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Featured Application: This review discusses recent developments in the field of pulsed light
processing. Various aspects of recent PL applications are discussed. This review shall form the
basis of future research and development in the field.

Abstract: Consumers of the 21st century tend to be more aware and demand safe as well as
nutritionally balanced food. Unfortunately, conventional thermal processing makes food safe at the
cost of hampering nutritional value. The food industry is trying to develop non-thermal processes for
food preservation. Pulsed light (PL) is one such emerging non-thermal food processing method that
can decontaminate food products or food contact surfaces using white light. Exposure to intense light
pulses (in infrared, visible, and ultraviolet (UV) regions) causes the death of microbial cells, rendering
the food safe at room temperature. PL technology is an excellent and rapid method of disinfection of
product surfaces and is increasingly being used for food surfaces and packaging decontamination,
enabling the minimal processing of food. This paper aims to give an overview of the latest trends in
pulsed light research, discuss principles of pulse generation, and review applications of various PL
systems for the inactivation of microorganisms in vitro, in various food products, and on food contact
surfaces. Effects of PL on food quality, challenges of the process, and its prospects are presented.
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1. Introduction

Currently, there is a growing concern for nutrition and food safety. Modern technology and access
to the internet has made the 21st-century consumer more aware and demanding than ever before. They
want safe, sound, and healthy foods of good quality, having an adequate supply of required nutrients,
but devoid of any preservatives [1]. Conventionally, the food industry has used preservatives or
thermal processing for the extension of shelf-life.

The deleterious effect of heat on the nutritional attributes and sensory qualities of food is now
common knowledge [2,3], and the food industry is experiencing a paradigm shift towards minimal
and non-thermal technologies. This has prompted food processing researchers to develop various
technologies like ohmic heating, radiofrequency (RF), microwave (MW), and infrared (IR) heating,
high pressure processing (HPP), ultrasound (US), pulsed electric field (PEF), pulsed light (PL), cold
plasma (CP), oscillating magnetic field (OMF) etc. as alternates to the conventional thermal process.
These technologies have the potential to gradually replace the thermal methods practiced by the food
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industry, especially because they are carried out at ambient and sub-lethal temperatures; and in this
way are disposing of the antagonistic impacts of thermal technologies. Each of these novel technologies
constitutes an altogether separate field of studies themselves. However, the purpose of this literature
review is to study and intimate the readers regarding the critical fundamentals and applications of
pulsed light (PL) technology in food processing.

PL treatment generally consists of applying a series of high intensity, short bursts of light pulses
to kill microorganisms. PL is synonymous with the terms pulsed ultraviolet light (PUV), intense light
pulse (ILP), high-intensity broad-spectrum pulsed light (BSPL), high-intensity pulsed UV light (HIPL),
or pulsed white light (PWL) [4,5]. PL has a great potential to enhance the keeping quality of food
products [6,7] by destroying microorganisms such as Listeria monocytogenes within a few seconds [1].
PL was successful in reducing the total microbial load in vitro when inoculated on the surface of agar
plates [1]. So, it can be claimed to have the potential to preserve food materials. Also, PL technology
can be effectively used to sterilize packaging materials [8], and equipment surfaces [9,10]. However,
PL technology has its limitations to be used for food applications due to the opacity of food products
and their non-uniform surfaces, and possible temperature rise (due to the effects of the infrared region)
leading to deterioration in organoleptic qualities.

In 1996, the U.S. Food and Drug Administration (FDA) approved the PL technology applications
‘for the production, processing and handling of foods’ and decontaminating food contact surfaces [11].
They recommended the use of PL treatment using xenon lamp having surface emission of wavelengths
(λ) between 200 and 1100 nm, with the cumulative treatment not more than 12 J/cm2 and pulse width
not greater than 2 ms [4]. Since then, a considerable increase in research and development in the field of
PL technology in food industry has taken place. As a result, more than 250 articles, including reviews,
patents, and chapters have been published. Figure 1 shows a steady rise in publications after the year
2000. Numerous PL systems and configurations have been manufactured. Successful intervention for
decontaminating fresh-cut fruits and vegetables, meat surfaces, equipment-contact surfaces, and clear
liquid foods. Efforts are being made to extend it to turbid and opaque liquid foods, seeds, powders,
ready-to-eat meals, and other thermally labile food commodities. With the growing demand for safe
and nutrient-rich foods, thorough research should make the process ready to be adopted by the food
industry sooner or later.
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Thus, the main objective of this paper is to review the recent developments of PL processes and
applications that have been in practice. A systematic literature search has been conducted in the
database (Web of Science, Clavariate Analytics, United States) for literature obtained from keywords
like pulsed light and pulsed UV light. Web of Science was selected as it has huge collection of articles
and citations with many journals indexed, with a very user-friendly interface. The search criteria
adopted by authors are given in Figure 2. It is apparent that there have been many reviews earlier about
PL technology, some of which are considered in our analysis. The Table 1 discusses the particulars
of some of those reviews conducted earlier. Based on these reviews, we have updated the state of
literature concerning the latest trends in PL processing. Processing systems that have been developed
have been summarized. The detailed inactivation mechanisms of microorganisms by using the PL
technology are also discussed within the sections. Further, the different PL applications in the food
industry, effects on food quality, future scope, and challenges are highlighted.
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Table 1. Previously published review papers on PL processing.

Paper Title, Authors and Year of Publication Key Contents

Pulsed light technology; Barbosa-Canovas et al.; 2000

• Systems developed for PL processing,
• Possible bacterial inactivation mechanisms,
• Critical factors affecting the PL process efficacy,
• Results from industrial sources,
• Research needs

Pulsed light for food decontamination: a review;
Gómez-López et a.; 2007

• Terminologies related to PL,
• Microbial inactivation mechanisms,
• Factors affecting the inactivation,
• Decontamination of food,
• Effects on nutritional and toxicological aspects

Pulsed-light system as a novel food decontamination
technology: a review; Elmnasser et al.; 2007

• Principles of PL,
• Microbial inactivation in vitro,
• Main limitations,
• Decontamination of several food products

Pulsed Light Treatments for Food Preservation. A Review;
Oms-Oliu et al.; 2008

• Principles of PL,
• Microbial inactivation in vitro,
• Microbial inactivation in several foods,
• Critical process factors,
• Microbial inactivation on packaging materials

and food contact surfaces,
• Limitations

The Sensory Quality of Meat, Game, Poultry, Seafood and Meat
Products as Affected by Intense Light Pulses: A Systematic
Review; Tomasevic and Rajkovic; 2015

• Effect of PL on the sensory quality of 16 varieties
of meat, meat products, game, poultry, seafood,

• Effect on color and odor of meat

Pulsed Light Treatment of Different Food Types with a Special
Focus on Meat: A Critical Review; Heinrich et al.; 2016

• Principles of PL processing,
• Efficacy of processing unpackaged and

packaged meat products,
• Decontamination of meat cutting,

packaging surfaces,
• Industrial implementation needs

Pulsed light processing of foods for microbial safety; Bhavya
and Hebbar; 2017

• Principles of PL processing,
• PL processing systems,
• Mode of action on microorganisms,
• PL treatment on several food matrices,
• Combination of PL, with other

processing technologies

2. Overview of PL Technology

PL technology involves the application of intense light in the form of short pulses on a target
of interest (food or food contact surface or illumination through a fluid food matrix) to destroy
bacteria, yeasts, molds, and viruses present therein. The PL is nothing but ordinary white light like
sunlight, except having a very high intensity, and applied over a very short period of time. PL has an
electromagnetic spectrum similar to that of sunlight, ranging from ultraviolet (UV) to near infrared
(IR) wavelengths [12]. This range of electromagnetic radiation includes UV rays (λ = 200–400 nm;
UV is again classified into UV-C: 200–280 nm, UV-B: 280–315 nm, UV-A: 315–400 nm), visible light
(λ = 400–700 nm), and infrared (IR) rays (λ = 700–1100 nm) [4,13]. However, the spectral output of PL is
rich in UV regions, unlike solar spectrum, which is rich in visible regions [14] (p. 236). The generation
of light pulses is carried out by the excitation of inert gases, like xenon in flashlamps, and the collision
of gaseous molecules due to electrical pulse application. The light energy is then released in the form of
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short-duration light bursts in a highly concentrated manner (lasting for a few hundred microseconds,
usually 1 µs to 0.1 s) [13,15]. The light pulses produced are short-lived, but are of high intensity,
summing up to around twenty thousand times the sunlight intensity at the sea level [1,6,13].

