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Abstract: Background: The demand from consumers for safe, healthy food with a long shelf life,
with no change in taste or nutritive value, has made food safety a key concern in today's world.
Traditional thermal food processing technology has trouble meeting these standards. Conventional
thermal  and  non-thermal  processing  has  limitations  and  to  overcome  these  limitations  more
studies are conducted regarding the novel non-thermal food processing methods.

Objective: The goal of this paper was to present an overview of the research on the development
of non-thermal processing techniques, such as electrofreezing, high hydrostatic pressure, pulsed
electric fields, ultrasound, pulsed light, and plasma activated water, as well as their advantages
and limitations.

Methods: The present review aims to summarize findings related to novel non-thermal processing
techniques, gathered from work published in scientific journals, related books, and book chapters
from sources such as Web of Science (WoS), Google Scholar, Scopus and ScienceDirect.

Results: Non-thermal treatment may result in more desirable outcomes, such as greater preserva-
tion of heat-sensitive nutrients, fewer changes in sensorial as well as physico-chemical quality of
the processed foods.

Conclusion: Compared to traditional heat processing, the nutritional value of foods is better pre-
served, and the sensory qualities of foods are less altered. These novel techniques can be com-
bined with each other to achieve higher efficiency and overcome other limitations. More studies
should  be  conducted  regarding  the  combination  of  novel  non-thermal  techniques  to  achieve
greater efficiency.

Keywords: Food safety, non-thermal processing, principle, advantages, limitations, food quality.

1. INTRODUCTION
The  food  matrix  is  frequently  changed,  the  nutritional

value of food is maintained, and the shelf life is increased by
food processing. The food sector is looking for creative and
more  affordable  ways  to  produce  and preserve  food items
[1]. It is also working harder than ever to raise food safety
and quality  standards around the globe.  There is  a  serious
concern for public health due to a significant rise in the num-
ber of cases of food-related illness [2]. Assuring the microbi-
ological  safety  of  food  by  heat  processing  is  a  traditional
method [3]. This method causes the sensory characteristics
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sity of Studies “Mediterranea” of Reggio Calabria, Reggio Calabria, Italy;
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of the food to change due to overheating or lowers the nutri-
ent value of the food products [4]. As an alternative to con-
ventional heat treatments, a number of non-thermal process-
ing technologies have been created due to the increasing cus-
tomer  need  for  foods  with  higher  nutritional  content  and
fresh-like sensory qualities [5, 6]. Throughout the manufac-
turing and distribution chain, proper technologies are neces-
sary to prevent unwanted microbiological and fungal contam-
ination, and deterioration, and also to maintain the sensory
and nutritional standard of the food [7]. Non-thermal food
processing methods have recently attracted a lot of interest
because of  the increased customer demand for  fresh,  safe,
and nutrient-dense food [8]. In both emerging and advanced
nations,  foodborne  illness  caused  by  microorganisms,  as
well  as  other  food  impurities,  poses  a  severe  health  risk.
Fewer than 10% of foodborne disease cases were reported
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by WHO, with emerging nations reporting below 1% of cas-
es [9]. In 2010, there were 600 million cases of food-borne
disease and 420,000 fatalities, according to a recent WHO
study.  The  most  common  causes  of  food-borne  sickness
were  agents  that  cause  diarrhea,  namely  norovirus  and
Campylobacter  spp.  Mycotoxins,  mainly  aflatoxin,  Sal-
monella typhi, hepatitis A, and Taenia solium were also ma-
jor causes of foodborne mortality [10].

To combat  food safety  issues,  many food preservation
methods, such as reduced water activity (aw), freezing, pas-
teurization, sterilization, acidification, drying, dehydration,
antimicrobials,  and  fermentation  have  been  investigated.
Some of these technologies, however, have a negative im-
pact on the sensory attributes and nutrition of food. Further-
more, contamination of food and microbial deterioration are
significant  issues  that  have  not  yet  been  fully  addressed
[11]. To prevent diseases caused by microorganisms and to
guarantee that food products retain their original flavor, col-
or,  taste,  and  form,  experts  from  the  food  business  have
worked  to  improve  food  processing  techniques.  Microbial
status as well as other processes, such as biochemical and en-
zymatic reactions, alteration of structures, etc., are strongly
linked to the safety and longevity of food. It also can indi-
rectly have a substantial impact on how people perceive the
quality of food. Despite the growing study of non-thermal
technologies to counter the mentioned issues and their advan-
tages, the non-thermal methods still have some limitations.
The food industry uses sanitizers to assist in the destruction
of microorganisms on surfaces of utensils and equipment as
well as in food. The efficiency of a sanitizer to help elimi-
nate  infections  is,  however,  diminished  when  bacteria  ad-
here to food [12]. In order to achieve the highest level of effi-
ciency for microbial inactivation, gas plasma has been ap-
plied directly over food products in the majority of studies
performed. However, a small number of studies have shown
that following the surface treatment, there are certain nega-
tive  impacts,  including  color  loss,  surface  topographical
changes brought on by etching, and breakdown of bioactive
components  [13].  Fumigation  is  a  treatment  process  in
which  a  gas  at  certain  concentration  is  supplied  with  the
hope that it would spread uniformly, penetrate objects deep
down to  kill  microbes  and/or  pests.  Agricultural  products,
food items and food processing plants have a high demand
for fumigation [14]. Ethylene oxide gas is banned in Euro-
pean Union (EU) for its uses in food because of its carcino-
genic nature [15]. But still it is used as a fumigant in some
parts of the world. To overcome all these issues related with
conventional techniques, many studies have been carried out
in  novel  non-thermal  techniques.  The  goal  of  this  review
was to summarize the studies on novel non-thermal process-
ing methods such as pulsed electric field, nano-technology,
plasma  activated  water,  high  hydrostatic  pressure,  pulsed
light processing, ultrasound, and electrofreezing. The princi-
ples and some of the advantages and limitations related to
food quality and safety are also discussed.

