; Wang and Wu, 2022). 
Combining ultrasound with various techniques has 
been shown to reduce processing time and energy con-
sumption (Beitia et al., 2023). One of the most widely 
used combinations is plasma-activated or plasma-
functionalized water with ultrasound. Plasma is a distinct 
state of matter, formed when a gas reaches a temperature 
high enough to ionize (Mayookha et al., 2023). Plasma-
activated water is produced by treating double-distilled 
water under plasma, typically using dielectric barrier 
discharge (DBD) or a plasma jet method (Wang and Wu, 
2022). DBD plasma is especially popular due to its broad 
range of applications, reduced heat generation, and ease 
of operation (Wu et al., 2023). Plasma inherently contains 
reactive species, including excited particles and UV radi-
ation (Kaavya et al., 2021), which contribute to its effec-
tiveness. DBD plasma is also advantageous for sanitizing 
freshly packaged produce (Wang and Wu, 2022). Plasma-
activated water is rich in reactive oxygen and nitrogen 
species (RONS) and other free radicals that can cause 
surface etching on microbial cell walls or food materi-
als (Chakka, Sriraksha, and Ravishankar, 2021; Johnson, 
Sun, Cheng, and Wang, 2022; Roobab et al., 2022).  
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Figure 2.  Extensively utilized nonthermal hurdle combinations.

often compromise sensory attributes like aroma, color, 
texture, taste, and nutritional value. As such, no single 
non-thermal technology can guarantee optimal food 
quality across all sensory aspects. This is where hurdle 
technology comes into play, offering a more efficient 
processing approach to ensure food safety, health ben-
efits, and improved overall quality (Zhang et al., 2018). 
Research on non-thermal techniques and hurdle technol-
ogy continues to be a dynamic area of study, with ongo-
ing efforts to optimize their performance and ensure food 
product safety without compromising quality. Variations 
of these preservation methods are continuously tested in 
laboratories and pilot projects to refine their effective-
ness (Bigi et al., 2023). 

The advancement of nonthermal techniques in the food 
industry hinges on several key factors, including the 
development of machinery capable of processing large 
quantities of food, a deeper understanding of the under-
lying mechanisms of these technologies, the establish-
ment of processing standards, and addressing consumer 
misconceptions about their effectiveness. Once these 
challenges are overcome in a structured and strate-
gic manner, nonthermal technologies will have greater 

potential for expansion and commercialization. This 
will enable the food industry to offer consumers safe, 
nutrient-rich products with appealing colors and sen-
sory qualities (Jadhav, Annapure, and Deshmukh, 2021). 
However, the high initial investment costs and the need 
for skilled personnel for most hurdle technologies pres-
ent barriers, making them costly and time-consuming. 
Therefore, future research should focus on improving the 
cost-effectiveness of these combined nonthermal treat-
ments to ensure their widespread adoption in the food 
industry (Bigi et al., 2023; Aaliya et al., 2021).

Non-Thermal Technologies and Their Contribution to 
Sustainability Aligned with SDGs

Non-thermal food processing technologies are increas-
ingly recognized for their significant contribution to 
global sustainability by aligning with multiple Sustainable 
Development Goals (SDGs). High Hydrostatic Pressure 
(HHP) minimizes energy usage and food waste, support-
ing SDG 12 (Responsible Consumption and Production) 
and SDG 2 (Zero Hunger) by improving food pres-
ervation without excessive energy consumption or 
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quality but also foster more sustainable practices in the 
global food supply chain. With continued innovation and 
research, these technologies hold the potential to revo-
lutionize food processing, providing consumers with 
healthier, safer, and more environmentally friendly food 
options.
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