Broad-spectrum pulsed light inactivates microorganisms by a combination of photo-chemical,
photo-thermal, and photo-physical effects [16,17], which are discussed later. Mainly, the lethal
effect is owed to the photo-chemical effect whereby light photons of the UV-C wavelengths, notably
253.7 nm, are absorbed by the microbial DNA. Thus, it shows antimicrobial effects alike continuous
UV processing [18]. Thereby, similar to continuous UV processing, rules and terms associated with
photophysics and photochemistry laws have been applied for PL treatment characterization since
its inception. Light-based processes are mainly quantified in terms of the cumulative energy dose
imparted during treatment so that the results of PL can be uniformly reported. Typically, the term
fluence is used to quantify the radiant energy for treatment. Fluence (Fo) is the cumulative radiant
energy comprised of all wavelengths per unit area coming from all directions incident on an imaginary
infinitesimal sphere with cross-section area dA (unit: J/cm2) (Figure 3).
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sphere from all directions per unit cross-section area of the sphere.

The PL inactivation efficacy is dependent upon the delivered fluence [4]. Parameters affecting the
fluence (at a particular distance from the lamp) are the pulse width (τ), treatment time (t), number of
pulses (n), pulse repetition rate (f) [19]. The fluence is mathematically calculated as the product of
energy of each pulse, total number of pulses, and pulse frequency as expressed by Equation (1) [20].

Fo = e× t× f (1)

where Fo = fluence (J/cm2), e = energy of one pulse (J/cm2 per pulse), t = treatment time (s), and
f = pulse frequency (Hz).

Other terms related to PL like fluence rate (W/cm2), spectral irradiance (W/(cm2-nm)), radiance
exposure (J/cm2) etc. have been described by Gómez-López and Bolton [19]. The researchers tried to
introduce the fundamentals of photochemistry and biodosimetry as applicable to continuous UV light
wave processing to PL tests.

Light energy, as continuous UV, has been used for a long time for disinfection and decontamination
in hospitals, laboratories, etc. However, PL application involves a slightly different approach. During
PL application, the electrical energy is first concentrated over a long period of time, and then discharged
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in the form of short-duration light pulses. These light flashes have more decontamination efficacy than
continuous UV light application due to their higher intensity. This may arguably be due to the shorter
pulse duration leading to higher impulsive power at equivalent radiant energy. This has been explained
to be similar to the concept of ‘impulsive force’, wherein a short-duration impact force (say a hammer)
produces greater impact. Pulsed UV systems can dissipate ~35 MW of impulsive power for a fluence
level of 3 J/cm2 [21]. On the contrary, a continuous wave UV system dissipates power in the range of
0.1–1 kW [22]. PL treatment is proven to be more efficient in reducing pathogens like Escherichia coli
O157:H7 and L. monocytogenes than continuous UV light irradiation [23]. In a recent study done by
Zou et al. [24], results show E. coli inactivation by using pulsed UV-LED irradiation is more effective
than continuous UV. By applying the same dose, the inactivation rate of E. coli significantly rose as
the duty cycle reduced from 100% to 5% [24]. In addition to a higher decontamination power, high
intensity light pulses also penetrate a larger distance through materials than continuous UV light,
although both might have the same penetration depth (the distance travelled by the light before its’
intensity becomes 1/e of itself) [25,26]. Although it has been debated whether pulsed light has greater
penetration depth than continuous UV, a higher effective penetration depth can be supported by the
conjecture that the penetration of light waves also depends on wavelength, i.e., penetration depth of
light in a substance increases as the wavelength of light decreases. As the PL includes wavelength
from 200 to 1100 nm, the lower bound wavelengths of around 200 nm have higher penetration depth
than continuous wave UV (considering 253.7 nm).

There is some heating attributed to the use of PL, which is beneficial as it may add to the
decontamination process. However, it has created problems for PL application on fresh produces
based on the degradation of sensory qualities [27]. Mathematically, the interaction of PL with matter
can be studied by Lambert–Beer law. When light radiation of energy intensity I0 falls on a product
superficially, it gets transmitted into its depth and then gets absorbed by the layers of product [4] as in
Figure 4.Appl. Sci. 2020, 10, x FOR PEER REVIEW 7 of 44 
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The light fraction having energy I(x) is transmitted as per Lambert–Beer’s law (Equation (2)) as
a function of the distance ‘x’ under the product surface, the wavelength of light, and the material
extinction (absorption) coefficient. Most food materials show a decrease in light intensity while
penetrating their bulk [4], which appears in the form of heat, leading to a temperature rise, given by
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Equation (3). The extinction coefficient, α in Equation (2), is related to the transparency or opacity of
the material.

I(x) = Ioe−[α]x (2)

T =
Id

ρCpAd
(3)

Id = I(x)
(
1− e−[α]d

)
(4)

where α = extinction coefficient (cm−1), ρ = density of body (kg/m3), and Cp = specific heat of the
body (J/kg-K) and A = surface area of body (m2). Id is the absorbed energy (from the transmitted light)
between the depth x and x + d, given by:

dT
dd

=
Id
kA

(5)

Such a temperature rise creates a temperature gradient ( dT
dd ) (Equation (5) between the surface and

the internal layers of the product, setting up conductive heat transfer (k = thermal conductivity of the
material, W/m-K) within the material. This dissipated heat may be utilized for the decontamination of
food products [4]. However, it must be emphasized that this heating is not the primary mechanism
of PL action on microbes (discussed in Section 4). However, this heating may be utilized to enhance
decontamination potential and to reach pasteurization temperatures in selected cases potentially. Like,
in a PL treatment at 59.4 J/cm2, raspberries reached 75 ◦C from initial temperature of 30 ◦C, which
reduced Salmonella by 3.4 logs and E. coli O157:H7 by around three logs [28]. At higher fluence level
(72 J/cm2), the temperature rose to 80 ◦C. Due to the short duration of light pulses and relative short
cumulative PL treatments (often limited by 12 J/cm2 limitation), a steady-state thermal conduction is
never achieved. Only a thin surface layer gets rapidly heated, sparing the inner layers of material,
unlike the high overall temperature achieved in continuous systems [4]. Thus, PL treatment can
be claimed to be a ‘non-thermal’ processing method because the inner layers are not prone to any
temperature rise.

Overall, PL seems very effective for treating the surfaces of food products and packaging materials
as its action on a thin surface layer is sufficient enough to destroy superficial vegetative cells [16].
PL is thus a rapid process of decontamination of food and packaging surfaces. PL processing offers
several benefits over conventional processing like bulk of the product remains around the ambient
temperatures due to shorter energy delivery time leading to no damage of inner parts of products.
However, there have been reports on products getting heated due to prolonged exposure time, which
needs to be mitigated. The PL systems are advantageous as flashlamps used to generate light pulses
in PL systems do not require mercury, unlike continuous UV systems [20,21]. Apart from that, the
PL systems also impart less risk from pathogens, and provide improved quality of the product than
thermal processing, better economics while food processing due to low operational costs, greater
flexibility, and leave no chemical/biochemical residues [23]. PL technology also stands out well as
compared to other non-thermal technologies like HPP and PEF. In the case of HPP, food is needed to
be usually packaged before treatment. Also, mild HPP treatment seems unable to inactivate spores,
rather the process promotes germination [2]. On the other hand, PL effectively inactivates spores
and decontaminate food and packaging materials. Food contact surface decontamination can also be
achieved using PL [9,10]. PEF processing, although an excellent food preservation technique, has some
limitations like lower processing capacities [7]. These challenges could be mitigated to a great extent
using PL processing.

3. Pulsed Light Equipment

Initially, PL treatments were used for aesthetic applications like cosmetic, skin, and hair treatment
areas. Later on, after approval of FDA in 1996, there has been tremendous development in the field
of PL-based disinfection that has further been spread to food industries, pharmaceuticals, and water
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treatment plants. During the 1970s, Hiramoto [29] patented a pulsed UV light system for microbial
inactivation [4]. Later on, studies were performed by Dunn et al. [30], who patented systems for
sterilization of food and packaging materials. Since then, a major organization pioneering the PL based
research in the world for food and drinking water decontamination was the Purepulse Technologies Inc.,
San Diego, California, a subsidiary of Xenon Corporation [23]. They acquired Hiramoto’s patent and
conducted further research to commercialize the PL equipment for food applications under the name
PureBright™ system [4]. Subsequently, after several advancements in this field, the major companies
manufacturing PL based decontamination systems are SteriBeam Systems from Germany, Wek-tec
Systems from Germany, Claranor from France, Xenon Corp. from USA, and Solaris Disinfection Inc.
from Canada. Table 2 summarizes the available PL systems for food decontamination.

A typical PL system works via the generation of light pulses using a pulse forming device. Pulses
of light are produced by multiplying electrical power many folds by concentrating electrical energy in
a capacitor over less than a second and releasing this energy in a relatively shorter duration (millionths
or 10−6 of a second) to flashlamps. The flashlamps, filled with inert gases give off light in the form of
flashes [12]. The pulses per second or pulse frequency varies mostly as 1–3 Hz [20]. The pulsed light
systems basically have of three main units [13] as given in schematic diagram (Figure 5):

1. The power unit: Comprising electrical power supplier where high-voltage direct current (DC)
power is obtained from low-voltage AC power.