2. NANOTECHNOLOGY
Nanotechnology is increasingly regarded as an appealing

technology that has transformed the food industry [16]. The

field  of  nanotechnology  is  just  beginning  to  revolutionize
many industries, including the food industry as well as me-
chanics  and  medicine.  It  is  the  study  of  manipulating  and
controlling matter at the molecular and atomic scale with at
least one characteristic dimension often between 1 and 100
nm, known as nanometer range [17].  Nanomaterials  differ
from  their  macroscale  counterparts  in  a  number  of  ways
[18]. It is thought that a nanoparticle works as a single entity
with distinct traits and functions, creating a new activity lev-
el [19]. The rapidly evolving field of nanotechnology has an
impact on all aspects of the food supply chain and system.
Nanotechnology applications in the food packaging industry
include  mechanical,  thermal,  and  barrier  improvements  to
packaging  as  well  as  biodegradable  and  mechanical,  ther-
mal, and durability improvements to packaged goods [20].
Nanomaterials which have several applications in the food
industry,  are  broadly  classified  as  (1)  nano-particles,  (2)
nano-clays,  (3)  nano-emulsions,  (4)  nano-laminates,  (5)
nano-capsules,  (6)  nano-fibers,  (7)  nanotubes,  and  so  on,
and can be created using a variety of processes [20].

2.1. Principle
All  living  organisms  are  nanoscale  entities.  The  com-

pounds that make up the foods we eat -carbohydrates, pro-
teins, and fats- are formed by the nanoscale union of sugars,
amino acids, and fatty acid molecules [21]. Nanoscale struc-
tures  include  cell  membranes,  hormones,  DNA,  and  other
components that are found in nature [22]. The food sector of-
ten uses either a ‘top-down’ or ‘bottom-up’ method for nan-
otechnology [23] or by combining both methods as per the
requirement as well as the principle and engineering of the
nano-particles  to  be  used  [24].  The  'bottom-up'  method
makes use of self-assembling properties of the molecule by
balancing  different  interactions  of  non-covalent  bonds,
while the 'top-down' method utilizes physical processes like
milling to reduce the size of particles resulting in the forma-
tion of nano-particles [23, 25]. Nano-particles can be used di-
rectly  to  remove chemical  impurities  or  harmful  microbes
from  food  [26]  and  create  magnetic  nanoparticles  with
amine-functionalization to eliminate bacterial infections. Th-
ese  nano-particles  provided  high  efficiency  (88.5-99.1%),
fast and effective bacterial eradication from water and food
matrices [27]. The usage of nanotechnology in the food sec-
tor  includes  packaging,  food  biosecurity  and  safety,  and
nano-particle delivery systems [28]. Carotenoid nanoparti-
cles could be dissolved in water and also blended into fruit
drinks to improve their bioavailability. Nanosized micellar
system based on canola was reported to supply nutrients like
vitamins, minerals, or phytochemicals [29].

2.2. Advantages
Many industries have praised nanotechnology for its ac-

complishments. Being an intricate biological system, foods
undergo  a  range  of  processing.  Nanotechnology  could  be
used to add fruits and vegetables to foods to increase their
nutrient density. Food ingredients at the nanoscale can be en-
capsulated and combined in various ways with other foods
[30]. This technique also appears to help dissolve additives
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that are not typically soluble, such as vitamins, minerals, an-
tioxidants,  phytochemicals,  and  healthy  oils.  Many  items
that are typically opaque or transparent can be made clear by
using nanoparticles  [31].  Spraying,  immersion,  or  rubbing
are  common  ways  of  applying  edible  nano-coatings  [32].
They are usually made of eco-friendly components and are
not required to be eliminated from food before consumption
[33].  In  order  to  add  to  the  flavor  of  products,  color,  en-
zymes,  antioxidants,  and  anti-browning  substances,  edible
nano-coatings of ~ 5 nm thickness are applied in the meat
processing business, agriculture industry (to protect fruit and
vegetable products), cheese and bakery industry, and so on
[26]. Food additives at the nano scale can be used to boost
nutrition, enhance texture and flavor, and also to trace patho-
gens. The packaging of food involves edible nano-wrappers
that enclose foods, limiting the exchange of gas and mois-
ture,  smart  packaging  with  antimicrobial  activators  and
nano-sensors for identifying spoilage of food and distribut-
ing nano anti-microbes to prolong the shelf life of food [34].
Nanowires and antibodies have been used in various devices
to identify various toxins, pathogens, and chemicals in food
packaging [35]. For example: Biogenic silver nanoparticles
were added into polyvinyl alcohol-chitosan films to increase
their antimicrobial activity. These films have >99.9% bacte-
ricidal effectiveness against S. aureus, E. coli, B. cereus, and
L. monocytogenes [36]. Nanoparticle applications are not re-
stricted to antimicrobial food packaging. Nanolaminates and
nanocomposites have now been widely utilized in the pack-
aging of food to extend the shelf-life of food and also to pro-
vide a barrier from severe thermal and mechanical damage
[29].

2.3. Limitations
The rapid spread of  nanotechnology in the food sector

has, despite its many benefits, created concerns about public
safety as well as environmental issues. There may be major
differences in the physical, chemical, and biological proper-
ties of nanomaterials and those of their conventional forms,
and  these  unidentified  characteristics  could  lead  to  unpre-
dictable risks [37]. Although nanotechnology has the poten-
tial to be beneficial in many aspects of food production and
processing  methods,  most  of  the  techniques  are  either  too
costly or too impractical to be used on a large scale for com-
mercial purposes. For this reason, developing new function-
al materials, formulating foods, processing food at the nano
and  micro-scale  levels,  storage,  and  product  development
are  all  sectors  of  the  food  industry  where  nanoscale  ap-
proaches  are  most  cost-effective  [38].  Nano-tubes  may be
categorized as potentially harmful nanomaterials due to the
buildup of carbon nanotubes in living creatures and also the
resulting production of reactive oxygen species. The structu-
ral  alteration,  size  distribution,  surface  charge,  contami-
nants, and functionalization are the key factors to influence
their level of toxicity [39]. Because of their toxicity, the ex-
tensive use of emulsifiers and organic solvents in the manu-
facturing of nanocarriers can pose hazards [40]. In addition
to  the  many  advantageous  applications  of  nanostructures,
the  increased  usage  of  nanomaterials  results  in  the  excess

