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Abstract

As the world’s population grows, it is becoming more and more challenging for people to access safe and nutritious food
due to contamination issues. Decontamination of foods, water/wastewater, packaging materials, and contact surfaces are
essential to eliminate the harmful microorganisms. Furthermore, conventional decontamination technologies lead to some
problems in the targeted food product, such as loss of nutrients, chemical residues in the foods, chemical wastes affecting
natural sources, and an increase in energy consumption. Therefore, novel decontamination technologies are needed. Espe-
cially, non-thermal, innovative, and emerging decontamination technologies are getting significant attention. Among these
techonologies, Pulsed UV light (PUV) is one of the non-thermal technologies used for decontamination purposes. PUV
consists of a broad spectrum from ultraviolet to infrared range, and is rich in the highly germicidal UV-C light range. In
the PUV system, high-intensity electromagnetic energy is stored and emitted as short-duration, high-intensity light pulses.
The PUV decontamination technique is more sustainable and environmentally friendly than conventional techniques due
to its fast decontamination time, no chemical residues, and lower energy requirements. Furthermore, it has less negative
impact on the quality characteristics and nutritional values of the targeted product compared to traditional decontamination
techniques. Therefore, this review presents recent PUV applications for the decontamination of solid and liquid foods,
water/wastewater, food packaging materials and contact surfaces. In particular, the generation of PUV, the advantages
and limititations of PUV applications, decontamination mechanisms throughout the target material, and the effect of PUV
application on the product quality have been discussed.
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Introduction

In recent years, there is still a concern about access to safe,
high-quality, and nutritious food by consumers [1]. Foods
contaminated with pathogenic microorganisms, such as
Escherichia coli O157:H7, Campylobacter jejuni, Clos-
tridium perfringens, Listeria monocytogenes, Staphylo-
coccus aureus, and Salmonella spp. causes serious and
harmful impacts on human health all around the world and
is a major public health concern nowadays [2]. Every year,
throughout the world, unsafe food causes 600 million food-
borne diseases and 420,000 fatalities [3]. Many traditional
technologies have been using for microbial decontamina-
tion in the food industry, for example, thermal processes
and preservatives or chemicals for the extent of shelf-life
of desired food products [1]. Generally, most foods are
treated under heat to ensure desired level of decontamina-
tion, which involves briefly heating foods at temperatures
between 60 and 100 °C for 30 s to 2—5 min. Unfortunately,
thermal decontamination methods cause undesirable organ-
oleptic and nutritional changes in the product. For exam-
ple, products or compounds that are temperature sensitive
can degrade quickly, causing changes in nutritional value,
color, texture, and generation of off-flavors and harmful

compounds. Nevertheless, the use of chemicals for micro-
bial decontamination can increase toxicity and generate
undesirable compounds or by-products in the foods [4, 5].
Due to these negative impacts, novel, sustainable, and non-
thermal decontamination techniques are required in the food
industry. In recent years, there has been a strong interest in
novel non-thermal decontamination technologies. Pulsed
UV light (PUV) is one of these non-thermal decontamina-
tion technologies. Among these non-thermal and emerging
technologies, PUV and UV light-emitting diode (UV-LED)
are getting significant attention for the decontamination of
foods, packaging materials, and water/wastewater as well as
processing equipments.

Therefore, the main purposes of this review are to discuss
recent applications of the PUV decontamination technique
in solid, liquid, packaging materials, water/wastewater, and
food-contact surfaces and the effect of the PUV application
on product quality parameters, including texture, color, bio-
active compound content, protein and lipid oxidation, and
post-harvest application. Also, this review paper explains
the fundamentals of PUV, including the generation of PUV
light, different types of PUV decontamination equipment,
advantages and challenging factors in PUV decontamina-
tion applications. Additionally, this review paper provides
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an in-depth explanation of the effects of PUV irradiation on
the decontamination mechanism of microorganisms, which
includes photochemical, photothermal, and photophysical
effects.

Fundamentals of Ultraviolet (UV), UV Light-emitting
Diodes (UV-LED), and Pulsed UV Light (PUV)

The interaction between light and matter can be described
by ultraviolet light (UV), UV-LED, and PUV as follows.
Atoms and ions are made up of electron orbiting a protons
and neutrons nucleus. Each orbital contains a distinct energy
state occupied by electrons; the electrons that are nearest
to the nucleus have lower energy, while those that are far-
ther away have higher energy. A distinct amount of energy
is generated as photons of light when electrons move from
having a higher energy ( E2) to having lower energy ( E1)
and which can be identified by the use of the wavelength of
light (Eq. 1) [2, 6].
he

E=D — By =hv=" (1)

Where, ( E) is the photon energy (eV or kJ/FEinstein), h
is Planck’s constant ( 6.626 x 1073% .J/second), v is light
frequency (s~1), c is the light speed in vacuum environ-
ment (2.998 x 108 m/s), and X is the wavelength of light
(m). Also, this equation demonstrate that higher photon
energy is produced when using shorter wavelengths.

UV is generated artificially by mercury lamps, which
emit an electromagnetic radiation spectrum ranging from
100 to 400 nm. The UV light spectrum is divided into four
regions with different characteristics: vacuum-UV (100-
200 nm), UV-C (200-280 nm), UV-B (280-315 nm), and
UV-A (315400 nm) [4, 6]. Furthermore, these types of
UV regions create changes during the application period on
the target material: UV-A causes tanning, which makes a
change in human skin; UV-B can be responsible for skin
burning and result in skin cancer; UV-C is decontaminate
bacteria and viruses; and all substances can be absorbed by
vacuum-UYV and can be transmitted only in a vacuum [6].

Light emitting diodes (LEDs) are one of the significant
sources of ultraviolet light technology [7]. LEDs are made
up negative and positive semiconductors, these are emitted
light when certain voltage is imposed through the both termi-
nals (p-n junction or hole and electron) and to generate band
gaps [7, 8]. Different semiconductor materials emit light in
different wavelengths, emission of wavelengths depend on
a unique property of the semiconductors called the ‘band
gap’. Materials of semiconductors are usually present as
direct band gaps, and these are very effective in the genera-
tion of light from electrical current, and this phenomenon
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called as electroluminescence [7]. These semiconducting
materials generate light with a narrow spectrum, which is
significantly different from conventional light sources [8].
As previously emphasized, LEDs use various semiconduct-
ing materials to emit light at different wavelengths, such
as, 400—450 nm with gallium nitrite (GaN) semiconduct-
ing material is responsible for blue and 620-750 nm with
GaAsP is responsible for red. Il-nitrite, aluminum gallium
nitrite (AlGaN), GaN, and aluminum nitrite (AIN) based
materials are mostly used for the generation of UV-LEDs
(200400 nm). The emitted photon’s energy and the emit-
ted light’s wavelength increase with the material’s band gap
[7]. UV-LEDs show a germicidal effect when they emit light
with wavelengths shorter than 300 nm [4].

PUV is an emerging and non-thermal food decontami-
nation technology that uses high-intensity short-duration
pulses rich in UV-C light [4, 9]. Conventional UV light
systems including mercury lamps with low-, medium-, and
high-pressure modes, continuously emit radiation. On the
other hand, in PUV systems, over a short duration (1072 s),
the electromagnetic energy is stored in a capacitor and then
released as short-duration (10~ s) high-intensity light pulses
[2, 10]. PUV is generated by stimulating inert gases (e.g.,
Ar, Kr, Xe) in a flash lamp and colliding inert gas molecules
using an electric pulse [1]. These specific condition allows
ionized gas molecules to generate a wide spectrum of light
between the UV and near-infrared spectrum (2001100 nm)
[2]. PUV application enables 1-20 flashes with an energy
density ranging from 0.01 to 50 J/cm. The application of
PUV for the production, processing, and handling of food
materials and the decontamination of food contact surfaces
were approved by the U.S. Food and Drug Administration
(FDA) [11]. The usage of PUV decontamination with xenon
lamps with surface emission of wavelengths between 200
and 1100 nm and pulse width wavelengths between 200 and
1100 nm was commonly used. Additionally, the total treat-
ment should not exceed 12 J/cm? and 2 ms according to the
FDA’s approval.

Mode of Inactivation Mechanisms of UV-
light and Pulsed-UV Light

UV-light enables the decontamination of targeted microor-
ganisms, which is based on several complex physicochemi-
cal processes [1]. The mode of inactivation mechanism of
UV-light is associated with photochemical, photothermal,
and photophysical effects on the targeted microorganism
(Fig. 1). Also, these photo-effects depend on the targeted
microorganism, the nature of the material, and the fluence.
Studies show that the UV range is the most effective range,
with the UV-C region (200-280 nm) playing an important
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Fig. 1 Inactivation mechanism of the PUV; (a) photothermal effect; (b) photochemical effect; (¢) photophysical effect. This figure was generated

using BioRender under Biorender licence (https://www.biorender.com/)

key factor for the decontamination of microorganisms in the
spectral range and theoretical decontamination wavelength
0f253.7nm [1]. The wavelength of 253.7 nm effects the O-H,
C-C, C-H, C-N, H-N, and S-S bonds when it is absorbed [6].
This effect causes the breakdown of bonds and leads to the
decontamination of microorganisms. Absorption of UV-C
radiation leads to the generation of DNA photoproducts,
which are cyclobutene-pyrimidine dimers (CPDs), pyrim-
idine 6 — 4 pyrimidone (6-4PP), and these photoproducts

prohibit transcription and replication processes [12]. How-
ever, UV-A radiation is less absorbed by DNA than UV-C
and UV-B, which generates insufficient mode to damage
the DNA of targeted microorganism for decontamina-
tion [13]. Decontamination of the targeted microorganism
can be occured directly or indirectly by the absorption of
UV light. Direct decontamination occurs when by DNA
of microbial cells absorbs the incident light, which causes
disruption of the structure. In indirect decontamination, UV
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light radiation interacts with cellular chromophores acting
as photosensitizers, resulting in the formation of reactive
oxygen species (ROS) [12]. Increasing formation of ROS
leads to mutations, growth delays and destruction of cel-
lular components, which are proteins, nucleic acids, DNA,
lipids, and membranes (Fig. 2) [13, 16]. Furthermore, UV
light irradiation can reduce the protective enzyme activity,
such as catalase, glutathione peroxidase, and superoxide
dismutase. Decreasing in protective enzyme activity can
lead to the accumulation of ROS, which results in the inac-
tivation of microorganisms [16].

On the other hand, PUV is rich in UV light spectrum and
its decontamination mechanism attributed to the UV light
region. High peak power, short duration, and the capacity
to adjust the pulse duration and frequency of flash lamp
can affect the decontamination mechnasim. Also, no killing
effect has been observed when a filter applied to remove the
UV region below 320 nm. In contrast, the killing effect has
been observed when the visible and infrared region applied
with high peak power [12, 17]. There are some mechanism
to explain the decontamination behavior of PUYV, including
photochemical, photothermal, and photophyical. Addition-
ally, all of these mechanism related to the UV region of the
spectrum.