2. Pulse configuration device: Comprising of high-voltage capacitors joined in parallel that
concentrate energy from the power supplying unit in the charge cycle and release that during
the discharge cycle, generating high electrical current. It is also connected to special high-power
handling switches that perform on/off cycles of very short time converting the continuous
low-electrical power into a pulsed high-electrical power.

3. The lamp unit: Comprising specially designed batteries of flashlamps containing gases that are
excited due to pulsed high-electrical power from the pulsed configuration device. While
transitioning to lower energy or ground states, they give off energy in the form of high
intensity pulses. The high-intensity PL is delivered to the products by various lamp footprints
and configurations.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 15 of 44 

A typical PL system works via the generation of light pulses using a pulse forming device. Pulses 
of light are produced by multiplying electrical power many folds by concentrating electrical energy 
in a capacitor over less than a second and releasing this energy in a relatively shorter duration 
(millionths or 10−6 of a second) to flashlamps. The flashlamps, filled with inert gases give off light in 
the form of flashes [12]. The pulses per second or pulse frequency varies mostly as 1–3 Hz [20]. The 
pulsed light systems basically have of three main units [13] as given in schematic diagram (Figure 5): 

1. The power unit: Comprising electrical power supplier where high-voltage direct current (DC) 
power is obtained from low-voltage AC power. 

2. Pulse configuration device: Comprising of high-voltage capacitors joined in parallel that 
concentrate energy from the power supplying unit in the charge cycle and release that during 
the discharge cycle, generating high electrical current. It is also connected to special high-power 
handling switches that perform on/off cycles of very short time converting the continuous low-
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where electric energy enters the capacitors, which accumulate the energy and get discharged into 
high-intensity light pulses. 

4. Mechanism of Microbial Decontamination 

PL leads to the inactivation of microbes based on various extensive physicochemical processes. 
The microbial destruction is generally attributed to mechanisms like photo-chemical, photo-thermal, 
and photo-physical effects. These mechanisms are responsible for the inactivation of microorganisms 
independently or in combination with each other, depending on treatment conditions and target 
organisms [41]. Although photo-thermal and photo-physical effects might have an influence on 
inactivation, most works indicate the photo-chemical effect of light to be the main factor that drives 
the destruction of microorganisms. 
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Figure 5. PL generation system. PL generation system consists of an electrical power source from
where electric energy enters the capacitors, which accumulate the energy and get discharged into
high-intensity light pulses.



Appl. Sci. 2020, 10, 3606 9 of 40

Table 2. PL systems for food decontamination.

PL System Characteristics References

Pure Bright™

System for sterilizing liquid products (fruit juices)

[30]
Annular PL processing chamber with PL lamp inside and housed inside a highly reflective material
Tube-quartz made; arrangement-spherical, spiral, etc.
Electrodes- metallic (tungsten) electrodes
Flashlamps-filled with inert gases like xenon, krypton or a noble gases mixture at various pressures

System for sterilization of a flexible film for aseptic packaging

Flexible film drawn through rollers into an absorption enhancement solution and then making them into a cylindrical tube
(with product filler and lamp inside) like structure, sealing the longitudinal and bottom seals. The lamp disinfects the
interior. Then product fills them and film is drawn forward. Then another seal is done transversally to totally seal the first
package and create bottom seal of next package.

System for sterilizing preformed containers

Packaging containers moved in line under the flashlamps and then pre-sterilized product fills them sequentially.

Wek-tec®

The system had a stainless steel enclosure,
Test area dimensions: 16 cm wide × 12 cm deep × 15 cm high.
Flashlamps – linear; xenon filled
Fluence- 0.1 J/cm2 to 8 J/cm2

Pulse duration - 200 µs

[31]

Sterilization system for inner surfaces of
preformed containers

The containers for packaging milk, juices placed on a conveyer belt, which move under the lamps that flash them. Then, the
container progresses forward. [32]

Bench top PL system

System comprises a treatment chamber and a control module
Treatment chamber-stainless steel
Lamps-lamp house is at the top center and filled with Xenon gas.
The control module and light source connected by a control cable, to modulate the electric current to get specific pulse
repetition rate, pulse width and peak power.

[33]

OneShot EN2/2143–1 unit 3-fluidized bed PUV system mounted with adjustable air nozzles to blow compressed air for fluidization of the food powders;
Water circulation in surrounding quartz jacket around the flash lamp to counter overheating and a reflecting cylinder. [34]

RDT350 model,
La Calhene, USA

Treatment chamber-250 cm diameter
Lamps no.-8 xenon lamps arranged on the periphery of the chamber
Distance of samples from the xenon lamps was 13.5 cm
Lamps Fluence-1.5 J/cm2

Pulse duration-300 µs
Wavelength-between 200–1200 nm

[13]
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Table 2. Cont.

PL System Characteristics References

Laboratory-scale PL system for
sterilization of infant foods

Pulse discharge by quartz lamp with an oscilloscope to get the exponential decay pulse.
Water bath dissipates the heat generated during the operation [35]

Intense PL system for sea foods
decontamination

Lab scale system for decontamination of microorganisms in solid foods and sea foods.
Input voltage of 220 V alternating current (AC) supply rectified and transformed to a maximum voltage 50KV
Lamps- quartz lamp in which the Xenon gas is filled at 450 Torr pressure
Length-145 mm
Outer diameter-7.14 mm
Wavelength- 200–1100 nm ranging from UV-C to IR

[36]

Continuous-flow through PL system For liquid food products like sugar syrup, juices [37]

SteriPulse® XL-3000 system

Fluence: 1.27 J/cm2 per pulse
Pulse duration-360 µs;3 pulses/s
Broad spectrum UV with high germicidal power
Stainless steel sterilization chamber, removable lamp housing

[38]

Claranor, France PL system with multiple xenon lamps [39]

The LytBot, Solaris Disinfection Inc.,
Canada PL system for Hospital Disinfection from [40]

Note: PUV = Pulsed UV.
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4. Mechanism of Microbial Decontamination

PL leads to the inactivation of microbes based on various extensive physicochemical processes.
The microbial destruction is generally attributed to mechanisms like photo-chemical, photo-thermal,
and photo-physical effects. These mechanisms are responsible for the inactivation of microorganisms
independently or in combination with each other, depending on treatment conditions and target
organisms [41]. Although photo-thermal and photo-physical effects might have an influence on
inactivation, most works indicate the photo-chemical effect of light to be the main factor that drives the
destruction of microorganisms.

Other than the physicochemical mechanisms, the spectral range and microbial morphology also
govern the microbial destruction by PL to an extent. The effect of spectral range of light pulses has also
been extensively studied. The spectral range found to be most efficient in microbial destruction was
UV range [23], with UV-C component (200–280 nm) having the major role and a theoretical inactivation
peak at 253.7 nm [41]. Wang et al. [42], however, reported that maximum reduction of E. coli took place
at 270 nm, in the UV-C range. Ramos-Villarroel et al. [43] also obtained greater inactivation in fresh-cut
avocadoes by using the UV-C component rather than Vis-NIR spectra PL. However, the IR and visible
regions of light radiation were not effective in PL-based inactivation process [23]. The IR and visible
regions only had the antibacterial effect at higher powers [13].

Microbial morphology does not show consistency with respect to PL treatment. Rowan et al. [44]
concluded the susceptibility of microorganisms to PL in the manner: Gram-negative bacteria >

Gram-positive bacteria > fungal spores. In another study, Anderson et al. [45] observed similar trend
in microbial sensitivity. Contrarily, Gómez-López et al. [46], however, did not report similar pattern of
susceptibility in their studies. Spores have lower susceptibility than bacteria vegetative cells which was
stated to be due to inherent DNA repair mechanisms of cell [45]. However, this tendency of repairing
of DNA is highly affected by PL application as compared to continuous UV application, which is why
PL is more effective [47].

Pigments in microorganisms can also be a determinant factor for PL efficacy. Anderson et al. [45]
inferred that spore colors may have an effect on the action of PL. They showed that dark colored spores
of the mold Aspergillus niger were resistant to PL rather than pink colored Fusrium culmorum, due to a
greater absorption of UV-C light.

4.1. Photo-Chemical Effect

Researches firmly claim the chemical effect of PL to be the most important factor for microbial
inactivation. UV absorption by DNA is claimed to be a major factor of germicidal effect of PL [41]. UV
light shows antibacterial action by virtue of the formation of pyrimidine dimers, mostly by forming
thymine dimers [1,41]. The UV light, particularly 253.7 nm, corresponds to the threshold, which
leads to dimer formation in microbial DNA. The light radiation of wavelengths less than or equal
to 253.7 nm have the energy to carry out DNA dimerization [14]. These thymine dimers hinder the
bacterial DNA replication process, thus resulting in the inactivation. Other than DNA dimerization,
Gómez-López et al. [41] also reported that UV-C treatment of spores forms “spore photoproduct” like
5-thyminyl-5, 6-dihydrothymine and cyclo-butane pyrimidine dimers. UV light also gets absorbed by
conjugated systems like carbon-carbon double bonds in DNA and protein molecules, thus causing
structural alterations [1,23]. Wavelengths >295 nm have been demonstrated to have capacity to destroy
viruses. In another study, wavelengths >400 nm were shown to destroy viruses due to the rupture of
phage capsid [47].