production  of  reactive  oxidative  species  due  to  the  large
number of active organic and inorganic compounds used in
sensing and packaging of foods, resulting in cell-damaging
effects [41].  According to a study [42],  in vivo  toxicity of
nanoparticles of many metal oxides as well as metal species
with  anti-microbial  capabilities  have  been  shown  to  pose
substantial health risks when consumed over a prolonged pe-
riod  of  time.  Silver  and  zinc  oxide  nanoparticles  leached
from packaging into the food, whereas nanoparticles of sil-
ver  leached  notably  into  exudates  of  meat  [43].  Chewing
gum has been found to release nano titania, which accumu-
lates in the body and causes serious toxicity [44]. Mutation
of DNA, apoptosis, unregulated cell signaling, allergic pul-
monary inflammation, altered cell motility, cytotoxicity, and
untreatable diseases such as cancer are all potential effects
of severe nanotoxicity [43].

3. OZONE TREATMENT
A green, cost-effective, and useful technique that has at-

tracted the interest of the food industry is the use of liquid or
gaseous ozone in food. Ozone's oxidation effect has antiviral
and antimicrobial activity, stimulates modification of starch,
can eliminate pests and also can increase food quality and
safety by degrading pesticides [45]. A strong oxidant, ozone
(O3) has been classified as GRAS (Generally Recognized as
Safe) [46]. The use of ozone for wastewater treatment, sani-
tizing equipment in food plants, and treating fruit and vegeta-
bles has now been made possible due to this classification
[47]. Ozone, in both aqueous and gaseous forms, is largely
utilized as an anti-microbial agent and disinfectant for main-
taining food safety. Ozone treatment has been proven to inac-
tivate a variety of microorganisms, including fungus, Gram
+ve  and  Gram  -ve  bacteria,  protozoa,  fungal  spores,  and
viruses [48]. As a precursor, oxygen is used. The reaction be-
tween diatomic oxygen and free oxygen radicals results in
the formation of ozone. Free radical oxygen is produced by
the use of UV radiation as well as corona discharge-based
processes. When the rates of generation and destruction are
equal,  high-purity oxygen can produce up to 6% of ozone
[49].  On-site  generation  of  ozone  is  performed  for  its  use
[50]. Ozone can also be used for the treatment of fruit juice
[51].

3.1. Principle
Microorganisms are inactivated in the gaseous phase dur-

ing ozonation at a constant flow rate, pressure, and specific
concentration of ozone depending on the contamination lev-
el [52]. When ambient air is subjected to a source with high
energy  level  such  as  electrolysis,  ultraviolet  or  corona
discharge, O3 gas is produced. A UV meter can be used to
measure the amount of O3 gas [53]. When air or any other
gas containing regular oxygen is exposed to a source with
high energy, the resultant change in oxygen molecules cre-
ates ozone. Ozone is unstable and must be produced on-site
to be used instantly since it quickly turns into regular oxy-
gen. Ozone at 20°C in distilled water has a half-life of about
20-30 min  [54].  Ultraviolet  radiation,  electrical  discharge,
and electrochemical reaction are the three main methods to
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produce ozone. The most commonly used commercial tech-
nique is the electrical discharge technique, which has a rela-
tively low efficiency of about 2 to 10% and high power con-
sumption. UV radiation and electrochemical techniques are
less economical [50].

3.2. Advantages
Ozone is  a  technology that  has  been successfully  used

for antiviral, antimicrobial, antifungal, and antiparasitic treat-
ments [55]. Ozone treatment uses significantly less energy
than thermal, microwave, and radiation treatment [54]. Be-
cause of its swift impact and powerful oxidative properties,
the food preservation and processing sectors frequently use
ozone  to  ensure  the  safety  of  microorganisms  in  food.  It
rapidly undergoes to form molecular oxygen, ensuring that
the food products  are  free of  dangerous halogenated com-
pounds [53]. As a result of its high oxidation potential in al-
kaline, ozone is a powerful anti-microbial agent [56]. At rela-
tively low concentrations, it kills various types of microor-
ganisms and fulfills the demand for ecological sustainabili-
ty.  Ozone  will  oxidize  organic  materials  into  safer  subs-
tances. Ozone generators that use oxygen as the supply gas
could be used for on-site production of ozone [57]. It is ap-
plicable to various kinds of food items, including beverages,
spices, vegetables, fruits, meat, and fish [58]. Fresh produce,
such  as  fruit  and  vegetables,  dairy  products,  liquid  foods,
and grain products have all been treated with ozone [59, 60].
The process considerably extends the microbial shelf-life of
the foods.  In addition to microorganisms,  ozone treatment
can effectively remove mycotoxins and storage pests from
food products [61]. Cereal items that have undergone ozone
treatment are considered to be safe to eat [46]. It is clear that
ozone possesses a huge ability to enhance the functionality
of grain products while assuring the safety of food [62]. The
excess  ozone  instantly  breaks  down  to  form  oxygen  and
leaves hardly any residue in food is a key benefit of this tech-
nique [49]. Ozone treatment prevents tomatoes from becom-
ing red and going bad. When kept at 15°C, the shelf life of
tomatoes treated with ozone was extended by 12 days [63].