Photochemical Mechanism

Researchers clearly indicated that the significant reason for
PUV decontamination mechanism is a photochemical effect
similar to UV-light in terms of photochemical effect [1]. The
crucial step for the germicidal effect of PUV irradiation is
the absorption of UV light by the DNA of microorganisms,
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which generates the pyrimidine dimers (mostly thymine
dimers) (Fig. 1b) [1, 9]. The formation of thymine-thymine
dimer is the main photochemical effect on the decontami-
nation of microorganisms. Also, in microorganisms, some
generation or breakdown of chemical bonds can occur due
to PUV irradiation [12]. Krishnamurthy et al. [18] have
studied the decontamination of Staphylococcus aureus by
PUYV, and their results indicated that some S. aureus cells
were decontaminated due to the thymine dimer formation
without any structural changes.

The photochemical effect of PUV light has another effect,
called photosensitization [1]. Most researchers suppose that
photosensitization has high a potential for decontamination
of microorganisms, including, bacteria, fungi, and viruses
[19]. Photosensitization is a process that includes the aggre-
gation of photoactive compounds in the target microor-
ganism and then emitting with visible light. The microbial
decontamination mode is generated when photosensitizers
interact with light in the presence of oxygen [9]. The decon-
tamination mechanism of photosensitization processes
can lead to the breakdown of single stranded and double
stranded DNA [20]. Photosensitization has two types of
decontamination modes, type-I and type-II. In type-I mode,
different types of ROS can be generated through Fenton
reaction with the presence of oxygen, including hydrogen
peroxide (H,0,), hydroxyl radical ("OH), and superoxide
radical anion (O,"). These ROS components have a high
oxidative effect on biomolecules and lead to biological dam-
age. On the other hand, in the type-II mode, highly reac-
tive singlet oxygen ('0,,) is generated due to the transfer of
energy to molecular oxygen by an excited photosensitizer.
This ROS promotes the cell membrane disruption due to
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Fig.2 Photosensitization mechanism and effect on microorganism (adapted [14, 15]). This figure was generated using BioRender under Biorender

licence (https://www.biorender.com/)
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photo-oxidation of biomolecules (proteins and lipids, etc.)
(Fig. 3) [21]. In a deeper form, Gram (+) bacteria consist of a
cytoplasmic membrane which have a porous peptidoglycan
layer and lipoteichoic acid, this unique structure allows the
penetration of photosensitizers through inside the targeted
microorganism [20]. Additionally, in the UV range of 160
to 240 nm and the presence of oxygen, ozone (O5), a power-
ful antioxidant, can be generated as a result of its reaction
with various organic compounds [22]. Also, there are some
parameters to identify the antibacterial efficiency, (i) the
photosensitizer's physico-chemical characteristics and abil-
ity to bind the cell, (ii) bacteria’s physiological condition,
and (iii) the organization and structure of the cell [19]. For
example, the characteristics of the microorganism and its
interaction with the photosensitizer are the crucial factors
to reach the highest antimicrobial efficiency. As mentioned
above, in Gram (+) bacteria, there are approximately 100
peptidoglycan layers, which is closely related to lipoteichoic
and negatively charged teichuronic acids. This characteris-
tic of the wall allows a relatively high degree of permeabil-
ity for many macromolecules, including glycopeptides and

polysaccharides. Therefore, the cell wall of Gram (+) bac-
teria does not exhibit behavior that would prevent the pas-
sage of photosensitizers. However, in Gram (-) bacteria, an
additional 10-15 nm thick structural layer exists on the cell
wall, which consists of lipopolysaccharide trimers, proteins
with porin function, and lipoproteins. These structural ele-
ments give an external layer to the peptidoglycan network
and an outer surface a quasi-continuum of densely packed
negative charges. The complex structure inhibits the perme-
ability of the cell wall [23]. Ultimately, photosensitization
has a significant effect on microbial decontamination [24].

Photothermal Mechanism

The photothermal effect of PUV light is one of the destruc-
tive responses for the decontamination of microorganisms
(Fig. 1a) [12]. Decontamination can be done by disrupt-
ing microorganisms due to temporarily overheating during
absorption of the entire UV light with an exceeding energy of
0.5 J/em? [17]. High power pulses generate a localized heat-
ing on targeting microorganisms, which results in drying of

Fig. 3 Effect of PUV in S. aureus by TEM (sample treated for 5 s at 8
cm of distance between the quartz window and the sample at a total
fluence of 4.95 J/cm?2): (a) untreated sample; (b-f) treated sample, (b)

adll
L

cell wall rupture; (¢) lack of cell wall; (d) cytoplasm shrinkage and cell
wall damage; (e¢) membrane damage and cytoplasm shrinkage; (f) cell
wall damage and cellular content leakage [18].
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the cellular wall and destruction of cellular components [4].
The application of intense doses of PUV vaporizes the water
and generates a differential heating rate inside the targeted
microorganism, which creates a vapor flow across the cell
membrane that breaks down the cell membrane and internal
organelles. These structural and physiological changes of
PUV can be result in cell death and are defined as photo-
stress [1, 4]. Levy et al. [25] were observed photothermal
effect on Aspergillus niger ATCC 16,404. The photother-
mal effect of the PUV is depend on the thermal and optical
characteristics of the targeted material and microorganism,
intensity of PUV, and exposure time. The photothermal
effect of PUV can be negligible when short treatment times
(< 10 s), temperature increase is not significant under the
< 10 s of PUV treatment. On the other hand, longer PUV
treatment results in a significant temperature increase [18].
According to the study of Krishnamurthy et al. [18], they
had not observed a significant temperature increase (~ 2 °C)
in short PUV treatment times (5 s).

Photophysical Mechanism

The photophysical effect is one of the decontamination
effects of PUV (Fig. 1c). As mentioned in the previous
section, PUV generates an evaporation of water inside the
microorganism, creating an internal pressure through the
cell membrane, which destroys the cell wall and organelles
(cell lysis). Photophysical effect can be explained by the
pulsing effect, the light energy stored in the capacitor and
then released in high-energy pulses at nano- or microsec-
ond intermittent. These continuously emitting pulses gener-
ate stress that results in structural damage to the targeted
microorganism (Fig. 2) [18]. Cassar et al. [26] reported
that these destructive effects can be associated with intense
micro vibrations generated by short power bursts of broad-
spectrum wavelengths. Cassar et al. [26] analyzed the mor-
phology of Escherichia coli K12-NSR before and after
PUV treatment by using transmission electron microscopy
(TEM), and they reported that TEM images clearly showed
the photophysical effect of PUV, such as abnormal cell
shape, cell lysis, and destroyed intracellular structures.

Pulsed-UV Light Systems

One of the most emerging and innovative decontamina-
tion technique is the PUV, also referred to as high inten-
sity pulsed light and intense pulsed light. Universities,
industries, and research groups have intensely studied and
developed lab-scale and pilot-scale PUV light systems for
decontamination purposes [27-32] (Figs. 4 and 5). Gener-
ally, PUV light systems consist of four main parts, which
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are lamp, power supply, pulse configuration unit, and cham-
ber [33]. Figures 4 and 5 show these parts of the static and
flow-through lab-scale PUV light system, respectively, as
schematic diagram and actual system. The static PUV light
system can be used for packaging materials and solid foods,
including meat, poultry, fish, and fruit and vegetables. On
the other hand, the continuous PUV system can be used for
liquids such as milk, fruit juices, water, and wastewater. In
both systems, the produced energy is briefly stored in a con-
denser, and then it is quickly flashed by a controller into a
chamber with reflecting walls via a lamp (e.g., lamps of Ar,
Kr, or Xe) that produce PUV. The thermocouples that are
placed on the safety door or around the quartz tube for the
flow-through PUV system are used to control the tempera-
ture of the chamber. The hot air that is produced due to the
PUV, is exhausted by using the cooling fan. Additionally,
the efficacy of the PUV system is regulated by the sample’s
morphology, chemical composition, and microbiological
characteristics [34].

The Benefits and Challenges of Pulsed-UV
Light as a Nonthermal Decontamination
Technique for Food Safety and Sustainable
Food Processing

In order to ensure food safety and availability, traditional
preservation technologies including canning, adding chemi-
cals, freezing, and refrigeration have been crucial. Neverthe-
less, conventional technologies cause the health problems
and environmental issues, such as harmful chemical resi-
dues, consumption of high energy, and the producing of
greenhouse gases. Moreover, conventional decontamination
techniques affect the targeted food product’s quality, such as
color, flavor, nutritional and bioactive components, and taste
[1]. As sustainability is becoming more and more impor-
tant, the food industry should integrate environmentally
friendly, innovative and emerging decontamination tech-
nologies to reduce environmental impacts and safe foods to
ensure the public health [36]. The food industry can reach
sustainable and green technology standards by enhancing
recycling of by-products and decreasing of waste genera-
tion, footprint, and energy consumption [37]. Non-thermal
decontamination techniques have great potential to achieve
these sustainability goals and standards. As a non-thermal
decontamination technology, PUV gives a broad application
area to decontamination of harmful microorganisms with-
out or minimal changing on product quality. PUV decon-
tamination has several advantages compared to traditional
or conventional decontamination methods, such as reduced
treatment time, energy consumption, and chemical usage.
Additionally, PUV enables packaged and unpackaged foods
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Fig.4 Schematic diagram of the lab-scale PUV decontamination systems (a) static system and (b) flow-through system. (Adapted from [4, 35])

and contact surfaces decontamination by using mercury-
free and non-toxic xenon flash lamps without any chemical
disinfectants and/or synthetic preservatives and chemical
residue. Also, this non-thermal decontamination technol-
ogy offers low operation cost for each treatment and good
consumer’s acceptance, they choose foods that are high in
organoleptic quality and minimally processed, and they
favor foods that are fresh and healthful [38].

Also, there are some challenging aspects of the PUV
decontamination technique. One of the most challenging
factors is the penetration of PUV during treatment. The
most challenging factor is heating of the targeted sample in
the PUV decontamination applications. Heat can be gener-
ated by the food absorbing light or by the PUV lamp heat-
ing up during treatment [9]. Temperature increase happens
during longer treatment times, in the first few seconds, there
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is no significant temperature increase. An efficient cooling
system should be integrated into the PUV decontamination
system to overcome the problem with minimum negative
effect on the quality of the targeted sample for long-term
treatments. Additionally, there are some strategies to mini-
mize the temperature increasing during treatment, such as
applying short-duration pulses necessary, the PUV lamps
should be turned on or off right away during treatment, a
cooling time should be permitted between pulses, using of

@ Springer

(b)

Fig.5 Lab-scale PUV systems (a) Static benchtop PUV system; (b) flow-through PUV system [27]

a high pulse peak power to reduce high average power, and
it is necessary to provide a low infrared spectrum content
[17]. PUV penetrates a very limited depth in the targeted
sample, and it decontaminates only microorganisms those
are exposed to the PUV. For this reason, the targeted sample
should be transparent to reach the maximum decontamina-
tion rate. The decontamination rate decreases with increas-
ing sample opacity [39]. Another important challenging
factor is the shadowing effect. Microorganisms can pass
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through fissures or irregular shapes that are located on the
targeted sample or through the epidermis of fruits and veg-
etables. A treatment is required for the decontamination of
the fungal population at higher energy levels, 2 to 6 times
higher than those found in solid culture media, due to the
shadowing effect [17]. Smoothness of the targeted sample,
cracks and folds on the surface negatively affect the PUV
decontamination efficiency. To achieve the highest micro-
bial decontamination rate, avoid irregular surfaces, cracks
and folds areas [39]. Also, the composition of the targeted
food sample is another challenging factor for the PUV
decontamination purposes [1]. For example, protein- and
fat-rich foods can reduce the efficiency of the PUV decon-
tamination by absorbing applied PUV radiation [39]. The
following sections summarize the major and recent appli-
cations of PUV on foods, packaging materials, and water/
wastewater.