Photosensitization is another facet of the photo-chemical effect. It involves the administration
of certain photoactive compound (called ‘photo-sensitizer’) that gets accumulated in the target
microorganism cells followed by light flashes [48]. The interaction of these compounds with light
in excess of oxygen leads to the destruction of cells. Important advances have been made in
photo-sensitized antimicrobial chemotherapy, like disinfection of the blood and blood products.
Lukšiene et al. [49] carried out in vitro 5-aminolevulinic acid (ALA)-based photosensitization of
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Bacillus cereus and on the surface of packaging material. As a consequence of the photosensitization,
several ‘cytotoxic reactions’ were reported to occur in the cells. Disruption of cellular membrane,
enzymes inactivation and damage of DNA took place as a result [48]. Photosensitization-based
microbial inactivation by PL could be a new area of application for light-based technologies.

4.2. Photo-Thermal Effect

The photo-thermal effects of light are shown by wavelengths corresponding to IR regions. Thermal
effects of PL may add to inactivation of microorganisms if final temperature reaches pasteurization
temperature. Although higher temperature by intense PL treatment might add to inactivation, it has
been shown that the food sensory qualities are adversely affected. It has been previously emphasized
in several studies that light pulses heat the surface layers of foods. The temperature of surface layer
increases, which can destroy superficial pathogenic organisms. The heat can also penetrate inside of
the food by conduction, but as mentioned, due to a short process the heat gets dissipated before it
reaches the bulk. Nevertheless, a study by Hiramoto [29] showed that light pulses may be absorbed
into A. niger cells when the molds heat instantaneously, which might lead to cell death. Dunn et al. [30]
reported the possibility that light pulses to heat the food surfaces to destroy inhabiting bacteria.
Changes in the structure and physiology of the cells might be the reason of cell death, what could
be called photo-thermal stress. Wekhof et al. [31] showed that regional overheating of bacteria due
to PL exposure may cause damage and rupture leading to an ‘explosion’ of cellular contents. They
showed scanning electron-microscope (SEM) images of PL-treated A. niger spores, visualizing the
release of overheated contents of spores. This happens due to the differential heating rate of cellular
components leading to regional expansion and bursting of cell. Nicorescu et al. [50] demonstrated
that in PL treatment of Bacillus subtilis, the cell wall got disrupted due to that photo-thermal stress.
Xu and Wu [51] showed that, on PL treatment of E. coli, there were structural changes, possibly due
to ‘overheating, intercellular water vaporization and subsequent membrane disruption’. However,
the studies showed the heat generation due to light pulses should only be a lesser contributing factor
towards microbial inactivation, as compared to photochemical effects.

4.3. Photo-Physical Effect

The photo-physical effect of PL has also been identified to be a contributory factor for microbial
inactivation. The tendency of high energy pulses to disrupt the cell structure was demonstrated by
Krishnamurthy et al. [52]. They showed that Staphylococcus aureus cells suffered cell wall damage,
shrinkage of plasma membrane, and leakage of cell organelles. In another study, Takeshita et al. [53]
observed changes in cell shape and cell membrane, and the elusion of intracellular components and
proteins in S. cerevisiae due to PL. Ramos-Villarroel et al. [54] also observed cytoplasmic damages to
L. innocua and E. coli post PL treatment. Macias-Rodriguez et al. [55] carried out PL treatment of eggs
to study photo-physical changes to E. coli cells and observed structural damage in the form of central
depression in cells. These all studies show a contributory effect of photo-physical effect on microbial
inactivation exclusive to PL. The structural damage tendency of PL is higher than that of continuous
UV [47]. This might be due to application of high energy ‘pulses’ as compared to a continuous nature
of the latter.

5. Role of Pulsed Light Technology in Food Safety

The PL technology has been shown to effectively inactivate several microorganisms like bacteria,
yeasts, molds, and even viruses. The efficacy of its decontaminating several food substances has been
well demonstrated and documented [56]. Several studies have been conducted in the past decades with
respect to the application of PL in ensuring microbiological safety [1,23,44,45,57]. Some results from
these and other in vitro studies and the decontamination of several solid and liquid food products,
fresh fruits, and vegetables are shown in Tables 3 and 4, respectively.
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Table 3. The effects of PL treatments on microbial inactivation in vitro based on several published data.

Microorganism Media Pulse Energy
(J/cm2)

Treatment Time
(µs) a Log10 Reductions Reference

B. subtilis Tryptic soy broth 4 2 10

[30]

1 4 10

E. coli Tryptic soy agar 4 1 10

1.5 2 10

A. niger Potato dextrose agar 4 4 10

12 1 10

S. aureus Tryptic soy agar 0.75 2 10

0.2 4 8

Saccharomyces cerevisiae Tryptic soy agar 0.4 4 10

E. coli O157:H7
Tryptone Soya-Yeast Extract Agar 3 1–512

6.82
[21]

L. monocytogenes 4b 6.25

Pseudomonas aeruginosa

Tryptone Soya-yeast Extract Agar 3 20

5.8

[44]

B. cereus 4.9

E. coli O157:H7 6.2

L. monocytogenes 4.4

S. enteritidis 5.6

S. cerevisiae 4.9

S. aureus 5.1

B. cereus, E. coli,
and

S. enteritidis
Tryptones soy-yeast extract broth

3 85
About 8

[45]

A. niger, Fusarium culmorum Malt extract agar 4.5

A. niger Buffer solution 1 1000 4.8 [31]

Cryptosporidium parvum oocysts
Solution containing approximately 25 × 106

Cryptosporidium oocysts
0.11 -

3–5 [58]
0.22 -

B. subtilis Sterile deionized water 1–4 2–5 [38]
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Table 3. Cont.

Microorganism Media Pulse Energy
(J/cm2)

Treatment Time
(µs) a Log10 Reductions Reference

S. cerevisiae Sterile potassium phosphate buffer
suspensions 0.7 1200 6 [53]

Botrytis cinerea Rose Bengal agar - 250 s 3
[59]

Monilinia fructigena Malt extract agar - 250 s 4

S. aureus Baird-Parker agar plates
5.6 5400 7.5

[25]
5.6 5400 8.5

Alicyclobacillus acidoterrestris Orange serum agar

7 1500

>5.2

[46]

B. circulans Nutrient agar >4.1

Brochotrix thermosphacta Nutrient agar 3.1

Leuconostoc mesenteroides de Man, Rogosa and Sharpe agar 4.0

Photobacterium phosphoreum Nutrient agar >4.4

P. fluorescens Nutrient agar 4.2

Shewanella putrefaciens Nutrient agar 3.9

Clostridium perfringens Nutrient agar >2.9

B. cereus Nutrient agar 3.0

E. coli O157:H7 Nutrient agar 4.7

L. monocytogenes Nutrient agar 2.8

S. typhimurium Nutrient agar 3.2

Shigella flexnii Nutrient agar 3.8

S. aureus Nutrient agar 5.1

Yersina enterocolitica Nutrient agar 3.9

A. flavus Potato dextrose agar 2.2

Candida lambica Yeast glucose choramphenicol 2.8

Rhodotorula mucilaginosa Yeast glucose choramphenicol >2.8

B. cinerea Potato dextrose agar 1.2
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Table 3. Cont.

Microorganism Media Pulse Energy
(J/cm2)

Treatment Time
(µs) a Log10 Reductions Reference

Alternaria alternate,
A. niger,

B. cinerea,
F. oxysporum,

F. roseum,
M. fructicola,

Penicillium expansum,
P. digitatum,

Phytophthora citrophthora and
Rhizopus stolonifer

Solid culture media Up to 0.2 - Controlled
completely [60]

L. innocua Clear liquid broth 12 - >6 [61]

S. aureus, E. coli NCTC 9001,
Methicillin-resistant S. aureus

(MRSA) LMG 15,975 and MRSA
16a

Phosphate-buffered saline suspension 630 30 min

5 for S. aureus and
MRSA strains

Negligible for E. coli
NCTC 9001

[62]

S. erterica serovar Enteritidis Noble agar 0.7 - 6.7 [63]

E. coli ATCC 25,922 and E. coli
O157:H7

Butterfield’s phosphate buffer

13.1

4 s >8.5

[64]
Tryptic soy broth 4 s (12 pulses @ 3

pulses/s) 3.5

Murine norovirus (MNV-1) and
hepatitis A virus (HAV) Viral suspensions 2 s 5 [65]