3.3. Limitations
Commercial-scale ozone plants, in particular, have large

starting  capital  and  maintenance  expenses.  Above  4  ppm,
ozone is corrosive and often very poisonous when inhaled,
making monitoring essential,  especially  in  indoor  applica-
tions [64]. Given the complexity and necessary occupational
safety precautions for large-scale commercial (especially in-
dustrial) ozone processes, operators with specialized training
would be needed for an ozone processing plant. Another dis-
advantage is  the reaction of  ozone with organic  materials,
which may reduce the effectiveness of treatment or antimi-
crobial action [65]. Ozone has the potential to alter the bio-
molecules in food and produce byproducts. It produces bro-
mate,  a  possible  carcinogen,  when  it  combines  with  bro-
mide. Aldehydes and ketones are created when ozone reacts
with biomolecules by oxidizing polyunsaturated fatty acids
[66]. Another significant downside is that it is not well ac-
cepted by customers because it is thought to have toxic char-

acteristics [67]. If high concentrations of ozone are neces-
sary to lower the microbial population, caution needs to be
taken because this could hinder the preservation of food qual-
ity by causing toxic symptoms. The loss of weight, firmness,
and water content, as well as changes in color and volatile
component  content,  are  the  most  relevant  symptoms  for
foods [68]. The fruit juices had certain unfavorable impacts
as a result  of the ozone treatment [69].  More than 90% of
the color and anthocyanin in blackberry juice were degraded
by ozonation.

4. PULSED LIGHT PROCESSING
Along with other  significant  technologies,  pulsed light

processing  is  a  promising  non-thermal  technology  for  the
preservation of food [70]. Pulsed light processing (PL) often
entails a wide variety of short yet incredibly energizing puls-
es from the bandwidth of white light, which is known to con-
tain  ultraviolet,  infrared,  and  visible  light.  In  comparison,
the power of pulsed light is 1,000 times greater than that of
normal  ultraviolet  light,  which  is  relatively  constant  [71,
72]. The pulsed light food processing method, created as a
non-thermal food processing method, works by discharging
electric pulses of high voltage (≤ 70 /cm) for a few seconds
at a rate of 20 flashes/ sec into food positioned between two
electrodes [73]. It is a decontamination technique that aims
to  reduce  pests,  spoilage  microorganisms,  and  pathogens
from food while having little to no effect on the qualitative
aspects of the food. The technology can be considered as a
technique used for decontamination or sterilization. Pulsed
light processing is primarily used to inactivate surface mi-
crobes on food, packing materials, as well as equipment [74,
75].

4.1. Principle
The principle of pulsed light is the application of rapid,

strong, broad-spectrum light pulses [76]. It involves using in-
ert gas flash lamps to convert short-duration and high-power
electric pulses into short-duration and high-power pulsed ra-
diation that has a spectrum comparable with that of the Sun
i.e.,  200–1100 nm [77].  Since ultraviolet  light makes up a
sizable  section  of  the  pulsed  light  spectrum,  it  is  believed
that ultraviolet light is crucial to the inactivation of micro-
bial cells. Additionally, it was discovered that using a filter
to exclude the ultraviolet (UV) wavelength lower than 320
nm had no killing effect [78]. To create photoproducts in the
DNA, ultra violet (UV) light is absorbed by deoxyribonucle-
ic  acid  in  cells,  which  promotes  cell  death  by  interfering
with DNA transcription and translation [79].

4.2. Advantages
Pulsed light (PL) treatments employ xenon flash lamp,

which are safe because of their mercury-free features, and
do not require synthetic preservatives and chemical disinfec-
tants, so they allow the decontamination of packaged as well
as unpackaged food and contact surfaces while producing no
residues [80]. Additionally, this technique has a low cost of
operation, a higher level of acceptance from consumers [81]
and  the  choice  of  operating  in  batch  or  continuous  mode.
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The pulsed light technique uses lowered processing time and
high-throughput since it is a more effective and rapid tech-
nique for the inactivation of microbes compared to continu-
ous ultraviolet light, for an equal amount of supplied total en-
ergy [82]. Pulsed light is a food processing method used for
fast disinfection. Furthermore, it does far less harm to the nu-
trient value of the foods to which it has been applied [83].
This technique has a clear advantage over UV radiation as it
transmits energy in a very short period of time. In addition
to the fact that pulsed light significantly reduces bacteria in
a very short period of time, it is also highly adaptable and
eco-friendly. As a result of pulsed light treatment, the threat
posed by microbes responsible for food-inherent disease is
lowered  as  well  as  food  shelf-life  being  prolonged,  and  a
higher economic return was expected, mainly during the peri-
od of transportation [84]. Additionally, pulsed light has de-
monstrated  promising  outcomes  in  preventing  packaged
products from contamination and is also known for its usage
even though the food is  within the packaging [85].  Bialka
and Demirci used PL of about 72 J/cm2 fluency in the sur-
face  of  the  raspberry  and  were  able  to  reduce  E.  coli
0157:H7 by 3.9 log and Salmonella by 3.4 log, with very lit-
tle fruit damage being detected [86].

4.3. Limitations
To be successful, pulsed light requires a significant in-

vestment of resources and costs. Foods that are opaque and
have irregular shapes have been found to not be ideal for the
application of pulsed light because they may serve as breed-
ing grounds for  bacteria [84].  Additionally,  long PL treat-
ments might have a “heating impact” on foods, which ulti-
mately reduces the efficiency of bacterial killing [87]. Ac-
cording to studies performed, pulsed ultraviolet (UV) light
can influence  the  texture  and color  of  food,  depending on
the dosage of energy, and also the distance between the sam-
ple’s surface and the lamp [88]. As a technology used for de-
contamination of surface, the matrix composition and opaci-
ty have a significant impact on how effectively the treatment
works.  Additionally,  it  has  a  high  initial  investment  cost,
temporary lamps with a short lifespan, overheating of sam-
ples,  high  intensity  results  in  changed  color  and  pH  [89],
and the potential for ozone generation [90]. Slices of apples
treated with pulsed light had decreased flavor, abnormal fla-
vor, and a deeper brown color than untreated ones [91].