Application of Pulsed-UV Light for the
Decontamination of Foods, Packaging
Materials, and Water/Wastewater

There are many studies in the literature for the application
of PUV on solid foods, liquid foods, water/wastewater,
packaging materials, and food contact surfaces. These stud-
ies determine the effect of process parameters and sample
characteristics, such as transparency of the targeted sample,
the distance between the sample and the PUV source, the
fluency and pulse width, treatment time, the nutritional
composition of the food sample, and the nature of the micro-
organism for the decontamination efficiency of the PUV
treatment. These studies are summarized as follows:

Solid Foods

PUYV has been extensively studied for solid foods by many
researchers. However, it was repeatedly shown that the light
intensity depends on the depth and absorption coefficient of
the solid food [1]. Three fundamental factors can affect the
efficiency of the PUV decontamination technique: (i) the
level of microbial contamination, (ii) the characteristics of
the targeted microorganism, and (iii) the process parameters
(e.g., lamp distance, treatment time, pulse width). Also, sur-
face characteristics, opacity or transparent properties, and
composition of the sample can affect the decontamination
capacity of PUV treatment. The transmission coefficient,
low reflection and high absorption characteristics of the
sample enable the optimum decontamination efficiency.
Semi-solid foods or samples can absorb and transfer a cer-
tain amount of PUV through their surfaces, which affects the
PUV efficiency [40]. Bialka et al. [41] have demonstrated

the penetration of PUV in different thicknesses of solid
model systems. They used two different solid model sys-
tems, including agar and whey protein isolate gels for clear
and opaque solid model system, respectively, to understand
the penetration behavior of PUV in solid environments.
According to their findings, they observed that the transpar-
ency and thickness of the selected model were significantly
affected the penetration efficiency, increasing of thickness
(2-10 mm) of the solid model system resulted in energy
decrease by 30 and 45% for agar and whey protein isolate
gels, respectively. Also, they observed that the fraction of
survivor E. coli K12 cells was much greater in the denatur-
ized whey protein isolate sample than agar sample, —0.91
and — 3.67 log at 2 mm thickness, respectively, at a fluence
of ~ 73 J/em? for 120 s. Therefore, the effectiveness of PUV
depending on the target solid food. The following sections
will summarize the PUV applications for specific solid food
groups.

Muscle Foods

Muscle foods, including meat, poultry, and fish products,
contain high amount of protein and vital nutrients. Never-
theless, they are extremely vulnerable to degradation and
microbial spoilage because of their high nutritional level,
moisture content, water activity and pH values [42, 43].
Moreover, meat has a low carbohydrate level, it also pre-
vents the formation of lactic acid bacteria, which can be
important for the inhibition of the growth of some patho-
gens [44]. Also, muscle foods such as meat, fish, and shell-
fish are one of the primary sources of foodborne illnesses,
and pathogens are causing more than 200 different kinds
of illnesses, most of them caused by bacteria. The most
spoilage microorganisms are bacteria, which are also the
cause of slime formation and off-odor, especially present in
refrigerated meats stored under aerobic environments [42].
Unprocessed or raw muscle foods contain lots of pathogenic
microorganisms, such as E. coli, Salmonella spp., Listeria
monocytogenes, Campylobacter jejuni, Clostridium spp.,
Vibrio spp., and Aeromonas spp [42, 45, 46]. Decontamina-
tion of muscle foods are very crucial to increase the shelf
life of the product and decrease foodborne illnesses for
public health. Traditional decontamination methods have
been used in the meat industry, which include the applica-
tion of chemicals like chlorine sanitizers and heat treatment.
Unfortunately, these traditional methods can be effective to
decontaminate the microorganism, but they have disadvan-
tages, including chemical treatment can cause harmful resi-
dues, heat treatment with high temperatures have an adverse
effect on nutritional and sensory qualities, and high energy
consumption [47]. Considering these negative impacts,
PUYV has a great potential for the decontamination of muscle
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food as a sustainable and green method. Many studies have
been conducted to evaluate the decontamination efficacy
of PUV on muscle foods (Table 1). For example, Sobeli et
al. [54] were applied PUV to evaluate the decontamination
efficiency on beef tenderloin steak and they reported that
the total aerobic mesophilic bacteria decreased by 3.49 log
CFU/g with a dose of 4.2 J/cm?. Pedrés-Garrido et al. [55]
evaluated the decontamination of raw salmon by using PUV
and UV-C light they reported that PUV (9 s, 3.5 cm and
152.2 ml/em? for 1.3 log CFU/g) was more effective than
UV-C (30 s, 6 cm, and 127.2 mJ/cm? for 0.9 log CFU/g)
light treatment. Another research conducted by Koch et al.
[56], they applied PUV at a fluences of 0.52 to 19.11 J/cm?
to understand the decontamination behavior of Salmonella
Typhimurium and Yersinia enterocolitica on pork skin and
they observed that S. Typhimurium and Y. enferocolitica
were reduced in the range of 1.73-3.16 and 1.48-4.37 log
CFU/cm?, respectively. Wang et al. [53] applied PUV to the
decontamination of Aeromonas salmonicia on chicken meat
and skin. Their results showed that PUV was successfully
decontaminated the A. salmonicida on chicken meat and
skin with 7 V at 5 s.

Dairy Foods

Dairy foods are a rich source of macro- and micro-nutrients,
including proteins (casein), carbohydrates (lactose), lipids,
enzymes, essential amino acids, minerals (Ca), and vitamins
(vit-D, -B,,). These high nutritional characteristics of dairy
foods lead to the growth of pathogenic microorganisms,
such as Staphylococcus aureus, Listeria monocytogenes, E.
coli, Salmonella, and Campylobacter [82, 83]. For example,
Pseudomonas fluorescens led to the recall of contaminated
mozzarella cheese (approx. 70,000 balls) and Latin-style
fresh cheese (quesco fresco) that was responsible for blue
discoloration in Italy and the United States, respectively
[84]. Furthermore, these pathogenic microorganisms pose
a threat to human health, for example, L. monocytogenes
causes meningitis, abortion, and meningoencephalitis in
humans [85]. Due to these life-critical effects, the dairy
products need to be free of pathogenic microorganisms to
decrease foodborne outbreaks and ensure public health.
Unfortunately, thermal processing can cause some undesir-
able changes in the nutritional and sensory characteristics of
dairy products, such as degradation of bioactive compounds
and vitamins, lipid oxidation, enzyme inactivation, denatur-
ation of proteins, and change in texture, flavor, and color
[82]. Note that, the essential step to preventing microbial
contamination of dairy products after the pasteurization pro-
cess is to follow good manufacturing practices and appropri-
ate sanitation requirements. An additional decontamination
process can be very effective to prevent the recontamination

@ Springer

after processing, handling, and packaging steps. Applica-
tion of PUV can be successful for eliminate this problem
[84]. In the literature, most studies have shown that PUV
treatment is powerful to the decontamination of dairy prod-
ucts from pathogenic microorganisms (Table 1). Chen et al.
[57] studied the decontamination of non-fat dry milk from
Cronobacter sakazakii by using PUV treatment, and they
stated that C. sakazakii, inactivated by 3.18 log CFU/g at
29.36 J/cm®. Moraes et al. [58] observed the synergistic
effect of PUV and antimicrobial starch film (ASF and con-
taining citric acid) on decontamination of Cheddar cheese,
and reported that L. innocua was successfully inactivated on
the Cheddar cheese surface with a reduction of 4.5 log CFU
at 9.22 J/cm?. after 3 days of storage at 4 °C. Ricciardi et al.
[59] analyzed the effect of PUV on fresh ricotta cheese at
an intensity range of 1.3-15.0 J/cm?, and they reported that
the PUV treatment significantly reduced microbial growth
(Pseudomonas spp., Enterobacteriaceae, and yeast) com-
pared to the untreated sample after storage at 4 °C.