L. innocua NCTC 11,288
Maximum recovery diluent 28 8 s

5.13

[66]E. coli
K12 DSM 160 4.67

L. monocytogenes Tryptone soy agar plate 0.00175 180 s 6 [36]

B. subtilis
strain ATCC 6633

Cell suspension
(OD580 nm - 0.8) 0.6 - 8.7 [50]

B. cereus and
Luria-Bertani Agar 1.95 200 s

About 7
[67]

L. monocytogenes About 7
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Table 3. Cont.

Microorganism Media Pulse Energy
(J/cm2)

Treatment Time
(µs) a Log10 Reductions Reference

B. subtilis
Nutrient agar for vegetative cells

Tryptic soy broth for spores
(cell density 109 cells/mL in both)

12

-
About 4 of sporses
>8 for vegetative

cells [68]

Geobacillus stearothermophillus Nutrient agar for both vegetative cells and
spores -

About 0.5 for spores
About 1 for

vegetative cells

P. aeruginosa Plate count agar 1.13 30 s 3.63 [69]
About 11 300 s About 6.5

L. monocytogenes Scott A
Solid tryptic soy agar Petri plates - 20 s 5

[1]0.1% peptone water solution in whirl pak
bags - 93 ± 5 s 1

Bacillus subtilis spores Clear liquid medium 0.017 - 1 [70]

Murine norovirus (MNV-1) and
Phosphate buffered saline 4.94

- >5.8
[71]

Tulane virus (TV) - >6.0

E. coli K-12 MG1655 Lysogeny broth (LB)

76 J/cm2

wavelength of
190 nm

- 11

[72]
95 J/cm2

wavelength of
240 nm

6

a Time mentioned as µs unless specified.
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Table 4. The effects of PL on some food products based on several published researches.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

Dry, non-creamed cottage
cheese curds 16 2 pulses; 0.5 µs; Applied at 3 s

interval PVR a of 96.7% of Pseudomonas

[30]

White bread rolls, hard crusted

16 0.5 µs PVR of 97.2% of mold spores

16 2 pulses; 0.5 µs; Applied at 5 s
interval PVR of 99.8% of mold spores

Cakes packaged in plastic
containers 16 3 pulses; 0.5 µs; Applied at 5 s

interval

No mold growth in treated samples during storage at room
temperature for 10 days,

Untreated samples-moldy in 3 days

Whole fish, treated on the dark
side 10 3 flashes; 0.5 µs 1.93 of coliforms

2 of psychrotrophs

Shrimp 1–2 - Reduction by 10–1000 factors b of Listeria, Salmonella
Shelf-life increased by 1 week compared to untreated samples

White bread slices Broad Spectrum PL - Shelf life more than 2 weeks,
no surface molds [73]

Meat Broad Spectrum PL - Reduction of Listeria and Salmonella [73]

Chicken wings Broad Spectrum PL - 2 for Salmonella (inoculated) [6]

Frankfurters 30 - 2 of L. innocua (inoculated) [6]

Retail meat Broad Spectrum PL - 1–3 of the lactic, total aerobic, enteric bacteria and Pseudomonas [6]

Commercial eggs 4 8 Up to 8 of S. Enteriditis (inoculated) [7]

Strawberries 0.5 0.3 ms duration for pulses 4 s No mold growth after 2 weeks storage [74]

Catfish fillets, pre-packaged 0.25 -

Psychrotrophic and coliform bacteria not reduced just after treatment.
After storage of 1 week, psychrotrophic reduction to 1 log lesser than

untreated ones
Coliform reduction from about 50 to less than 10 CFU/g

[75]
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Table 4. Cont.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

0.5 - Psychrotrophic reduction to 2 log lower than untreated sample
Coliform reduction from about 50 to less than 10 CFU/g

Eggshells 1.5 - 3 to 6 of Bacillus subtilis spores reduced with no. of pulses ranging
from 2 to 6

[76]Cake 1.5 - 3 to 6 of A. niger spores with 2 to 6 pulses;
Shelf-life up to 6 months for treated samples

Bread slices, Packed 1.5 - Shelf life up to 5 months for treated samples

Milk 25.1 114 s >2.0 of Serratia marcescens [77]

Corn meal 5.6 c 100 s 4.93 of the spore of A. niger [33]

Strawberries 7 J 30 No significant effect on growth of M. fructigena and B. cineria [78]

Alfalfa seeds 5.6 90 s 4.89 of E. coli O157:H7 [79]

Clover honey
5.6 135 s 2 mm deep samples: reduction of C. sporogenes spores to 73.9% [22]
5.6 180 s 8 mm deep samples: reduction of C. sporogenes spores to 89.4%

Wheat flour 31.12 - 10.1% of S. cerevisiae [35]
Black pepper 31.12 - 44.5% of S. cerevisiae

Shredded spinach

7 J 180 d

0.9 of Mesophilic aerobic microorganisms

[80]

Grated celeriac 0.21 e of Mesophilic aerobic microorganisms

Chopped green paprika 0.56 of Mesophilic aerobic microorganisms

Soybean sprouts 0.65 of Mesophilic aerobic microorganisms

Shredded radicchio 0.79 of Mesophilic aerobic microorganisms

Grated carrot 1.64 of Mesophilic aerobic microorganisms

Shredded iceberg lettuce 2.04 of Mesophilic aerobic microorganisms
0.46 of aerobic psychrotrophic counts

Shredded white cabbage 1.64 of Mesophilic aerobic microorganisms
0.54 of aerobic psychrotrophic counts

Salmon fillets
5.6 60 s 1.09 on skin side and 0.3 on muscle side and of E. coli O157:H7 [81]
5.6 60 s 1.02 on skin side and 0.74 on muscle side of L. monocytogenes Scott A
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Table 4. Cont.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

Apples, kiwi, orange, lemon,
nectarine, peaches, pears,
raspberries, table grapes

Up to 0.500 f < 10 s >5 for fungi [60]

Milk 1.27 - 0.55–7.26 of S. aureus [25]

Blueberries
22.6 60 s 4.3 of S. enterica

[82]
22.6 60 s 2.9 of E. coli O157:H7

Raspberries
59.4 60 s 3.4 of Salmonella spp.

[28]
72.0 60 s 3.9 of E. coli O157:H7

Strawberries 64.8
60 s 4.3 of Salmonella spp

60 s 3.3 of E. coli O157:H7

Chicken breast
5.4 200 s 2.0 of S. Typhimurium [83]

16.8 15 s 1.9 of S. Typhimurium [84]

Chicken frankfurters 55.9 60 s 1.6 of L. monocytogenes Scott A [85]

Vienna sausages 9.4 4 s 1.37 of L. innocua [86]

Apple juice 8.8 3 s 7.29 of E. coli ATCC 2592 [64]

Shell eggs
12 - 2.49 S. Enteriditis [63]

23.6 20 s >5.3 of S. Enteriditis [87]

Infant milk powder - 9500 3 of L. monocytogenes [35]

Fresh-cut avocado 0.4 - 2.97 of L. innocua
3.33 of E.Coli [43]

Apple juice

4

- 4 of E.Coli

[88]
2.98 of L. innocua

Orange juice - 2.90 of E. Coli

0.93 of L. innocua

Eggs (unwashed)
2.1–10.5

- 4.9 of Salmonella
[89]

Eggs (washed) - 5 of Salmonella
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Table 4. Cont.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

Apple juice

28 8 s

>4.7 of E. coli
1.93 of L. innocua

[66]Orange juice About 1 for both L. innocua and E. coli

Milk 1.06 of E. coli
0.51–0.84 of L. innocua

Apple juice 5.1 1.52 3.9 of E. coli [90]

Orange juice 5.1 2.81 s 2.42 of E. coli [91]

Apple juice 5.1 300 s 4.9 of E. coli [92]

Plums,
tomatoes, cauliflowers, sweet

peppers
5.4 0–200 s 1.1–1.5 of mesophiles

1.3 -1.8 of B. cereus [93]

Fresh-cut watermelons 12 - >3 of E. coli
2.79 of L. innocua [94]

Fresh-cut mushrooms 12 - 3 of E. coli
2 of L. innocua [54]

Milk (9.8% total solids) 8.4

-

2.5 of E. coli ATCC 25922

[95]

Concentrated milk (45% total
solids) 8.4 < 1 of E. coli ATCC 25922

Skim milk 14.9 3.4 of E. coli ATCC 25922

Milk (2% fat) 14.9 >2.5 of E. coli ATCC 25922

Whole milk 14.9 >2.5 of E. coli ATCC 25922

Ground spices (caraway, black
pepper and red pepper) 10 - 0.8 in ground caraway and black pepper and 1 in ground red pepper

for B. subtilis [50]

Shrimp

12.1 1380 s

2.4 of L. monocytogenes

[36]Salmon 2.1 of L. monocytogenes

Flatfish fillets 1.9 of L. monocytogenes

Ready-To-Eat dry cured meat
products 11.9 - 1.5–1.8 of L. monocytogenes and S. enterica serovar Typhimurium [96]
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Table 4. Cont.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