5. PULSED ELECTRIC FIELD
Foods are kept in between two electrodes and exposed to

electrical  pulses  of  high voltage for  a  brief  period of  time
(from a few nanoseconds to a few milliseconds) in pulsed
electric field (PEF) technology. This prevents any heating ef-
fect on the food [92]. Process variables, medium, and micro-
bial parameters are crucial elements that may affect the inac-
tivation of microorganisms utilizing PEF [93]. The strength
of  the  electric  field,  temperature,  time  of  exposure,  and
shape as well as width of pulse wave are all factors in PEF
processing. Electric fields are created using equipment that
is comparable to radar. A short square wave is generated by
the most typical equipment, which also reverses polarity to

prevent  electrode  degradation.  Sinusoidal  and  exponential
decay are two other waveforms that can be generated [73].

5.1. Principle
A capacitor is used to store energy during PEF process-

ing, collected from a power source with high voltage, and re-
leased through foods in a treatment chamber which may be
either  stable  or  moving.  This  method  uses  short  electrical
bursts ranging from submicroseconds to milliseconds, which
have  negligible  impact  on  the  quality  parameters  of  pum-
pable  foods.  This  method discharges  high voltage ranging
from 10–80 kV/cm for less than a second at near-room tem-
perature, into food held between two electrodes, followed by
aseptic packaging and distribution of the food in the refriger-
ator [94]. This method, by breaking the cellular membranes
in the liquid medium, kills most pathogenic bacteria with a
5-log reduction [73].

5.2. Advantages
PEF is recognized to preserve nutrients (for foods that

are sensitive to heat), sensory qualities, encourage durabili-
ty, and guarantee food safety. PEF, in comparison to conven-
tional heat processing methods, is taken as a highly energy-
efficient and environmentally friendly technique that also us-
es as little energy as is feasible [95]. In the processing of wa-
termelon juice, PEF performed better than various non-ther-
mal  techniques,  allowing  the  retention  of  significant
amounts of anthocyanins after processing, in addition to its
bacteriological actions against microorganisms [96]. It was
shown that PEF had a number of advantages over conventio-
nal heat processing techniques for the treatment of juice, in-
cluding lower energy costs, faster processing times, a reduc-
tion in the impacts of heat on components of food, and im-
proved mass transmission [8]. Bhat et al. found that PEF im-
proved chew ability by adjusting the distribution of sodium
and salt, enhancing the salty flavor in food products. Bioac-
tive component extraction from the by-products of food can
be improved with the usage of PEF. After a PEF treatment,
cranberry bush purée produced high levels of total soluble
solids content,  indicating a significant enhancement in the
extractability of bioactive components [97]. Additionally, af-
ter treatment of PEF with 3 kV/ cm and 5-15 kJ/ kg, there
was a rise in the preservation of bioactive components, with
total  phenolic  content  (TPC)  of  about  10–14%  and  total
flavonoid content (TFC) of about 6–8% [98]. A study [99]
treated  whole  milk  with  PEF  to  inactivate  Gram+ve  and
Gram-ve bacteria at various doses, times, and temperatures.
At the dose of 22–28kV cm-1 applied at 50°C for 17–101μs,
the bacterial population was reduced by 5–6 log.

5.3. Limitations
PEF has a minor impact on microbial spores, is not suit-

able for products containing or producing air bubbles, and is
ineffective on products with greater or varying electrical con-
ductivity [100]. The downsides of PEF include high start-up
expenses, which is one of the biggest barriers to using PEF
on a large scale. The different types of equipment necessary
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for its initial setup are extremely costly [95]. Another con-
cern is a lack of efficient processing. This may be the result
of certain bacterial cells having developed resistance to PEF.
Over time, this could pose a concern to the public's health
[101]. Compared to partially liquid or solid foods like juice,
PEF has reportedly not yet proven to be effective in treating
solid foods [102].

6. HIGH HYDROSTATIC PRESSURE
Many  nations,  including  South  Korea,  Japan,  Mexico,

Spain, and the United States, use high-pressure technology,
and  sales  of  this  technology  are  rising  quickly  each  year
[103], reaching US $10 billion. High-pressure units are em-
ployed mostly in the Americas and have been increasing ex-
ponentially at an annual rate. The USFDA and USDA have
authorized this technology to be used in food processing sys-
tems. As a result, the National Advisory Committee on Mi-
crobiological Criteria for Foods (NACMCF) recommended
a redefinition of pasteurization, and HHP is also included as
an  additional  non-thermal  pasteurization  technique.  Ultra-
high-pressure processing and high hydrostatic pressure (HH-
P) are other names for high-pressure processing (HPP). As a
non-thermal process, HPP typically uses pressures between
100 and 800 MPa. It is quite often used in the food industry
to inhibit bacteria and increase the safety as well as quality
of food items by reducing food destruction [104]. Foods are
subjected to synchronous, and uniform pressures from all di-
rections, as air and water are compressed in HPP resulting in
irreversible changes to food appearance [105]. It is possible
that such high pressure will alter the structure of related pro-
teins.  Typically,  proteins  undergo  structural  changes  be-
tween 200 and 300 Mpa of pressure [106-108]. According to
[109], HPP can significantly extend the cold-storage period
of food and ensure the safety of any food under non-thermal
circumstances or without the use of preservatives. Compress-
ing the water surrounding the food serves as the foundation
for applying high pressure. Typically, effects on biological
materials become irreversible at pressures greater than 100
MPa. As a result, treating food at pressures between 100 and
1,000 MPa may be beneficial. Pressures up to 200 MPa may
be employed for effects that are reversible. Alterations in the
permeability of the cellular membrane are thought to be the
cause of microbial mortality under greater pressures. With-
out negatively altering the sensorial qualities and nutrients
of the food, high-pressure processes can make hazardous mi-
croorganisms inactive, enhancing the overall quality of food.
Reactions  connected  to  volume  compression  are
strengthened by HPP. Low-molecular mass components are
likely to be relatively unaffected by the breaking of covalent
bonds since the change in volume is minimal [109]. Avoca-
do, fruit-based, and meat-based products are the three indus-
tries that were the first to employ high-pressure processing
(HPP) and are also the ones that hold the most market share
for the technology [110].