Fruits and Vegetables

Fruit and vegetables are a good source of vital nutrients,
including vitamins, bioactive compounds, minerals, dietary
fibers, antioxidants, and phytochemicals [34]. In the fresh-
cut industry, there are serious post-harvest losses of products
due to the highly perishable (i.e., high moisture content and
a,,) characteristics of the products and the microbiological,
biochemical, and enzymatic degradations that take place
from farm to fork, reduce the shelf-life of these products
[86]. Also, these degradation processes can increase for-
mation of the toxic by-products and foodborne outbreaks.
In industry, traditionally, chlorinated water is used in the
decontamination process. However, studies release that
the combination of chlorine and organic matters can lead
to the formation of toxic compounds (Gomez-Lopez et al.,
2005). Due to these harmful effects, the fruit and vegetable
industry needs to adopt innovative and emerging decon-
tamination technologies with sustainable approaches. PUV
technology has been evaluated by many researchers for the
decontamination of microorganisms in the fruit and vegeta-
ble industry as an environmentally safe technique (Table 1).
Mukhopadhyay et al. [87] demonstrated the effect of PUV
on decontamination of Romaine lettuce, reported that the
E. coli O157:H7 was reduced by 2.7 log CFU/g. Addition-
ally, they studied the effect of the combination of PUV and
cold plasma technology (CP) on decontamination efficiency
and their results showed a synergistic effect on decontami-
nation efficiency with a >5-log reduction. The decontami-
nation characteristics of PUV on dried minced onion were
studied by Gomathi Padma Priya et al. [66]. Their results
indicated that the 2.98, 2.96, 5.00 and 3.14-log reductions
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Table 1 The effect of PUV decontamination technique on solid foods
Product Name of Targeted Treatment conditions Outcomes Refer-
Type the specific microorganism ence
product
Muscle Yellow Total viable count 100-500 J/pulse for 30 pulse, 5 cm of  Initial sterilization efficiency was reached [48]
foods croaker distance between PUV lamp and sample 86.27% at a fluence of 300 J/pulse.
(Pseudosci-
aena crocea)
Sliced Listeria 2.64-6.57 J/cm? Reduced up to 1.44 log CFU/ecm? [49]
mortadella monocyrogenes
Cured Listeria 1.74-16.11 J/em? of fluence, 3 and 9 The maximum log reduction was 1.58 log [50]
smoked meat monocyrogenes of number of pulses, and 2.6-5.4 cm CFU/g sample at a fluence of 5.31 J/cm?.
sausage distance between sample and PUV light
Pastirma Staphylococcus 0.83—1.61 J/cm®s for irradiance 5-45 s~ Reduced from 0.47 to 2.99 log CFU/cm?  [51]
(Turkish jerky aureus for treatment time
meat) 5-13 cm for distance between sample
and quartz window
Chicken meat Campylobacter 2.82-9.67 J/cm? 4.5 log CFU/g reduced at a highest [52]
2.6-5.4 cm distance between sample fluence.
and PUV lamp
Chicken meat Aeromonas 3.5-7.5V and 1-10 s of treatment time 4. sa/monicida reduction ranged from [53]
and skin salmonicida 0.37 t0 0.75 log CFU/cm? at 7 V for 5
s, with the skin group samples showing
highest reduction while the meat group
samples showed less reduction (0.37 log
CFU/cm?).
Tenderloin Aerobic mesophilic  0.525-4.2 J/cm? of fluences, 7.5-60 s of The highest reduction was observed at [54]
steak bacteria treatment time, 4.2 J/em?, 3.49 log CFU/g. The microbial
reduction was significantly affected by
the treatment conditions of 2.1 and 4.2 J/
cm?,
Raw salmon  Listeria spp., 40.1-508.5.1.5 mJ/cm? of treatment The decontamination level of PUV treat-  [55]
lactic acid bacte- dose, 1-30 s of treatment time, 3.5-11  ment was significantly higher than the
ria, Brochothrix cm of distance between sample and UV-C light treatment.
thermosphacta, PUV.
Photobacterium
phosphoreum,
psychrophilic, Pseu-
domonas spp. and
mesophilic viable
count
Pork skin Salmonella 0.52-19.11 J/ecm? of treatment dose, The log reduction ranged between Sal/- [56]
Thphimurium 1-30 s of treatment time, and 8.3—13.4  monella and Yersinia as 1.73-3.16 and
and Yersinia cm of distance between sample and 1.48-4.37, respectively.
enterocolitica PUV.
Raw salmon  E. coli O157:H7 5.6 J/em®/pulse, 3 pulses/s, 15-60 s For E. coli O157:H7 and L. monocyto- [11]
fillets and Listeria of treatment time, 3—8 cm of distance genes, the maximum log reduction was
monocytogenes between sample and UV strobe. observed as 1.09 and 0.74 log CFU/g,
respectively.
Dairy Non-fardry  Cronobacter 1.27 J/em?, 8 cm of distance from quartz Maximum inactivation of 3.18 log [57]
foods milk sakazakii window, 18, 25, and 28 s for treatment ~ CFU/g.
time, and 2 mm sample thickness.
Cheddar Listeria innocua 1.02-12.29 J/em?, distance between Average reduction of 4.5 log CFU/cheese [58]
cheese sample and PUV is 5.8 cm. slices.
Freshricotta  Pseudomonas spp.,  1.3-15.0 J/em? and distance between Fluences of 1.3 and 3.1 J/cm? were [59]
cheese Enterobacteriace, sample and PUV is 2 cm. allowed to sufficient decontamination of
yeast the sample.
Table eggs E. coli K12-NSR 1.0-4.9 J/cm?, 3 pulses/s (360 ps/pulse), For E. coli, the log reduction ranged [60]

and Enterococcus
faecium

4.8 cm/s of flow rate of conveyor, 26.7

s/pass

between 3.43—4.54 log CFU/cm?.
For E. faecium, the log reduction ranged
between 2.03-3.52 log CFU/cm?.
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Table 1 (continued)

Product Name of Targeted Treatment conditions Outcomes Refer-
Type the specific microorganism ence
product
Fresh kashar  E. coli O157:H7 7.61-123.25 J/em?, 5-60 s treatment 1.62 and 3.02 log CFU/cm?2 reduction [61]
cheese NCTC 12,900 and  time, 5, 8, and 13 cm distance between  was observed at 45 s—13 cm for. S. aureus
Staphylococcus quartz window and PUV. and E. coli O157: H7, respectively.
aureus ATCC 25,923
Gouda and Listeria spp. 0.9-8.4 J/cm?, distance between sample For Gouda cheese, 3 log CFU/cm2 reduc- [62]
Manchego and PUV is 10 cm, and 1.5-2 mm tion was observed at a lowest fluence.
sample thickness. For Manchego cheese, less than 1 log
CFU/cm? reduction was observed.
Fruits and  Fresh-cut E. coli, S. aureus, L. 4-12 J/cm? of total fluences, 10-30 At the highest fluence, E. coli, S. aureus, [63]
vegetables watermelon  monocytogenes,and number of pulses, and pulsed cycles L. monocytogenes,and Salmonella were
Salmonella were settled as 1 Hz and 520 ps. reduces aa 4.19, 4.63, 4.37, and 3.95 log
CFU/g, respectively.
Whole Aspergillus niger, 5.27-10.35 W/cm? of fluence rate, A. niger, E. coli, and L. monocytogenes  [64]
white button  E. coli, and L. 60-180 s of treatment time, 60—180 were reduced by 0.91, 0.87, and 0.91 log
mushroom monocytogenes number of pulses, pulsed cycles were CFU/g.
(Agaricus settled as 1 Hz and 400 ps, and 6 cm of
bisporus) distance between sample and PUV.
Romania E. coli O157: H7 1.05-63 J/cm?, sample dimensions of 2.3 log CFU/g reduction was observed at  [65]
lettuce 2.5 x 2.5 cm, distance between sample  an optimum condition.
and PUV is 14 cm, and 1-60 s of treat-
ment time
Dried minced E. coli ATCC 2.09-8.52 J/cm?/pulse and 5-150 s of ~ 2.98, 2.96, 5, and 3.14 log CFU/g reduc-  [66]
onion 43,888, Bacillus treatment time.c tion were observed for E. coli, B. cereus,
cereus 10,876, TPC, TPC, and YMC, respectively.
and YMC
Cherry Salmonella enterica 1.05-63 J/em?, 1-60 s treatment time, Reduced up to 2.7 log CFU/g. [67]
tomato (S. Stanley HO558,  and 14 cm distance between sample and
S. Montevideo PUV.
G4639, and S. New-
port H1275), aerobic
mesophilic bacteria,
and mold and yeast
Red chilies Aspergillus fla- 0.53-2.59 J/cm?, treatment time 8 log CFU/g reduction was observed at [68]
(Capsicum vus, Salmonella 120-360 s, and 3.4 cm distance between highest fluence.
annuum var.  Typhimurium, and  sample and PUV
longum) Bacillus cereus
Green chilies  Aspergillus flavus 0.53-2.59 J/cm?, treatment time >5 log CFU/g reduction was observed for [69]
(Capsicum MTCC 578, Bacillus 120-360 s. A. flavus at 1.77,2.02, and 2.21 J/em?.
annuum var.  cereus ATCC 7644, The complete decontamination of
longum) and Salmonella B. cereus and S. Typhimurium were
Typhimurium ATCC observed at 2.02 J/cm?
14,028,
Green onion  E. coli O157:H7 5-56.1 J/em?, 5-60 s of treatment time, ~ 4.1-5.2 log CFU/g reduction was [70]
observed.
Raspberries  Salmonella and E. 5.0-28.2 J/em?, 5-30 s of treatment After highest fluence of treatment, Sal- [71]
coli O157:H7 time, 5.8 cm of distance between quartz monella and E. coli were reduced as 4.5
window and sample and 3.9 log CFU/g
, respectively.
Other Sunflower Salmonella 4.05-20.25 J/cm?, 945 pulses, and Salmonella Typhimurium was reduced [72]
solid-based and quinoa Typhimurium 3-15 s of treatment time 2 and 3 log CFU/g seed at intensity of
foods seeds 12.15 and 16.20 J/cm?, respectively.
Wheat flour  TPC and YMC 100-500 J, 10-50 c of pulsed frequency, TPC and YMC were reduced signifi- [73]
and 9-21 cm of treatment distance. cantly by using PUV treatment.
Black Salmonella spp. 0.28 J/em?/pulse, 520 ps of time for At highest fluence, 1.9 and 1.5 log CFU/g [74]
peppercorns each pulse and 10-80 pulses, and 12 cm reduction was observed on wave-shaped
of distance between sample and PUV and flat surface, respectively.
Wetting raw  Salmonella spp. 0.39-0.96 W/cm?, 0-21 min of treat- To achieve a >5 log reduction, PUV [75]

almonds

ment time, and 16-27 c¢cm of distance
between sample and PUV

treatment should be 7 min for 16 cm of
distance.
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Table 1 (continued)
Product Name of Targeted Treatment conditions Outcomes Refer-
Type the specific microorganism ence
product
Shelled Salmonella Enteridi- 5.6 J/cm*/pulse, 3 pulse/s, 1-45 s of The maximum log reduction of S. [76]
walnut tis PTSNSR treatment time, and 5-13 cm of distance Enteriditis was observed as 3.18 CFU/g.
between sample and quartz window.
Barley Deoxynivalenol pro- 1.27 J/cm? with a pulsed rate of 3 Hz. Deoxynivalenol value was decreased by  [77]
duced by Fusarium  and width of 360 ps, 0-360 pulses, 5-8  35.5% after 180 pulses and 60 s PUV
fungi cm of distance between sample and treatment.
quartz window
Egg white Cronobacter saka- 127 J/em? with a pulsed rate of 3 Hz. After 3—4 passes, C. sakazakii and E. [78]
powder zakii ATCC 29,544  and width of 360 ps, 0-360 pulses. faecium were reduced by 5.3 and 2.74 log
and Enterococcus Samples were passed 10 1-4 times (each CFU/g, respectively.
faecium NRRL pass is 28 s) of PUV.
B-2354
Rough rice aflatoxin-B; and -B, 1.27 J/em*/pulse, 3 pulses/s, 20-80 Aflatoxin-B, and -B, in rough rice and [79]
and rice bran s of treatment time, 9 cm of distance rice bran were reduced by 75.0, 39.2,
between sample and quartz window. 90.3, and 86.7%, respectively.
Wheat grain ~ Molds 0.4 J/em?/pulse, 5-40 number of pulses, Naturally occurring molds decontamina-  [80]
8.5 cm of distance between sample and  tion resulted in 3—4 log cycles.
PUV.
Corn meal Aspergillus niger 2000-3800 V, 20-100 s of treatment At the optimum conditions, 4.93 log [81]
spores time, and 3—13 cm of distance between  reduction was observed.

sample and PUV.