Tomatoes
4

-
1 of surface microflora

[97]
2.2 2.3 of S. cerevisiae

Strawberries 3.9 200 s

2.2 of Aerobic mesophilic bacteria

[67]
1 of yeasts and molds

1.5 of B. cereus

1.1 of L. monocytogenes

Orange Juice

71.6 60 s

Up to 1 of L. innocua,
Up to 2 of E. coli

Up to 1.5 of S. Enteritidis
Up to 0.5 of S. cerevisiae

[98]

Strawberry juice Up to 0.2 of L. innocua,
Up to 0.3 of S. cerevisiae

Apple juice

Up to 4.5 of L. innocua
Up to 2 of E. coli

Up to 4 of S. Enteritidis
Up to 6 of S. cerevisiae

Melon juice
Up to 6 of L. innocua and E. coli

Up to 5 of S. Enteritidis
Up to 7 of S. cerevisiae

Blueberry wine - 60 s 9.6 ± 0. 9 of S. cerevisiae
[99]

White grape wine - 40 s 5.9 ± 0.5 of S. cerevisiae

Blueberries 5–56.1 360 µs
3.8- > 6.7 of E. coli O157:H7

[27]
4.8–5.7 of Salmonella

Apple juice 17.5 - 3 of L. brevis [100]

Raw milk 26.25 - Up to 3.2 of total microbial count [101]

Packaged cheese

53.4 40 s

1.25 of P. roqueforti
2.98 of Listeria monocytogenes

[102]
Unpackaged cheese 1.32 of P. roqueforti

3.08 of L. monocytogenes
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Table 4. Cont.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

Fresh egg pasta 1.75 - 3.3 of S. enterica [103]

Whey 1.1 - 0.5 of L. innocua [104]

Pork and salmon 30 - 0.96 (in pork) and 0.7 (in salmon) of aerobic microorganisms [105]

Cheese 1.02–12.09 -
3.74 ± 0.8 of P. fluorescens

5.41 ± 0.1 of E. coli ATCC 25,922
3.37 ± 0.2 of L. innocua

[106]

Strawberries 63.2

60 s

2.4 of E. coli O157:H7
2.2 of Salmonella

1.8 of Murine norovirus (MNV-1) [107]

Raspberries 53.9
4.5 of E. coli O157:H7

4.4 of Salmonella
3.6 of Murine norovirus (MNV-1)

Endive salad and

1

-
2.34 of E. coli

2.54 of L. innocua
2.46 of natural microflora [108]

Mung bean sprouts - 1.91 of E. coli
1.55 of L. innocua

Orange Juice

71.6 60 s

0.3–0.8 of L. innocua, E. coli and S. Enteritidis
Upto 0.5 of S. cerevisiae

[109]
Strawberry juice 0.3–0.8 of L. innocua, E. coli and S. Enteritidis

Apple juice

1.6 of L. innocua
2.1 of E. coli

2.4 of S. Enteritidis
Upto 1 of S. cerevisiae

Goat milk 10 - 6 of E. coli [110]

Spinach

4

-

0.5–2.2 of initial microbial load

[111]
0.8 1.85 of L. innocua

1.72 of E. coli

12 2.6 of L. innocua
2.3 of E. coli



Appl. Sci. 2020, 10, 3606 23 of 40

Table 4. Cont.

Food Products Pulse Energy (J/cm2) Treatment Time (µs) g Log10 Reductions Reference

Cantaloupe melon 15.6 -
1.39 of total plate count

[112]
1.45 of yeasts and molds

Raspberries 28.2 30 s
4.5 of Salmonella

[51]
3.9 of E. coli O157:H7

Powdered infant formula
0.199 - >99% of L. innocua [70]
0.398 - >99% of B. subtilis spores

Coconut water 19.2 - 5.2 of E. coli [113]

Strawberry

22.5 24 s

0.9 ± 0.2 of Murine norovirus
1.9 ± 0.3 of E. coli O157:H7

2.1 ± 0.4 of Salmonella [71]

Blueberry
3.8 ± 0.6 of Murine norovirus

5.7 ± 1.2 of E. coli O157:H7
4.2 ± 0.2 of Salmonella

Tomatoes (slices packed in
sealed trays 8 30 min About 1.17 of L. innocua CLIP11262

About 1.34 of E. coli 1.107 [114]

Fresh tomatoes 8 - Up to 2 of psychrophilic bacteria
Up to 1.3 of yeasts and molds [115]

Melons 9 - The shelf life was extended 12 days [116]

Spinach 15.75 15 s 2.7 of E. coli O157:H7 [117]

Strawberries 3 10 s Up to 0.8 for Salmonella [118]

Tomato stem scar 31.5 30 s 2.3 for S. enterica [119]
a PVR = Percentage of viability reduction; calculated by the following formula: [{1- (viable cell counts on treated sample/viable cell counts on control)} × 100]; b Factors: 10 = 1 log reduction,
1000 = 3 log reductions; c Maximum energy per pulse; d Treatment time in s/side; e 45 s treatment/side; f For Aspergillus niger fluence of 1.900 J/cm2; g Time mentioned as µs unless specified.
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5.1. Microbial Decontamination in Food Products

PL activity is different for solids and liquid food products. Solid foods absorb the PL and there is
an exponential decay of light intensity as light goes on being absorbed as a function of the depth of
food and its absorption coefficient. The extent to which PL penetrates the food products is termed its
penetration depth, which has been defined as the distance where the light fluence rate is reduced to
37% (1/e; e = 2.7128) of its initial value [14]. There are some other convention state penetration depths
where light intensity is reduced to 10% of surface incident intensity. The penetration depth is defined
as such because the reduction of light intensity to such a lower percentage is unable to carry out any
inactivation beyond that depth. Heinrich et al. [120] reported that lower absorption coefficient, and
higher absorption and transmission coefficients increase the penetration of PL. Uesugi and Moraru [86]
demonstrated a penetration depth of 2.3 mm in Vienna sausages by the PL for a fluence of 9.4 J/cm2 at
50.8 mm sample distance from lamp and achieving a 1.39 log reduction in L. innocua. Vimont et al. [121]
reported penetration of PL up to 10 mm depth in whey protein gels. Sauer and Moraru [64] obtained
penetration depth of 41.7 and 15.9 mm for apple juice and cider respectively at fluences of 8.8 and
11.7 J/cm2 and 50.8 mm sample distance from lamp. They also reported greater reductions of E. coli of
more than 7 and 5.5 for apple juice and cider respectively. In another study, coconut water of depth
5 mm was successfully treated by PL at fluence level of 19.2 J/cm2 and lamp distance of 50 mm [113].
Considering almost the same light intensity at the surface of any substrate, this indicates that PL has
greater penetration in liquid foods than solid foods, with a steeper decay in light intensity in the
solid foods.

Since in the case of solid foods products, the light does not penetrate well, PL application
is mostly limited to surface inactivation and these are superficially decontaminated [38]. For, its
superficial inactivation characteristics, PL would be effective for totally smooth products, where
microorganisms would be totally exposed to light flashes. However, surfaces of solid foods are
especially not smooth. Minute surface cracks and crevices could possibly shelter microorganisms,
where light would not reach. Therefore, the entire superficial area of the foods has to be flashed
so as to achieve the total decontamination of its surface despite surface unevenness, which makes
the process very complex [16]. Several researches have been done on surface-treatment of fruits for
microbial reductions. The possibility of PL to decontaminate the surfaces of fruits like strawberries
and raspberries was demonstrated by Bialka and Demirci [28], with insignificant damage of fruits
being reported. They treated raspberry surfaces using fluence of 72 J/cm2 and obtained E. coli 0157:H7
and Salmonella reduction by 3.9 and 3.4 logs, respectively. Similarly, in strawberries, they obtained
E. coli 0157:H7 and Salmonella reduction by 3.3 and 4.3 logs respectively at 64.8 J/cm2. However, very
high fluence values were used. Marine and poultry products have also been treated efficiently by
PL. Successful decontamination of surfaces was demonstrated for shrimp and fish [122]. Listeria on
shrimp surface were reduced by 1–3 logs using 4–8 flashes of 1–2 J/cm2 PL. Whereas fish treated with
3 PL flashes at intensity of 10 J/cm2 gave reduction of about 2 logs of surface psychrotrophic bacteria.
Paškevičiūte et al. [123] treated chicken surface with high-power PL of 1000 pulses and dose 5.4 J/cm2