6.1. Principle
The majority of spoilage and pathogenic organisms, as

well as both Gram-positive and negative bacteria, can be ef-

fectively inactivated by the HPP technique, where water is
used  as  a  medium  for  transmitting  pressure  into  the  food
samples. HPP has little influence on the flavor, texture, ap-
pearance, and nutritional content of food products [111]. In
food processing, the range of pressure is normally between
300 and 600 MPa. The efficiency of microbial inactivation
is affected by the temperature, holding duration, and pres-
sure used, as well as the resistance of the microbe and the
food  matrix  to  HPP  processing  [111].  The  heat  exchange
and temperature measurement  system, pressure generation
and maintenance system, process control system, and treat-
ment chamber are all necessary components for the HPP sys-
tem [107, 112].

6.2. Advantages
High  hydrostatic  pressure  provides  the  food  industry

with a unique, emerging method for the preservation of food
that lowers the loss of nutrients as well as physicochemical
quality  while  meeting  public  demand  for  food  items  that
taste similar to those that are freshly prepared [113]. The im-
proved  food  safety  and  longer  shelf  life  provided  by  the
HHP process are a result of microbial inactivation, which is
one of the main benefits of this technique [111]. Because co-
valent  bonds  are  not  broken,  there  are  very  few  chemical
changes in HPP-processed foods [114]. Food products that
go through HPP retain the majority of their original nutrients
and are simple for humans to digest [115]. It was discovered
[115] that contrary to heat treatment in a cell model system,
HPP has a positive influence on the regulation of Ca and P
bioavailability.  In  contrast,  the  nutrition  of  food  products
may be significantly destroyed by conventional thermal pro-
cedures  or  the  high-temperature  short-time  (HTST)  ap-
proach,  which  uses  extrusion  and  compression.  Natural
foods with minimum processing, or foods free of chemical
additives can be produced with HPP without reducing their
quality or safety [116]. Without negatively altering the senso-
rial quality or nutrient content of the food products, high--
pressure processes can inactive hazardous microbes, enhanc-
ing the food's overall quality. High hydrostatic pressure im-
proves reactions related to compression of volume. The im-
pact of HPP on components with low molecular mass is like-
ly to be minimal since volume changes following covalent
bond  breakage  are  low [109].  Furthermore,  this  technique
can be advantageous in enhancing the extraction of compo-
nents with health benefits due to its extract impact as a sub-
stitute for the heat extraction of foods that are sensitive to
heat  [117].  This  technique could help in  enzyme inactiva-
tion, and with a minor impact on color and flavor compo-
nents of food items having lower molecular weight. It also
can reduce the Maillard reaction, and drawbacks such as aro-
ma and color fading due to the usage of conventional ther-
mal pasteurization technology can be removed [118]. A com-
parison was made [119] between the effect of high hydrostat-
ic pressure and heat treatments on the antimicrobial property
of Manuka honey and it was discovered that without degrad-
ing the quality of honey, HPP can be used to increase antimi-
crobial action. The HPP technique can assist with the shuck-
ing of oysters while preserving the flesh quality and recover-
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ing up to  100% of  the  meat  [120].  HPP-treated fruit  juice
had  a  vitamin  C  level  similar  to  fresh  juice  that  had  been
chilled, which revealed that the HPP method had little im-
pact on the bioactive components of food [96]. Because of
the  denaturation  and  aggregation  of  treated  protein  under
high-pressure, HHP has recently been looked into as a poten-
tial use for decreasing the immunoreactivity of food [121].
However,  after  the  operational  pressure  has  been reached,
maintaining  the  pressure  typically  requires  no  additional
power. HPP needs no additional energy for cooling the food
items after the intended treatment time, in contrast to conven-
tional heat-using technologies [122].

6.3. Limitations
High hydrostatic pressure is used mostly for high-quality

foods in order to preserve their freshness as well as nutrition-
al qualities, identical to that of an unprocessed product, as it
is more expensive than thermal as well as non-thermal meth-
ods of preservation [123]. There is a growing need for high--
pressure equipment, which is costly and challenging to pro-
duce,  due  to  considerations  of  durability,  pressure  resis-
tance, and container wall thickness. When compared to ther-
mal sterilization, the early phase's production efficiency is in-
ferior due to high initial investment capital, irregular opera-
tion, low workload, and low production volume. As a result,
the initial phase's production cost is higher [124]. High hy-
drostatic pressure is not recommended for use in foods that
are porous or dehydrated [71]. This is due to the fact that, de-
spite such items needing to be kept in a dry environment, wa-
ter  is  necessary  for  the  HPP  process  [125].  Furthermore,
goods that have been HPP treated must be stored in the cold
or a refrigerator. This is due to the fact that using pressure in
combination with such temperatures is more successful at in-
activating  vegetative  microbe  cells  than  using  pressure
alone. The HPP approach could end up being expensive and
difficult. For HPP products, plastics seem to be ideal as pack-
aging  materials  because  packaging  materials  that  can  be
compressed to at least 15% are required [125], this shows up
as a drawback because it restricts the usage of a variety of
packaging  materials.  High  hydrostatic  pressure  also  has
been related to negative effects on components of milk and
dairy-related products [126].

7. PLASMA ACTIVATED WATER

According to scientific terminology, the 4th state of mat-
ter is known as plasma and is made up of electrons, both neg-
ative and positive ions, neutral and excited atoms, UV pho-
tons, free radicals, and molecules in their ground as well as
in an excited state [127]. Recently, there has been great inter-
est in cold plasma on the part of the agricultural and food in-
dustries, particularly for the preservation and sterilization of
food  [8].  The  use  of  plasma-exposed  water  has  generally
been accepted as an alternative technique for disinfecting mi-
croorganisms  in  food  items  [128].  Plasma-activated  water
has remarkable and broad antibacterial action, making it  a
cost-effective and environmentally friendly disinfectant that
opens  up  possibilities  of  new  opportunities  for  use  in  the

biomedical, agricultural, and food sectors [128, 129]. PAW
ice was used for the preservation of food [130].