AMC: aerobic mesophilic count; YMC: yeast and mold count; TPC: total plate count; PUV: pulsed ultraviolet light; CFU: colony forming unit

were observed at 0.444 J/cm? for E. coli, Bacillus cereus,
total plate count, and yeast and mold count. Jaiswal and
Srivastava [63] have studied the decontamination behavior
of fresh-cut watermelon by using of various PUV treatment
conditions, 10-30 pulses and 4-12 J/cm?. They reported
that the food-borne pathogenic microorganisms of E. coli,
S. aureus, L. monocytogenes, and Salmonella were reduced
by 2.31, 1.87, 2.13, and 2.55 log CFU/g, respectively, at 12
J/em?. Recently, Kim et al. [88] studied the decontamina-
tion of murine norovirus-1 (MNV-1) and hepatitis A (HAV)
on frozen blueberry (F1), blackberry (F2), strawberry (F3),
raspberry (F4), cranberry (F5), cherry (F6), mango (F7), and
pineapple (F8) by using PUV treatment. According to their
findings, MNV-1 was decontaminated by 2.13, 2.59, 2.19,
1.82,5.42,2.02, 1.98, and 0.86-log reduction and HAV was
decontaminated by 2.32, 1.34, 1.1, 1.74,5.98, 1.74, 2.2, and
1.33-log reduction for F1, F2, F3, F4, F5, F6, F7, and F8,
respectively at 16 pulses (11.52 J/cm?) of PUV treatment.

Other Solid Foods

In literature, there are several PUV technology applications
to decontaminate other solid-based foods, such as walnut,
almond, wheat grain, rice and rice bran, corn, and flour.
Also, characteristics of the targeted product can affect the
decontamination efficacy of the PUV system (Table 1).
Aron Maftei et al. [80] studied the decontamination char-
acteristics of naturally occurring molds on wheat grain
(Romanian and Spanish wheat) by using PUV technology.

They indicated that the decontamination resulted in 3—4
log cycles by using PUV, and the germination percentage
changed minimally. Another study conducted by Wang et
al. [79], they evaluated the effect of PUV on degradation
and detoxification of aflatoxin-B; and -B, in rough rice
and rice bran at 0.52 J/cm*/pulse intensity for a treatment
interval of 20-80 s (3 pulse/s). Their result indicated that
PUV treatment reduced the aflatoxin-B, and -B, in rough
rice and rice bran by 75.0, 39.2, 90.3, and 86.7%, respec-
tively. Izmirlioglu et al. [76] have studied the inactivation of
Salmonella Enteritidis on shelled walnut by using of PUV,
they reached maximum log reduction of 3.18 CFU/g shelled
walnut with a fluence of 5.18 J/cm? at 45 s. Liu et al. [75]
demonstrated the role of PUV on decontamination of wet
raw almonds and they reported that the Sa/monella reduced
maximum 5-log reduction for 18 min with minimum effect
on quality characteristics. Recently, Reyes-Jurado et al. [72]
have screened the effect of the PUV and lemongrass essen-
tial oil combination on the decontamination of Salmonella
Typhimurium on sunflower and quinoa seeds. According
to their results, for both seeds, Salmonella Typhimurium
decreased by 2 and 3 log CFU/g seed at fluence of 12.15
and 16.20 J/cm?, respectively.

Liquid Foods
PUV decontamination of liquid samples is more complex

than solid samples, microorganisms are dispersed through-
out liquid volume. Therefore, PUV decontamination
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efficiency of liquid samples depends on some internal and
external parameters, including exposure time, distance
between the sample and the lamp, depth of the sample, tur-
bidity, and physicochemical and optical characteristics of
the selected sample. For instance, microbial inactivation is
higher with longer exposures times and decontamination
efficiency increases with decreasing the distance between
the sample and the PUV lamp. Also, there is a negative
correlation between optical characteristics (e.g., turbidity
and transparency) of the sample and PUV decontamination
efficiency; and increase in turbidity leads to a decrease in
efficiency due to the light scattering [1]. Krishnamurthy et
al. [89] were studied the decontamination of S. aureus to
indicate the effect of sample depth on PUV decontamination
efficiency in a liquid system. They prepared S. aureus cell
suspensions of 12, 24, and 48 mL with an initial viable cell
population of 7-8 log CFU/mL and transferred to a sterile
aluminum cup (dia 70 mm). They applied PUV treatment
at a power of 16.8, 33.6, 84, and 504 J/cm?/s for treatment
times of 1, 2, 5, and 30 s, respectively. Their findings indi-
cated that the complete decontamination of S. aureus for 12
and 24 mL was achieved at 1 and 2 s, respectively. On the
other hand, they observed that the log reduction of 48 mL
was expanded exponentially during the 5 s treatment. These
findings revealed that the interaction of treatment time and
sample depth was found to be significant on the decon-
tamination efficiency of PUV. Recently, Hwang et al. [90]
have investigated the effects of specific wavelengths and
intensity of PUV on microbial decontamination in a model
liquid system. They used nine different filters to determine
the effect of the total ratio of UV, visible light, and infrared
ranges on the decontamination of Gram (+) bacteria, Gram
(-) bacteria, and yeast. According to their findings, Gram (+)
bacteria showed a significant 6 log reduction when treated
under a total UV light source of 85.29% at the fluence of
2.16 J/em?. Moreover, they observed the same log reduction
when treated under a total UV light source of 11.66% at the
fluence of 3.94 J/cm?. Their study confirmed that the PUV
treatment has shown significant damage and a high decon-
tamination rate even in low UV proportion in radiation.
Thermal processes (sterilization, pasteurization, evapo-
ration, and spray drying) and the use of chemical additives
or sugar are applied to ensure sufficient decontamination
and increase shelf-life in liquid foods, including milk and
fruit juices. Nonetheless, nutritional and sensory charac-
teristics of the sample affected these thermal processes
[91]. Nowadays, consumers want to consumption of safely
milk and fruit juice without any chemical or toxic mate-
rial residue and any change in nutritional content. The milk
and fruit juice industry needs non-thermal and emerging
decontamination technologies. Therefore, PUV technol-
ogy can be highly effective in decontaminating pathogenic
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microorganisms in liquid foods (Table 2). Krishnamurthy
et al. [105] were screened the effect of flow-through PUV
treatment on decontamination of S. aureus in cow milk.
Their results suggested that the S. aureus was reduced from
an initial content of 8-9 log CFU/mL to 0.55 to 7.26 log
CFU/mL. Bhagat and Chakraborty [101] were studied the
effect of PUV on the decontamination of pomegranate juice,
and they indicated that a 5-log reduction was observed in E.
coli, aerobic mesophiles (AM), and yeast and molds count
(YM). Sahoo and Chakraborty [107] were studied the inacti-
vation of aerobic mesophile count and yeast and mold count
in sweet orange juice by using of PUV. Their result sug-
gested that AM and YC were reduced by 5-log. Jayachan-
dran et al. [94] have shown the role of PUV treatment on
microbial load of sugarcane juice. They reported the initial
populations of AM, YM, and total coliform (TC) as follows:
6.8, 5.5, and 5.1 log CFU/mL, respectively. After the PUV
treatment, AM, YM, and TC values were decreased to < 1
log CFU/mL at 2.7 kV. Li et al. [99] indicated the degrada-
tion of patulin in apple juice by using PUV treatment, and
their result showed that the patulin degradation was reached
96.27% at a fluence of 40.50 J/cm? for 6.5 min. Ding et al.
(2024) were studied the PUV inactivation mechanism of
Alicyclobacillus acidoterrestris in apple juice. They found
that the spores and vegetative cells of 4. acidoterrestis were
decreased by 3.5 and 2.1 log CFU/mL, respectively, and
transmission electron microscopy images clearly showed
that the spores and vegetative cells of A. acidoterrestis were
highly damaged after PUV treatment. Kasahara et al. [91]
have demonstrated the PUV decontamination of E. coli
in goat milk, and they reported that a 6-log reduction was
observed at a 10 J/cm?.

Packaging Materials

One of the important steps for microbiologically safe food
and increasing the shelf life of the targeted product is the
decontamination of food packaging material’s, also it is
critical in aseptic packaging operations [108]. Packaging
materials can be contaminated with pathogenic microorgan-
ism, s especially molds from the air or contaminated other
materials, if not stored in the suggested storage conditions.
These contaminated packaging materials contaminate foods
and cause spoilage, and economic and environmental issues.
Moreover, they can also affect public health when mycotox-
ins are produced [109]. Traditional thermal decontamina-
tion techniques can applied to pathogenic microorganisms
that are present on the surface. However, these thermal
techniques can be unsuitable for heat-sensitive packaging
materials [110]. PUV is one of the innovative and emerging
non-thermal technology for decontamination of pathogenic
microorganisms on heat-sensitive packaging materials
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Table 2 The effect of PUV decontamination technique on liquid foods

Name of the specific Targeted Treatment conditions Outcomes Refer-

product microorganism ence

Skim milk Clostridium sporo- 17.05-22.47 J/cm?, The maximum log10 reduction of C. spo- [92]
genes, E. coli, and rogenes, E. coli, and L. innocua were deter-

L. innocua mined as 0.81, 4.09, and 3.6, respectively.

Human milk TPC and LAB 2.0-2.9.0.9 kV and 10-30 s of treat- 1.25 and 1.44 log CFU/mL reduction was [93]

ment time observed for TPC and LAB, respectively.

Sugarcane juice AMC, YMC, and  21.7-490 J/cm? of total fluence, AM, YM, and TC were reduced to less than ~ [94]
TC 100-200 s of treatment time, 100200 1 log CFU/mL from the initial microbial

number of pulses, and 4 cm of distance load of 6.8, 5.5, and 6.1 log CFU/mL,
between sample and PUV. respectively.

Watermelon juice Clostridium Anular tube, 0.15-3.51 J/cm?, After 3.52 J/em? fluence treatment, C. [95]
sporogenes ATCC  14.3-74.9 L/h of flow rate, 3.12-16.35 sporogenes, E. coli and L. innocua were
7955, E. coli s of treatment time. reduced by 4.93, 5.67, and 5.37 log CFU/mL,

ATCC 29,055, and respectively.
L. innocua ATCC
33,090

Red grape juice Clostridium Anular tube, 0.15-3.51 J/em?, After 3.52 J/cm? fluence treatment, C. [95]
sporogenes ATCC  14.3-74.9 L/h of flow rate, 3.12-16.35 sporogenes, E. coli and L. innocua were
7955, E. coli s of treatment time. reduced by 4.91, 5.08, and 5.40 log CFU/mL,

ATCC 29,055, and respectively.
L. innocua ATCC
33,090

Apple juice (concentrated) Alicyclobacillus 6.75-54.00 J/cm?, 1.83-8.66 min of A. acidoterrestris cells were completely [96]
acidoterrestris treatment time, 8.7 cm of distance decontaminated within a fluence rate of

between sample and PUV. 20.25-47.25 J/em?.

Apple juice Alicyclobacillus 12 J/em?/pulse, 3 pulses, 12-70 °Brix, A. acidoterrestris vegetative cells and spores  [97]
acidoterrestris 10-70 mL of juice volume, 0.15-1.1 were decreased by 3.5 and 2.1 log CFU/mL,
vegetative cells cm of liquid layer depth, respectively.
and spores

Goat milk E. coli DH5a 1.3-10 J/em?, 3 pulses, 1-8 s of treat- 6 log reduction was observed at a fluence of  [91]

ment time for lower and higher doses, 10 J/cm?.

respectively.
Mulberry juice Lactobacillus (L.)  3.36-14.52 J/em?, 2—12 s of treatment ~ The microbial reduction range was observed  [98]
(lactic-acid-fermented) plantarum ATCC  time, 1-2 mm of sample thickness, as 1.17-1.58 log CFU/mL.