and reduced S. Typhimurium and L. monocytogenes by 2–2.4 logs and total aerobic mesophiles by 2 logs.
Eggshells have also shown to be successfully decontaminated using light pulses. Exposure to PL of
fluence levels of 2.1 J/cm2 led to inactivation of Salmonella cells (5 log reductions per eggshell) on
the egg surface [89]. Hierro et al. [63] performed PL treatment of shell eggs using 12 J/cm2 fluence.
They obtained about 2.49 log reduction of S. Enteritidis on eggshell. The discrepancy between the
results of the latter in spite of using higher fluence could be due to the employment of different cell
recovery methods after treatment. Lasagabster et al. [89] used a shell rinse method for recovery of cells
from shell surface, while Hierro et al. [63] used the shell crush method, indicating the former to be
an inefficient cell recovery method [124]. Nevertheless, solid foods ranging from fruits, vegetables,
and poultry to marine products have been treated successfully by PL. However, surface irregularities
remain a challenge for their decontamination.
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Liquid sample treatment with PL is more challenging because microorganisms dwell in the
whole volume of liquids. So, PL efficacy is particularly based on several factors like sample distance
from lamp, exposure, turbidity, and optical and physicochemical properties of the sample, as well
as sample depth [16,110]. A higher exposure time of liquid food leads to higher inactivation. Also,
the sample distance from lamp determines treatment efficiency, i.e., lower the distance, the better.
Optical properties like transparency, and turbidity affect the PL efficacy. Turbid liquid foods might
hinder process efficiency because of light scattering. On the other hand, transparent liquids like clear
juices are treated by PL efficiently [23]. Huffman et al. [125] treated water using PL at 0.25 J/cm2 and
obtained reductions in bacteria Klebsiella terrigena of more than 7.4 logs, and in viruses (Poliovirus and
Rotavirus) and parasite (Cryptosporidium parvum) of above 4 logs. Milk was shown to be effectively
treated by the exposure of 56 s to PL at a dose of 25.1 J/cm2 [77]. S. aureus was reduced by 7.26 logs
at 1.27 J/cm2 when subjecting milk to PL treatment [52]. This shows that the higher fluence values
required for opaque food like milk as compared to water. Food composition also affects the PL
processing. Miller et al. [95] carried out PL treatment of milk (concentrated milk, whole milk, skim
milk) and showed that PL efficiency decreased as the content of milk fat and total solids increased.
They obtained highest inactivation for skim milk and concluded that the presence of milk fat scattered
light by fat globules. Other liquid foods like Apple juice and orange juice (inoculated with E coli
DH5-α and L. innocua 11,288) were subjected to continuous PL system with fluence of 4 J/cm2 [88].
They the inactivation levels of 4.00 and 2.90 log reductions respectively in apple and orange juices
for Escherichia coli. Similarly, 2.98 and 0.93 logs for L. innocua were obtained for apple and orange
juices, respectively. Higher turbidity and cloudiness in orange juice lowered the microbial inactivation
by PL. Hillegas and Demirci [24] obtained 0.97 log reductions of C. sporogenes spores inoculated in
2 mm depth of honey after 135 pulses intense PL treatment of 5.6 J/cm2 per pulse. They concluded that
microbial inactivation increased by varying the process parameters (lamp distance, number of pulses,
sample depth), but complete inactivation was not achieved due to poor penetration of pulsed UV
system in honey. Thus, the depth of liquid foods too affects the PL treatment. As light energy decreases
with depth, thin film or profiles are suitable for PL processing. The physico-chemical properties like
viscosity and density affect the flow properties of liquid foods and thus have to be considered while
designing a continuous PL treatment system for them. Nevertheless, most of the studies show that
PL is equally efficient and has great potential for the processing of several liquid foods. With the
successful decontamination of clear liquids by PL, more research has to be extended towards turbid
and opaque liquid foods.

5.2. Food Contact Surface Decontamination

Due to its superficial treatment characteristics, decontamination of food contact surfaces of
equipment in processing plants could be achieved by PL technology [126]. However, there are only a
few studies on the use of PL to sterilize equipment surfaces. Woodling and Moraru [127] investigated
the role played by the surface topography of stainless steel on the efficacy of PL treatment. They
obtained maximum reduction about 4 logs of L. innocua in stainless steel having varied surface finishes
and concluded that PL efficacy was less in highly smooth as well as highly rough surfaces due to
surface reflectivity and hiding of cells in the rough surfaces, respectively. Woodling and Moraru [9]
also showed in another experiment the effect of spectral range on PL on different stainless-steel
surfaces inoculated with L. innocua. While obtaining a maximum of about 4 logs reduction, they
concluded that the UV component of light necessary for PL based microbial inactivation. In another
study, Uesugi et al. [61] treated stainless steel coupons by PL of fluence 12 J/cm2 to achieve about
4 log reductions of L. innocua. Rajkovic et al. [10] showed that Pulsed UV light could be used for
decontamination of the stainless-steel meat slicing knife (contacted with different meat products prior to
treatment). However, meat composition played a role in the treatment efficiency. Complete inactivation
of E. coli O157:H7 and L. monocytogenes by a 6.5 log reduction per side of knife of was obtained in 60 s
when the knife was used to cut meat having lower fat and protein content. In a different study, PL
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treatment was shown be effective to inactivate hepatitis A virus and murine norovirus (food-borne
viruses) on food-handling surfaces [65]. Hepatitis A virus and Murine norovirus were inactivated up
to 5 logs in 3 and 2 s, corresponding to fluences of 0.06 and 0.091 J/cm2, respectively. In another study,
PL treatment was employed for reduction of murine norovirus on both clean and fouled (by protein)
stainless steel surface. The fluence level of 8.98 J/cm2 for 6 s resulted in an approximately 4 log reduction
on a clean surface and a 2.6 log reduction on a fouled surface [121]. This indicates that protein on
surfaces interferes with viral inactivation by PL. However, higher fluence value and exposure time can
suffice for fouled surfaces. PL also has a great potential for treatment of biofilms. Varying treatment
conditions can help in obtaining greater efficiency in PL processing. Thus, the decontamination of
food-contact and equipment surfaces is another promising area of PL application in the food industry.

5.3. Food Package Decontamination

There are several published results on the use of PL for the inactivation of microorganisms on food
packaging materials. The characteristics of packaging material also determine PL treatment efficiency.
The packaging materials should be transparent to UV light such as polyethylene, polypropylene,
nylon, ethyl vinyl acetate (EVA), polybutylene, ethyl vinyl alcohol (EVOH) and Aclar for suitable
PL treatment [4]. The application of PL has been shown to impart reductions of around 9 logs
for vegetative microorganisms and above 7 logs for bacterial spores on the packaging materials
surfaces [16]. In a study by Dunn et al. [122] of various packaging materials, surfaces were inoculated
with 10–1000 CFU/cm2 and subjected to pulses of light. Single pulse of 1.25 J/cm2 could inactivate
S. aureus, while intensities more than 2 J/cm2 were needed for inactivation of B. cereus and Aspergillus
spp. spores. Molds species such as A. niger, A. cinnamomeus, A. repens, and C. herbarum, that are
prevalent on the food packaging surface, after PL treatment, were reduced significantly by 2.7 logs on
a paper-polyethylene packaging surface [128]. Currently, the form fill seal type or aseptic packaging
films materials are sterilized in packaging machine by either H2O2 and/or UV light. An innovation
suggested by the application of PL lies in the disinfection of such packaging materials in place of H2O2

or UV lamps [4].

6. Effect on Food Quality Characteristics

One of the main limitations of conventional processes like thermal processing is the impact on
food quality aspects, including the taste, flavor, color, as well as nutritional and bioactive components.
Being a non-thermal process, PL processing is expected to have no harmful impacts on the food quality
while making it decontaminated. The potentiality of PL applications for food processing is thus affected
by how it affects their color, taste, nutrients and other properties of food products. Various researches
have been conducted to understand the effects of PL on food quality parameters. The effects of PL
processing on various food quality attributes are discussed in following subsections.

6.1. Effects on Organoleptic Properties (Color, Texture and Flavor) of Food Products

Fruits and vegetables contain several phytochemicals and pigments which impart color and other
sensory characteristics to them. It is very important to have a knowledge of the effects of PL on these
product characteristics. In earlier studies conducted by Dunn et al. [30], PL was claimed to maintain
sensory attributes without any significant changes. Many studies have emerged thereafter which
have shown both similar and opposite results of effect of PL on the sensory properties of products
like fruits and vegetables. Bialka and Demirci [28,82] treated blueberries, raspberries and strawberries
using pulsed UV light and observed insignificant color parameter and sensory changes, as well as no
damages on the treated samples as compared to untreated ones. However, Bialka and Demirci [28]
reported high inactivation at a high fluence level of 32.4 J/cm2 at 3 cm sample distance from lamp but
carried out color and sensory analyses at lower levels of 22.6 and 11.3 J/cm2 at 8 cm distance. In another
study, the color and firmness of strawberries remained acceptable after PL treatments [67]. Anugu [99]
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treated blueberry wine by PL and did not observe any significant effects on hue and lightness values of
blueberry wine.