7.1. Principle
In general, atmospheric cold plasma discharges fall into

three types namely - direct discharges within liquids, multi-
phase discharges, and discharges in the gas phase over the
surface of liquids. The most typical sources of plasma used
to  create  plasma-activated  water  are  surface  mi-
cro-discharge,  dielectric  barrier  discharge,  gliding  arc
discharge,  and  plasma  jet.  Reactive  species  are  produced
and the physicochemical characteristics of the treated solu-
tions undergo dramatic changes when plasma comes in con-
tact  with  liquids.  These  complex  chemical  reactions  take
place at the interface of the media used [131].

7.2. Advantages
Plasma-activated water (PAW) treatment at higher tem-

peratures  also  increased  the  inactivation  efficiency  of  mi-
croorganisms  in  foods,  like  grapes  [131],  beef  [132]  and
kimchi  cabbage  with  salt  [133].  Taylor  et  al.  found  that
PAW used immediately after production showed a 5.6 log re-
duction and after aging for 30 min showed 2.4 log reduction
of E.coli. The decrease rate stayed at about 1 log on day 1
and  day  2,  but  on  day  7,  the  reduction  was  not  observed
[134].

7.3. Limitations
The operational costs are increased by the usage of inert

gases in the plasma production process [128, 135] Surface
roughness has a significant impact on PAW's ability to inac-
tivate  a  substance.  Fruits  often  have  microorganisms  at-
tached to them or trapped inside their  grooves or  cavities,
shielding the cells from washing or disinfecting procedures.

8. ULTRASOUND
A pressure wave oscillating within the frequency band re-

quired for ultrasonic operations i.e., 20 kHz to 10 MHz, can
be referred to as an ultrasound [136]. Power ultrasound can
transport a large quantity of power via tiny mechanical ac-
tions, which reduces processing times, boosts reactivity, and
improves the mass transfer phenomena [137]. Various ultra-
sonic systems and factors can be utilized for a range of appli-
cations  in  the  food  industry,  including  the  extraction  of
bioactive components from food samples, and the process-
ing  and  preservation  of  food  [138].  As  mentioned  [137],
membrane filtration enhanced by the use of ultrasound, com-
monly known as acoustic filtration, is a recently suggested
alternative. The utilization of ultrasound in membrane tech-
nology has been shown to improve the efficiency of filtra-
tion by puncturing the layer of cake formed at the surface of
the membrane [139]. The development of active augmenta-
tion methods like vibrating modules has been observed in re-
cent years. Vibrating modules promote particle back diffu-
sion into the bulk solution by producing larger shear rates,
which raise the turbulence at the membrane surface. Howev-
er, the disadvantage of this system is the large energy input
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demand and also the complexity of the rotating components,
resulting in the increase of operating expenses and has pre-
vented their scaling-up until now [140].

8.1. Principle
There are three varieties of ultrasound: power ultrasound

within the range of 16-100 kHz, high-frequency ultrasound
within  the  range  of  0.1-1  MHz,  and  diagnostic  ultrasound
within the range of 1–10. Sound waves of a frequency high-
er  than  the  range  of  human  ability  to  hear  i.e.,  around  20
kHz,  are  defined  as  ultrasound.  When  sound  travels  in  a
medium, the movement of uninterrupted longitudinal waves
results in sound waves that can cause the medium's particles
to alternately compress and rarefy, followed by the bursting
of bubbles resulting in cavitation [141]. When gas bubbles
are created in a liquid medium by energy from sonic waves
of frequency greater than or equal to 20,000 Hz (ultrasonic
waves),  they  immediately  rupture,  significantly  increasing
the temperature and also creating a rise in pressure. The gen-
eration of free radicals, localized heating, and thinned cell
membranes are the main causes of microbial death [73]. Ul-
trasound-induced cavitation can quickly raise temperatures
up to 5500°C as well as raise pressure up to 50 Mpa [141]. It
is also employed to speed up mass transfer, displace parti-
cles,  damage  cellular  membranes,  and  alter  the  molecular
structure of components [142].

8.2. Advantages
This technology has the advantages of being simple, en-

ergy-efficient,  and  economical  [143-145].  In  the  last  few
years, ultrasound has demonstrated various uses in the food
business as a technique that is both economical and ecologi-
cally beneficial [146]. According to a study [8], ultrasound
technique has several advantages, including a considerably
shortened treatment period for food products, minimal ener-
gy usage, and higher input as well as output of material. Ad-
ditionally, it has gained popularity since it is thought to be
secure and environmentally friendly [72]. The procedure is
also thought to be highly practical because it is less compli-
cated and expensive than traditional heat processing meth-
ods [147]. It was reported [148] that applying ultrasound to
dairy  products  manufactured  with  probiotics  reduced  pro-
cessing time and boosted probiotic viability. High-intensity
ultrasound increased oligosaccharide levels, and decreased
acetic and propionic acid, resulting in lowered unfavorable
taste, and decreased use of basic ingredients like prebiotic,
beta-galactosidase in dairy items with lower lactose levels.
High-intensity ultrasound was found to shorten the ripening
period in dairy products like cheese while accelerating prote-
olysis, improving the nutritional, textural, and sensorial qual-
ities. According to the study performed by Ojha et al.,  for
food fermentation, ultrasonic waves at low frequencies rang-
ing from 20 to 50 kHz can enhance cellular permeability as
well as mass transfer, resulting in higher process efficiency
and rate of production. Low-frequency ultrasound may also
boost the occurrence of probiotics. The process would result
in fast hydrolysis of lactose as well as transgalactosylation
of bifidobacteria, and also reduces the fermentation time by

up to 30 min, all of which would be dependent on the probi-
otic culture. Furthermore, the researchers demonstrated that
ultrasound may be applied to eradicate microbiological or-
ganisms that can interfere with the process of food fermenta-
tion [149].