SD5209 2-10 cm of distance between sample

and PUV.
Apple juice Patulin 40.5 J/cm?, 12 °Brix, 6.5 min of treat-  The degradation of patulin was observed as  [99]

ment time, 3.5 cm of distance between 96.27%.

sample and quartz glass.

Dragon fruit juice E. coli ATCC 8-20 W/cm?*/pulse of average fluence, PUV treatment for 30-80 s resulted in a 2-6- [100]
43,888, AMC, and 30-180 s of treatment time, 30—180 log reduction of E. coli and AMC and YMC
YMC number of pulses, and 2.9 cm of dis-  were detected below the limit.

tance between sample and lamp holder.

Pomegranate juice E. coli ATCC 7.15-9.96 W/ecm?, 90-300 s of treat-  E. coli reduced by 3-5 log CFU/mL at a [101]
43,888, Aerobic ment time, 3.8 cm of distance between fluence of 8.46 W/cm? for 60-90 s. The
mesophiles, yeast  quartz glass and PUV. complete decontamination of E. coli was
and mold counts observed at 2.7 kV for 90 s. and the AMC

and YMC were detected less than 10 CFU/
mL.
Pineapple (4dnanas como- AMC and YMC 3.4-7.9 J/em? of a fluence, 47-187 of ~ For AMC and YMC, a 5-log reduction was [102]
sus [L.] Merr.) juice number of pulses, 30-120 s of treat- observed at a fluence of 7.9-8.0 J/em? and
ment time, 50 mL of sample vol., and  number of pulses of 94 or 187.
50 mm of sample thickness.
Coconut water E. coli MTCC 433 0.18-5.6 W/cm? of fluence, 3 pulses/s, The highest decontamination of E. coli was ~ [103]

Orange juice

and 0-15 s of treatment time.

observed as 5.33 log CFU/mL at a fluence of
5.6 W/em?.

The maximum decontamination of £. coli
was observed as 4.0 log CFU/mL at a fluence
of 5.6 W/em?.
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Table 2 (continued)

Name of the specific Targeted Treatment conditions Outcomes Refer-
product microorganism ence
Pineapple juice The maximum decontamination of E. coli
was observed as 4.5 log CFU/mL at a fluence
of 5.6 W/em?.
Liquid egg white E. coli KI12NSR  2.68-6.85 J/pulse of fluence, 2040 Maximum decontamination of E. coli and [104]
and Salmonella s of treatment time, 5-9 mL of S. Enteritidis was observed to be 1.28 and
Enteritidis sample volume, and 5, 9, and 13 cm 1.98 log CFU/mL at a fluence of 45.6 J/cm?2,
PT8NSR of distance between sample and quartz a treatment time of 40 s, a distance of 5 cm,
window. and a sample volume of 5 mL, respectively.
Cow milk Staphylococcus 1.27 J/em?/pulse, 3 pulses/s, 20-40 0.55-7.26 log CFU/mL reduction range was  [105]
aureus mL/min of flow rate, 5-11 cm of observed for S. aureus.
distance from quartz window, and 1-3
number of passes.
Clover honey Clostridium 5.6 J/cm?/pulse of a fluence, 15-540 of C. sporogenes spores were decontaminated ~ [106]

sporogenes

number of pulses, 5-180 s of treatment up to 90%.

time, 8-20 cm of shelf height, and 2
and 8 mm of depth of sample.

AMC: aerobic mesophilic count; LAB: lactic acid bacteria; YMC: yeast and mold count; TC: total coliforms; TPC: total plate count; PUV:

pulsed ultraviolet light; CFU: colony forming unit

[109]. In general, PUV treatment is used to eliminate post-
processing contamination in prepackaged foods (Table 3)
(Marangoni Junior et al., 2020). Nowadays, researchers
have studied the effect of PUV treatment on the decontami-
nation of packaging materials. Ringus and Moraru [108]
have studied the decontamination of Listeria innocua on
different food packaging materials (high density polyethyl-
ene (HDPE), low density polyethylene (LDPE), polyethyl-
ene coated paperboard (PP), polyethylene coated aluminum
foil paperboard laminate (PAP), and polyethylene laminated
ultra-metalized polyethylene terephthalate (MET)) by using
of PUV technology. Their results indicated that L. innocua
on HDPE, LDPE, PP, PAP, and MET packaging materials
were reduced from the initial value of 8 log10 CFU/coupon
to 7.1, 7.2, 4.5, 3.5, and 4.4 log CFU/coupon, respectively.
Also, they stated another important decontamination char-
acteristic of PUV that highly reflective and rough surfaces
of PE-based packaging materials can result in less decon-
tamination efficiency than less reflective and smoother sur-
faces. Haughton et al. [113] studied the decontamination
of Escherichia coli on polyolefin (PO), polyethylene tere-
phthalate/polypropylene (PET/PP), and polyvinyl chloride
(PVC) packaging materials. They reported that pulsed UV-
light treatment reduced E. coli by 4.0, 3.5, and 4.2 log CFU/
cm? at an intensity of 6.0 J/cm?, respectively. Liu et al. [121]
were demonstrated the effect of PUV treatment on polyam-
ide/polyethylene-based packaging film. They applied PUV
treatment before and after chicken packaging, and their
results showed that the shelf-life of chicken increased by
2-3 days in both treatments. Recently, Jin et al. [111] stud-
ied the PUV treatment to activate the TiO,-polylactic acid
film (TiO,_PLA) and evaluate the decontamination poten-
tial for 5 s treatment time (0.35 J/cm*/pulse and 3 pulses/s).

@ Springer

According to their findings, after 5 s PUV treatment, E. coli
was reduced from 6.2 to 1.1 log CFU/cm? on the TiO,-PLA
film surface.

Water/Wastewater

Water safety is one of the most challenging issues all
around the world, especially in developing countries and
rural areas. The main sources of pollution, for example, bio-
logical pollutants can easily contaminate clean water and
include several types of pathogenic microorganisms that
lead to the spread and outbreak of water-borne diseases [12].
Also, organic micropollutants impact the water quality that
contaminated water bodies, including industrial additives,
hormones, personal care products, pharmaceuticals, etc
[116]. The currently available water decontamination tech-
niques showed important issues due to their low efficiency
in decontamination of recurrent pathogenic microorgan-
isms, including some microbial species and parasite organ-
isms [122]. The conventional wastewater decontamination
is based on the use of chemicals, including chlorine and
chlorine derived chemicals. However, conventional water/
wastewater decontamination techniques can impact human
health and the environment due to their by-products, such
as chlorinated organic by-products, which have the poten-
tial to cause irreversible genetic damage that can lead to
the generation of cancerous tissues [117, 122]. Due to these
negative impacts, innovative and emerging water/waste-
water treatment technologies have been proposed, such as
PUV decontamination technology. In the literature, several
researchers have studied the decontamination efficiency of
PUV for water/wastewater treatments (Table 3). Demirci
and Krishnamurthy [123]. have studied the evaluation of a
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Table 3 The effect of PUV decontamination technique on packaging materials, water/wastewater, and food contact surfaces
Product Type Name of the specific Targeted Treatment conditions Outcomes Refer-
product microorganism ence
Packaging materials TiO,-polylactic acid E. coli 0.35 J/em*/pulse of a fluence E. coli was reduced from 6.2 to 1.1 log [111]
film (3 pulses/s) and 5 s of treat-  CFU/cm?
ment time
Polystyrene A. brasiliensis 0.23-4.0 J/em? and 1-4 s of At 0.75 J/em? fluence of PUV treat-  [112]
DSM1988, 4. car-  treatment time. ment, more than 5-log reduction was
bonarius DSM872, observed for the three strains.
and Penicillium
rubens DSM848
conidia
LDPE Listeria innocua 0.67 J/cm? of a fluence, 7.2-log reduction was observed. [108]
3 pulse/s, 1-12 pulse of
treatment.
HDPE 7.1-log reduction was observed.
TR 4.5-log reduction was observed.
MET 4.4-log reduction was observed.
EP 3.5-log reduction was observed.
PO Campylobacter 0.9-6.0 J/cm? of a fluence, C. jejuni, E. coli, and Salmonella [113]
Jejuni, E. coli, 1-5 s of treatment time, and  Enteriditis were significantly (p <
and Salmonella 11.5 and 14 cm of distance ~ 0.05) reduced by all PUV treatments.
Enteriditis between sample and quartz
window
Polyethylene-poly-
propylene (PET-PP)
Polyvinyl chloride
Aluminium chloride
tray (Al)
Water/wastewater ~ Water/wastewater  E. coli, S. aureus, 112-269 mJ/cm? of aver UV Maximum reductions of 5.3-, 5.2-, and [114]
and L. innocua doseage, 0.38-0.60 L/min of 4.3-log were observed for E. coli, S.
flow rate, and 75-120 s of aureus, and L. innocua, respectively.
treatment time
Artificial contami-  E. coli, S. aureus,  0.03—12.9 J/cm? of UV At the optimum conditions, 4.55-, [115]
nated seawater Salmonella output, 60 and 600 s of treat- 5.63-, 5-, 4.59-, and 5.15-log reduc-
typhimurium, ment time, and 10 mL/s of  tions were observed for E. coli, S.
Bacillus cereus and flow rate aureus, Salmonella typhimurium,
Candida albicans Bacillus cereus and Candida albicans,
respectively.
Aqueous solution E. coli K-12 190 and 240 nm lamps were 11 and 6 log CFU/mL reductions were [22]
MG1655 used, 0-190 J/em? of flu- observed for 76 and 95 J/cm? of flu-
ences, and 3 mL of sample  ence, respectively.
volume.
Aqueous solution Organic pollutants 190 and 240 nm lamps were ~ After 57 J/cm? treatment, no PAHs [22]
(PHAs) used, 0-190 J/cm? of flu- were detected in the sample.
ences, and 30 ml of sample
volume.
Water Organic 2-10 J/em? of fluences, 1-20  After 20 ms (10 J/cm?) of PUV treat-  [116]
micro-pollutants times of pulses, 2.5 cm of ment, 8 out of 11 organic micro-pol-
distance between sample and lutants were degraded by >90%.
PUV.
SMWwW E. coli and Bacillus 3800 V of input voltage, 3 The complete decontamination of [35]
subtilis spores pulses/s (360 ps), 2-20 L/ E. coli and B. subtilis spores were
E. coli and Bacillus min of flow rate, and 888 s  observed in a one pass at a flow rate of
subtilis spores of treatment time. 10 and 6 L/min, respectively.
RMW 3800V of input voltage, 3 The complete decontamination of

pulses/s (360 us), 2-20 L/
min of flow rate, and 8-88 s
of treatment time.

E. coli and B. subtilis spores were

observed in a one pass and at a flow
rate of 10 and 6 L/min, respectively.
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Table 3 (continued)

Product Type Name of the specific Targeted Treatment conditions Outcomes Refer-
product microorganism ence
SMW E. coli and Bacillus 2.25-18.23 J/em? of flu- For E. coli and B. subtilis, the log [117]
subtilis ence, 5-25 s of treatment reductions were observed as 3.34-8.53
time, 15—45 mL of sample CFU/mL and 1.21-7.27 CFU/mL,
volume, 8-13 cm of distance respectively.
RMW between sample and PUV. The log reductions of microorgan-
isms ranged between 1.72—4.88 CFU/
mL for 3 and 10 s of treatment time,
respectively.
Food-contact Polystyrene B. subtilis spores 0.17-5.28 J/cm? of fluence,  For B. subtilis and A. niger, a 5-log [25]
surfaces and A. niger spores 250 pus of pulse duration, reduction was observed at a fluence of
1.25 J/em?.
Glass For B. subtilis, a 5-log reduction was
observed at a fluence of 1.25 J/cm?.
For A. niger, a 4-log reduction was
observed at 1.25 J/cm?
Aluminum For B. subtilis, a 5-log reduction was

Polyethylene cutting P. fluorescens
board

Stainless-steel

Stainless-steel chain E. coli K12-NSR

14201 mJ/em?, 3 pulses/s,
and pulse width of 360 us

0.33, 0.66, and 3.31 J/cm?
belt of fluence, 3.05, 15.24, and

observed at a fluence of 1.25 J/cm?.

Lower doses (>17 mJ/cm2) were nec- [55]
essary to achieve the detection limit of

0.25 log CFU/cm>.

higher doses (>80 mJ/cm2) were nec-

essary to achieve the detection limit of

0.25 log CFU/cm?.

3.91 log CFU/cm? reduction was [118]
observed at a fluence of 3.31 J/cm?.

30.48 cm/s of conveyor
speed, 3 pulses/s, and pulse
width of 360 ps

Solid pliable poly-
mer belt

Rigid linked poly-
mer belt
PTFE-coated fabric
belt

Stainless-steel L. monocytogenes

0.8-1277 mJ/em? of a
fluence, 0.08—10 min of
treatment time, 1-25 Hz of

4.90 log CFU/cm? reduction was

observed at a fluence of 3.31 J/em?.

3.34 log CFU/cm? reduction was

observed at a fluence of 3.31 J/cm?.

5.04 log CFU/cm? reduction was

observed at a fluence of 3.31 J/cm?.

A 5.59-log reduction was observed for [119]
0.5 min of treatment time at 25 Hz and

a fluence of 151.2 mJ/cm?.

frequency

Six Salmonella
spp. (S. Agona, S.
Derby, S. Infan-
tis, S. Indiana, S.
Typhimurium, and
S. Enteritidis)

Stainless-steel

3.5-7.5 V of valtage, 1-10 s
of treatment time, 30-90 m  cm” was observed at a voltage of 7.5
of flash distance, 0.125-1 Hz V with 9 pulses treatment.

of pulse frequency

The highest reduction of 1.4 log CFU/
2

[120]

PUV: pulsed ultraviolet light; CFU: colony forming unit; TR: LDPE-paperboard-LDPE; MET: PET-LDPE-ultra metalized PET-LDPE-LLDPE
metallocene bags; EP: PE-paperboard-PE-Al foil-T8IE-PE; SMW: synthetic wastewater; RMW: real municipal wastewater

flow-through PUV system for the decontamination of water
from Bacillus subtilis at different flow rates (2—14 L/min)
and treatment times (13—88 s), at an intensity of 1.27 J/cm?/
pulse (3 pulse/s). According to their findings, B. subtilis
was completely decontaminated at all flow rates reaching
a > 5.5 log reduction. Also, they observed that the turbid-
ity of the water was decreased after PUV treatment, which
indicated that PUV has a potential for disintegration of the
organic materials due to the product of photochemical reac-
tions (generation of oxidative compounds). Bohrerova et al.
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[124] compared the decontamination efficiency of PUV and
continuous-wave UV treatments for water decontamination.
Their findings indicated that the E. coli and pathogen sur-
rogates T4 and T7 were reduced by 4.26, 4.29, and 2.72 log/
mL, respectively at an average UV fluence of 3 mJ/cm? and
decontamination of pathogenic microorganisms by PUV was
faster and more effective than continuous-wave UV treat-
ment. Garvey et al. [125] have demonstrated the impact of
PUYV treatment on biofilms of Pseudomonas aeruginosa and
Staphylococcus aureus for water treatment. Their outcomes
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suggested that the PUV technology has highly potential for
the decontamination of plankton and biofilm cells. P. aeru-
ginosa and S. aureus were reduced by 7.2 and 5.9 log/mL,
respectively up to a UV dose of 21.6 uJ/cm?. Uslu et al.
[117] have optimized the PUV treatment for inactivation of
E. coli and Bacillus subtilis in municipal wastewater. They
reported that E. coli and B. subtilis were reduced by 8.53
and 7.57 log CFU/mL, respectively at a fluence of 10.9 J/
cm?. Also, they studied the reduction of suspended solid
content in wastewater. Their results clearly showed that the
suspended solid content was further reduced by ab addi-
tional 26.5 and 21.4% during the optimized conditions for
E. coli and B. subtilis, respectively.

Food-contact Surfaces

Food contact surfaces have a great potential to contami-
nate foods during processing operations due to the cross-
contamination issues. According to the FDA, the current
Good Manufacturing Practices report explains the food-
contact surfaces as the direct contact with human foods and
the surfaces that drain directly onto the food or food con-
tact surfaces during the processing operations [118]. Gen-
erally, stainless steel or plastic materials are used for food
contact surfaces. On the other hand, rubber, wood, ceramic,
and glass materials can be used for these contact surfaces.
Microorganisms have a tendency to attach to surfaces due to
their natural characteristics. They can be detached by mild
cleaning when they are attached to the surfaces. However,
they cannot be detached or cleaned when a favorable envi-
ronment is created to grow them and form layers of bacteria
(biofilms) and extracellular products that can irreversibly
absorb by the surfaces [126]. In the industry, there are many
decontamination methods have been applied to reduce the
microbial population and cross-contamination on the food
contact surfaces. The mixing of chemicals and/or organic
acids in aqueous solutions is one of the most applied decon-
tamination methods in the processing lines [118]. Some
chemical agents are commonly used for decontamination
purposes of food contact surfaces, including iodine, chlo-
rine, carboxylic acid, acid-anionic sanitizers, and quater-
nary ammonium compounds (QAC) [126]. Nevertheless,
these chemical-based decontamination methods are insuf-
ficient to prevent outbreaks with sub-lethal processing that
leaves spores or toxins of pathogens behind after decontam-
ination treatment. Moreover, these chemical-based meth-
ods can generate free radicals, which can cause textural
changes on the contacted foods [127]. Additionally, these
chemical-based decontamination methods can be harmful
to human health, and the lifetime of processing material
due to the chemical residues. Therefore, the food industry
needs a novel and efficient decontamination method. PUV

is one of the effective and greener alternatives for the decon-
tamination of food-contact surfaces (Table 3). In the litera-
ture, the application of the PUV for food-contact surface
decontamination has not been intensely studied. Woodling
and Moraru [128] have studied the decontamination of L.
innocua on two types of stainless-steel (mill and aluminum
oxide treated finishes) surfaces by using PUV. According to
their findings, 4.08 and 4.98-log reductions were observed
on mill finish and aluminum oxide finish coupons, respec-
tively at a fluence of 6.4 J/cm?. Cassar et al. [118] demon-
strated the decontamination of E. coli K12-NSR by using
PUV on different types of meat conveyor material surfaces,
including stainless-steel chain belt, solid pliable polymer
belt, rigid linked polymer belt, and PTFE-coated fabric belt.
They reported that E. coli K12-NSR was decontaminated
by 3.91, 4.90, 3.34, and 5.04 log CFU/cm? on surfaces of
stainless-steel chain belt, solid pliable polymer belt, rigid
linked polymer belt, and PTFE-coated fabric belt, respec-
tively at a fluence of 3.31 J/cm?. Recently. Gao et al. [120]
have screened the effect of PUV treatment on the decontam-
ination of a cocktail of six Salmonella spp. biofilms formed
on the stainless-steel surfaces. Their findings showed that
the biofilm reduction ranged between 0.7 and 1.1 log CFU/
cm? at different flash distances (3-9 ¢cm) and pulse frequen-
cies (0.5-0.125 Hz).

The Effect of Pulsed-UV Light Application on
the Quality Characteristics of Foods and Its
Post-harvest Applications

The effect of PUV decontamination on quality character-
istics (e.g., texture, flavor, color, nutritional and bioactive
compounds content) of foods has also been extensively
studied in the literature. Valdivia-N4jar et al. [129] studied
the effect of PUV treatment on the texture characteristics
of fresh-cut tomatoes. They applied PUV to treat the toma-
toes at fluences of 4, 6, and 8 J/cm? and stored 20 days
at 4 °C. They observed that the firmness of the fresh cut
tomatoes was significantly decreased during the storage
time and reported that increased fluence of PUV acceler-
ated the firmness reduction. They explained this reduction
by triggered physicochemical changes, PUV treatment can
lead to increasing of respiration rate and stress, and ligni-
fication-like processes. These physicochemical processes
cause the structural changes in the sample, including dehy-
dration, water-soaked areas, and cellular degradation. Also,
similar findings were observed by Aguild-Aguayo et al.
[130]. On the other hand, Gyawali et al. [131] have studied
the effect of PUV treatment on quality characteristics of
pecan halves. They observed that there was no significant
change between control and PUV treated sample in terms
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of texture, color, moisture content, water activity, and per-
oxide value.

Ouyang et al. [104] studied the effect of flow-through
PUV treatment on liquid egg white. According to their find-
ings, there was a significant change on pH and turbidity
of liquid egg white between the control and PUV treated
sample. The pH and turbidity values of liquid egg white
were increased after PUV treatment. They stated that the
reason for the increase in turbidity after PUV treatment
can be explained by protein denaturation or aggregation at
higher intensities of PUV treatment. Higher PUV treatments
cause an increase in temperature, and the structure of egg
white protein can be affected by the rising temperature. On
the other hand, Ding et al. [97] treated apple juice by using
PUV and conventional (heat application) technique and
studied on quality characteristics. They reported that PUV
and conventional treatment did not significantly affect the
pH, soluble solids, and turbidity. Pratap-Singh and Mandal
[95] were studied the effect of thin profile continuous-flow
PUV on red grape and watermelon juices. They reported
that the pH values of red grape and watermelon juices were
not significantly affected after PUV treatment. They stated
that the applied intensities of UV radiation were not enough
to change the ionic equilibrium in juices. Therefore, the pH
values of the samples were not significantly affected. How-
ever, they observed significant TPC change in red grape and
watermelon juices after PUV treatment due to the photodeg-
radation of phenolic compounds.