8.3. Limitations
Free radicals may be produced during the cavitation pro-

cess  when  ultrasound  is  applied  to  liquid  food  products,
which could initiate the degradation in food product quality
[89].  Following  this,  lipid  oxidation,  protein  denaturation,
and vitamin c degradation occur, which all have an adverse
effect on sensory characteristics [150]. Ultrasound technolo-
gy has been found to have negative impacts on food quali-
ties, including sensory parameters and nutrient content [8].
Additionally, high power ultrasound (20 kHz) has been de-
monstrated  to  only  partially  inactivate  some  microor-
ganisms, particularly Listeria monocytogenes, under ambi-
ent temperature and pressure. This can be improved by ei-
ther raising power of the sonication or by increasing the pres-
sure  (manosonication)  [151].  According  to  a  study  [152],
contact ultrasound exposure would be more dangerous than
airborne  ultrasonic  exposure  since  air  transfers  much  less
than 1% of this sort of energy. The industrial scale of ultra-
sound appears to still have limits due to the dangers it brings
to the operators or workers: reports suggest that ultrasound
can expose operators to occupational hazards.

9. ELECTRO FREEZING
The term ‘electro-freezing’ refers to a process of freez-

ing facilitated by current flow or external electric field (di-
rect field and alternating field). Various studies were carried
out by passing a direct current or alternating current voltage
between electrodes directly in contact with [153] or without
making direct contact with the sample [154, 155].

9.1. Principle

9.1.1. Electric Charge Flow Assisted Freezing
It is typically performed by providing an uninterrupted

or pulsed high direct current between electrodes kept rela-
tively close and directly in contact with the subject. The pro-
cess  is  often  used  to  enhance  nucleation  in  supercooled
fluids at higher nucleation temperatures than spontaneous nu-
cleation temperatures [153].

9.1.2. Freezing Under External Electric Field
The first ever static electric field-facilitated experiment

of  freezing  was  carried  out  by  another  study  [156].  It  has
been noted that the static electric field (SEF) treatment af-
fects all phases in the process of freezing. The use of SEF
while  freezing enhances  nucleation at  a  relatively  low de-
gree of supercooling, reduces the time period to persuade nu-
cleation (induction time), extends the phase transition peri-
od,  and  initiates  nucleation  when  compared  to  conditions
with no field [155, 157]. The potential of nucleation of ice
during  the  freezing  process  influenced  by  a  static  electric
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field is determined by the intensity of the static electric field
and  the  temperature  of  nucleation.  Under  SEF conditions,
the possibility of nucleation rises as the temperature of nu-
cleation reaches spontaneous nucleation temperature as well
as at the increased strength of the static electric field [154].
The usage of the static electric field during freezing has the
potential  to  affect  the  free  energy (∆Gn)  barrier  for  phase
change, influencing the process of nucleation. It is hypothe-
sized that reducing the critical radius of an ice nucleus, low-
ers the system's Gibbs free energy and, as a result, increases
the nucleation rate [158, 159]. SEF forces polar molecules to
align in the path of the electric field vector. This mechanism
improves the bonding of hydrogen between molecules of wa-
ter  in  the  path  of  the  electric  field.  It  is  possible  to  reor-
ganize the water cluster structure as a result, which could fa-
cilitate nucleation. Static electric field, in other word, binds
polar molecules of water along the field, impacting nuclea-
tion of crystal and its growth rates as well as surface theory
[160,  161].  The  creation  of  a  double  electric  layer  at  wa-
ter-dielectric  interface was among the factors that  boosted
the rate of nucleation during the freezing of water drops en-
hanced by the presence of a static electric field [162].

9.2. Advantages
By altering the ice-forming process, food electro-freez-

ing is being found to enhance the quality of frozen food. The
electro-freezing technology, particularly electric field-aided
freezing, is gaining popularity as it provides intensive freez-
ing conditions with lower energy and offers improved quali-
ty preservation [163].

9.3. Limitations
The conversion of these technologies from the laborato-

ry  to  the  industrial  scale  will  be  a  significant  issue.  This
problem  requires  specialized  optimization  of  settings  and
conditions  in  terms  of  ultimate  product  quality,  energy
needs,  and  safety  [163].

CONCLUSION AND FUTURE PROSPECTS
The  health  of  consumers  is  directly  connected  to  the

food industry. The main aim of these industries and the lat-
est technologies is to provide consumers with healthy and nu-
tritious food [164]. The requirements of consumers for mini-
mally processed foods of high quality have inspired studies
of  non-thermal  technologies.  Food  quality  alterations
brought on by thermal processing frequently include vitamin
degradation,  alteration  of  food  texture  and  color,  and  the
emergence  of  bad  flavors.  Some  non-thermal  processing
methods have a negligible impact on the nutrient content of
foods while increasing the bioavailability of specific bioac-
tive food ingredients. Without using additives or preserva-
tives, non-thermal technologies enhance the lifespan of food
while preserving its color, flavor, texture, nutritive values,
and other functional characteristics.

Before  the  implementation  of  the  non-thermal  tech-
niques by food industries, the principle of the techniques has
to be studied carefully along with their advantages and limi-

tation [165]. The selected novel non-thermal technologies,
such  as  nanotechnology,  high  hydrostatic  pressure,  ozone
treatment, pulsed electric field, electrofreezing, ultrasound,
plasma-activated water, and pulsed light processing, are re-
viewed along with their respective principle, advantages and
limitations. Contrary to the negative consequences brought
on by many conventional heat treatments and non-thermal
techniques, these techniques have demonstrated their ability
to maintain products close to their original fresh state, which
is highly desired by customers. The food industry must cont-
inue to push for complete adoption of non-thermal food pro-
cessing technologies because consumers will expect nutritio-
nally  fresh  foodstuffs.  Combining  these  technologies  with
established or newly developed methods of food preserva-
tion  should  be  studied  to  be  able  to  increase  the  usage  of
non-thermal processing in the food sector. As a way to move
ahead toward the future, the food industries must not only
properly understand the action of non-thermal food process-
ing methods, but also their advantages and limitations. De-
spite the advances in non-thermal food processing technolo-
gy over the years, further study is required to find more effi-
cient uses of these methods within the food sector, while al-
so addressing quality and safety issues of food products.
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