Denoya et al. [132] indicated the effect of postharvest
PUYV treatment on quality characteristic changes of persim-
mons (Diospyros virginiana) during storage. They applied
the PUV at a fluence of 20 and 60 mJ/cm? and stored for 6
days. They controlled the TPC and the antioxidant capac-
ity (AC) of PUV treated unripe and ripe persimmons every
3 days. According to their findings, TCC and AC of 20
mJ/cm?-unripe-PUV treated persimmon were higher than
control-unripe and 60 mJ/cm?-unripe-PUV treated persim-
mon. They stated that the increase in TPC and AC can be
explained by the photo-protective antioxidative defense
response to oxidative stress in the sample after PUV
treatment. Other research conducted by Xu and Wu [71],
observed a similar trend in PUV treated fresh raspberries.
In their study, fresh raspberries were treated by PUV at a
fluence of 1.27 J/em? for 5, 15, and 30 s and stored for 10
days. They reported that the TPC and total anthocyanin con-
tent of the raspberries increased after 15 and 30 s of PUV
treatment. The increase inTCC after a certain fluence can
be explained by the generation of an oxidative defense
response to oxidative stress. Specifically, PUV treatment
causes the abiotic stress, which affects the phenylpropanoid
metabolism and leads to the synthesis of secondary metabo-
lites such as phenolic compounds [133]. Kalaras et al. [133]
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have studied the postharvest influence of PUV application
on vitamin-D, (Vit-D,) and quality characteristics of white
button mushrooms (Agaricus bisporus). They indicated that
the Vit-D, content of mushroom samples were increased by
over 100% after 3 pulses, and the Vit-D, content reached its
maximum value (27 pg/g dw) after treatment of 12 pulses.
They also reported that there was no significant difference
in the quality characteristics of PUV treated mushroom
samples compared to untreated samples. Another research
of Kalaras et al. [134] reported the formation of bioactive
ergosterol-derived compounds in white button mushrooms
after PUV treatment. They treated the mushroom samples
for a range of 3—60 pulses (0.791 J/cm?/pulse) and observed
that the bioactive ergosterol-derived photoproducts (vitamin
D,, previtamin D,, lumisterol,, and tachysterol,) were sig-
nificantly increased after PUV treatment.

Color is one of the main quality parameters of foods and is
of critical importance for consumers. The impact of PUV on
the color of foods should be evaluated and reported as well.
Borges et al. [50] have evaluated the effect of PUV treat-
ment on the color values of ready-to-eat traditional cured
smoked meat sausage. They observed that the a* value (red-
ness) was significantly reduced and b* value (yellowness)
was changed due to the independent energy dose, and they
did not observe any change for L* value (lightness) between
the control and PUV treated sample. Also, they stated that
the b* value was increased with increasing applied fluence.
Additionally, they reported that the color change of meat
is attributed to the local heating effect, PUV treatment or
lipid oxidation effect on the sensory characteristics of meat
products. Another study conducted by Keklik et al. [135]
indicated the effect of PUV treatment on the color character-
istics of unpackaged and packaged boneless chicken breast
meat. They applied PUV for unpackaged and packaged
samples as follows: 13 cm-5 s, 8§ cm-30 s, and 5 cm-60 s.
They reported that, for unpackaged and packaged samples,
there was a significant difference between the treated and
untreated samples for 60 s treatment at a distance of 5 cm
between the sample and the lamp. Also, they stated that the
intensive PUV treatment resulted in decrease in L*, a*, and
b* values, while mild and moderate PUV treatments had no
significant effect on color values.

Protein oxidation is one of the main important quality
parameters for foods. The effects of protein oxidation on
food quality may not be sensed immediately by humans, due
to this situation protein oxidation has received less remarked
over the years [136]. ROS or secondary by-products of oxi-
dative stress can cause the covalent alteration of proteins,
which is known as protein oxidation [137]. According to the
diet related pathological studies, the consumption of oxi-
dized protein in food products and oxidized meat can have
serious effects on human health, such as cancer and several
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neurological disorders [138, 139]. Elmnasser et al. [140]
evaluated the influence of PUV application on milk proteins
B-Lactaglobulin (BLG), a-lactalbumin (ALA), and sodium
caseinate. They reported that there was no significant con-
formational change effect of PUV treatment on milk pro-
teins of BLG, ALA, and sodium caseinate and no oxidation
products were observed. Fernandez et al. [141] have also
studied the effect of PUV treatment on protein oxidation
in vacuum packaged of processed cheese slices. They used
the fluences of 0.7, 2.1, 4.2, 8.4, and 11.9 J/cm? and stored
for 30 days at 4 °C and compared with bovine serum albu-
min (BSA) protein model to assess the PUV effect. Their
results showed that the carbonyl content was significantly
increased after a fluence of 8.4 J/em? in BSA. In cheese,
the carbonyl content was only significantly increased at the
highest fluence. Also, the significant difference of protein
oxidation in BSA at a fluence of 8.4 J/cm? can be explained
by the absorption of PUV. As we stated previous section,
BSA is more transparent than the cheese sample, increasing
in transparency can be result in higher protein oxidation.
Additionally, they stated that protein oxidation can occur
through a direct mechanism via the absorption of UV light
by amino acids or through an indirect mechanism involving
photosensitizers. The oxidation that occurred in BSA can
be explained by direct mechanism. BSA shows maximum
absorbance at 280 nm, which is the wavelength absorbed by
aromatic amino acids (phenylalanine, tyrosine, and trypto-
phan), cysteine, and histidine. The oxidation that occurred
in cheese can be explained by indirect mechanism. In more
deeply, cheese contains riboflavin (vitamin B,), which is a
good photosensitizer. Riboflavin produces reactive oxygen
species (singlet oxygen or reactive hydroxyl radical) when
irradiated under PUV due to its conjugated double sys-
tem and in the presence of oxygen. Lastly, they stated that
vacuum-packaging and the low penetration of light into the
samples helped light-induced oxidation and overcome this
problem. Another research of the effect of PUV treatment on
protein oxidation in Spanish dry-cured ham slices was con-
ducted by Fernandez et al. [142]. They applied the fluences
of 2.1, 4.2, and 8.4 J/cm? for two types of Serrano and Ibe-
rian types of ham slices, respectively and stored for 30 days
at 4 and 20 °C. According to their volatile profile analysis
results, they detected the sulphur volatile compounds after a
fluence of 8.4 J/cm? in Serrano and Iberian ham slices. Con-
sequently, the sulphur volatile compounds can be synthe-
sized as a result of protein oxidation, increasing in fluence
of PUV treatment led to protein oxidation.

Lipid oxidation is also a vital parameter to determine the
quality of foods, and causes significant effects on texture,
flavor, appearance, nutritional contents of food products,
reducing the shelf-life of food, and leading to huge eco-
nomic losses [143]. Keklik et al. [61] evaluated the effect

of PUV on lipid oxidation in fresh kashar cheese. They
reported that the increasing of the fluence led to increas-
ing of the lipid oxidation values, but PUV treatments did
not significantly affect the lipid oxidation in fresh kashar
cheese. Zhang et al. [48] have demonstrated the influence
of PUV treatment on lipid oxidation compounds in large
yellow croaker fish (Pseudosciaena crocea) and to under-
stand the lipid oxidation behaviour of treated fish samples,
they were stored at 4 °C for 10 days and compared with
an untreated sample. According to their results, the initial
degree of lipid oxidation of the PUV treated samples was
higher than the untreated sample after the PUV treatment.
However, they showed that the degree of lipid oxidation of
the untreated sample was higher than that of the PUV treated
samples at the end of storage. Fracari et al. [49] were studied
the influence of the PUV treatment on the oxidation stabil-
ity of traditional Italian sausage (mortadella). They applied
the four PUV treatment, including pulse width of 1260 us
for 2 pulses (2P,4(), 1260 ps for 3 pulses (3P,,4), 2520 ps
for one pulse (1P,s,4), and 2520 ps for 2 pulses (2P,s,), at
a voltage of 3000 V. After the PUV treatment, they vacuum-
packed the samples and stored at 4 °C for 30 days. They
reported that the highest lipid oxidation was observed at the
highest fluences of 2P,s,, (5.28 J/cm?) and 3P ¢, (6.57 J/
cm?) and explained possible reasons for high lipid oxidation
values, a higher fluences can lead to oxidation reactions in
the desired product due to the formation of ROS. Neverthe-
less, for the 2P, 4, treated sample at a fluence of 4.36 J/cm?,
they observed similar oxidative stability behaviour to the
control sample at the end of 30 days of storage. They also
stated that the undesirable compounds formation of PUV
can be mitigated by lower fluence and higher irradiance.
Effective post-harvest management is crucial for the
freshness, safety, and shelf life of foods, which also reduces
food waste and ensures food security. Conventional post-har-
vest techniques for preservation of foods, such as refrigera-
tion and chemical applications, have drawbacks, including
environmental impact and insufficient shelf-life extension
[144]. Nowadays, PUV decontamination technique gain-
ing importance due to its ability to improve target product
quality and shelf life in post-harvest applications. Tang et al.
[145] have studied the decontamination of Botrytis cinerea
on cherry tomatoes using PUV. They applied 60 (PUV-60)
and 150 (PUV-150) pulses after inoculation and determined
the effect of the PUV treatment on Botrytis cinerea growing
on cherry tomatoes after 4 days of storage at 25 °C. Accord-
ing to their findings, the control and PUV-60 samples began
to spoil on the first day of storage; however, the PUV-150
samples did not show infected tomatoes for 4 days. Cui et
al. [146] have demonstrated the decontamination of Peni-
cillium ochrochloron spores on strawberries using PUV
decontamination technique. They treated the samples under
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fluences of 1.24 (PUV-1), 3.31 (PUV-2), and 6.19 (PUV-3)
J/em? and stored each treated group at 4, 14, and 25 °C for
14, 8, and 6 days, respectively, to examine the decay rate.
Their results showed that, when compared to the control
group, the lowest decay rate observed at PUV-3 groups for
each parameter.

Conclusions and Future Trends

Foodborne illnesses have a serious impact on public health
and food safety, lead to life-critical illnesses and costly
recalls all around the world. Therefore, the decontamina-
tion of foods and the sustainability of decontamination are
important to prevent these issues. This review paper aimed
to demonstrate the recent PUV decontamination applications
for different kinds of foods, packaging materials, water/
wastewater treatments, and food-contact surfaces as well as
to understand its effect on quality characteristics. PUV has
a great potential to decontaminate food products, packaging
materials, and water/wastewater treatments, and it is used as
a non-thermal, innovative, and sustainable decontamination
technique. In recent years, PUV has gained importance due
to its short treatment time, no toxic material formation, and
less energy usage compared to conventional decontamina-
tion techniques. Unfortunately, more research is needed to
understand and effect of the PUV application on different
microorganisms and compounds and also pilot-scale stud-
ies should be done for various applications to encourage the
food industry to consider this emerging technology.
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