However, many studies have shown significant undesirable changes by PL treatment. Fine
and Geravis [34] observed that undesirable color changes occurred on PL treatment of black pepper
and wheat flour, which was apparent well before achieving the required microbial inactivation.
Gómez-López et al. [80] reported discoloration in PL-treated iceberg lettuce and plastic like off-odor in
shredded white cabbage immediately after treatment at 2700 pulses of 7 J intensity at 12.8 cm distance.
This indicates a severe PL treatment might lead to significant changes to food quality. Slight color
changes were also observed on PL treated apple juice [92]. Similarly, Ramos-Villarroel et al. [43,54,94]
showed that the UV-C component of PL significantly hampered the firmness and color in fresh cut
avocado, watermelons and mushrooms as UV-C wavelengths corresponding to higher energy have
tendency to bring about undesirable sensory changes. There was a significant change in lightness
value of the fresh-cut avocado and post-storage browning [43] after PL treatment with the main
role of the UV-C region. There was a significant decrease in the color parameters and firmness of
water-melons by PL application contributed significantly by UV-C. Color changes were attributed
to decrease in carotenoid concentration [94] which might be due to the slight heating of samples
and exposure to UV-C. A similar decrease in the lightness and firmness values of mushrooms was
observed [54] after PL application. Abida et al. [15] also reported such effects of PL treatment on
mushroom texture due to thermal damage by photo-thermal effect. Lukšiene et al. [93] affirmed
that PL treatment affected the tactile properties of fruit and vegetables like texture and firmness,
which was shown by Ramos-Villarroel et al. [43,54,94]. A slight decrease in the firmness of PL treated
tomatoes was observed [115]. In PL treated mango pulp, there was 40% decrease in fruit firmness
post-storage [129]. There was also significant improvement in color in PL treated mango peel and pulp
after storage for seven days. Chroma values increased up to 140% in the peel and 130% in the pulp
post-storage which was attributed to increments in their carotenoid concentration due to chlorophyll
degradation, however, contradicting the study by Ramos-Villarroel et al. [94]. This might depend on
the product matrix, e.g., in watermelon the PL decreases carotenoids, whereas in mango it leads to
the conversion of chlorophyll into carotenoids. While severe treatment conditions are detrimental to
product sensory quality, optimized treatment conditions at particular light intensity, number of pulses
and lamp distance

Lipids in milk products might be quite susceptible to off-flavor generation auto-oxidation
phenomenon, due to light. Slight aroma changes were observed in PL-treated goat milk [110] possibly
due to photochemical changes in milk components and lipid oxidation. Krishnamurthy et al. [52]
showed that adequately designed pulsed UV treatment process of milk does not induce lipid oxidation.
Thus, properly designed fluid milk product PL treatment system are needed based on the optimized
flow rate, fluence dosage, and residence time to minimize the effect on their color and sensory properties.
Dunn [30] showed that no changes in color and taste occurred by PL in dry cottage cheese curd after
severe treatment of 32 J/cm2. Contrastingly, however, a smaller dose of 9.22 J/cm2 adversely affected the
sensory quality of cheese [130]. Color changes were significant for cheese treated by PL at 53.4 J/cm2

for 40 s at 5 cm distance [102]. The color values a* and b* were significantly different from untreated
ones, indicating changes in yellowness and redness.

The effects of PL application on sensory qualities of meat, sea-food, fish and other processed
foods have been extensively studied. Dunn et al. [131] showed the sensory attributes of the PL-treated
fish remained acceptable and close to control samples. They concluded that fish was acceptable even
after 15 days of refrigerated storage. However, pulses of 2.5–5 J/cm2 of UV light did not change
color in packaged catfish fillets [75]. In another study, salmon fillets, on PL treatment for 30 s at 3 cm
distance and for 45 s at 5 cm distance showed excessive heating which resulted in color changes
visually [81]. Paškevičiute and Lukšiene [83] did not observe any changes in color and flavor after PL
treatment of 5.4 J/cm2 in chicken breast meat. Keklik et al. [85] observed significant quality alterations
in PL-treated chicken frankfurters. The fluence level up to 67 J/cm2 for 60 s treatment induced darker,
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greenish and yellowish tint in the treated frankfurters. This could be due to application of higher
fluence. The sensory qualities of PL-treated bologna slices were observed to be adversely affected [132].
Researchers noticed change in redness value and sensory attributes for dose above 2.1 J/cm2. Wambura
and Verghese [133] studied the impact of pulsed UV light on quality attributes of ham. They observed
darkening of ham after processing and storage up to seven days with increasing L* value, and a slight
increase in yellowness due to the increase in b* and decreasing redness (due to decrease in a*) value,
possibly because of the accumulation of metmyoglobin on surface. They also observed a decrease in
the firmness of meat post-processing. Pork and salmon, after PL treatment showed significant color
and odor changes [105] post-PL treatment. Tomasevic and Rajkovic [134] found that PL treatment
degraded the organoleptic properties of cooked meat, whereas it did affect the sensory attributes of dry
cured meats and fermented sausages. The higher fluence dosage (17 J/cm2) significantly changed the
color parameter values of meat products. No significant differences in sensory and color quality were
found for sea foods. Sulphur off-odor was detected in fresh egg pasta after PL treatment of 1.75 J/cm2.
However, no significant color change was observed [103]. As a matter of fact, fat content remains a
decisive factor in PL treatment of meats with higher fat content leading to significant sensory changes.
Fat however tends to increase the bacterial resistance to PL and thus fat rich meat products require
treatment under severe conditions, jeopardizing their sensory characteristics.

6.2. Effects on Physico-Chemical Properties of Foods

The effects of PL processing on various physicochemical properties of food products like viscosity,
pH, functional properties have also been studied by several researchers. Shuwaish et al. [75] treated
catfish fillets by PL of 2.5–5 J/cm2 fluence and observed no effects on the shear forces. Marquenie et al. [78]
did not observe any effect of PL on firmness of strawberries either singly (160 s treatment) or in
combination with UV-C (254 nm, 0.1 J/cm2 and 120 s PL). Krishnamurthy et al. [52] observed an increase
in milk temperature up to 38 ◦C via the continuous flow PL treatment of milk, which led to fouling
as well as alterations in milk quality. Kasahara et al. [110] noticed a slight decrease in viscosity, pH
and density of milk after PL application. Palgan et al. [66] did not observe any significant change in
◦Brix and pH of apple juice after PL treatment. Eggs treated with PL showed no drastic effect on the
quality of egg albumin and on the sensory and functional properties [89]. The firmness and pH of
the fresh-cut avocado after PL application however decreased; also, textural properties of fresh-cut
watermelon and mushrooms [43,54,94] were affected. PL also showed no impact on the soluble solids
(in terms of ◦Brix), pH, and non-enzymatic browning index. However, there was slight effect on the
color of apple juice [92]. A slight decrease in pH and ◦Brix and a rise in titratable acidity (in terms of g
of anhydrous citric acid/100 g tomato) took place in tomatoes as a result storage of 20 days after PL
treatment of 8 J/cm2 [114]. Slight changes in cell wall integrity and weight decrease were observed in
tomatoes after PL treatment of 8 J/cm2 [115]. The physico-chemical properties are said to be affected in
some studies and not in others. However, no conclusive results could be drawn, and it could be said
that the effect of PL might be driven by product matrices.

6.3. Effects on Nutrients and Bio-Active Components

As already emphasized, PL processing tends to interact with the superficial layers of the food
products which are in the vicinity of the light source. So, it does not appear to hamper their inner
layers; hence, nutrients and bio-active components present within the inner layers remain intact as
untreated samples. Researches have been done in plenty to study the effect on PL processing on
food nutrients and bioactive components. On carrying out a nutritional evaluation of PL-treated
frankfurters, Dunn et al. [6] observed no differences in proteins, vitamins like riboflavin and vitamin C,
nitrosamine, or benzopyrene content compared to untreated samples, while a strong loss of riboflavin
was reported in foods due to heat, light, and oxygen. Contrastingly, riboflavin content in products like
chicken, beef and fish were did not decrease using pulsed UV treatment [135]. However, riboflavin
and vitamin E contents were reduced only to 95% by four light pulses and to 85% by eight light pulses
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of their initial value, respectively. Wambura and Verghese [133] demonstrated pronounced oxidation
in the treated ham samples in terms of the oxidative stability index (OSI) in hours, which showed
a decreasing trend as storage period progressed. Abida et al. [15] reported that the PL treatment of
mushroom reduced some phenolic compounds and vitamin C content.

Lipid oxidation is induced in many food products post-PL processing and remains a
challenge [102,105,123,133]. Paškevičiute et al. [123] observed PL induced lipid oxidation on chicken
surfaces. The intensity of lipid oxidation in control and treated chicken samples showed a difference of
0.16 mg malondialdehyde (MDA)/kg of chicken meat. Can et al. [102], in their PL treatment study
of cheese at 5 cm distance for 40 s, found that levels of lipid peroxidation as MDA concentration
was found to be about 30.7 and 34.8 µg MDA/g cheese in packaged condition and unpackaged
conditions respectively, with unpackaged cheese undergoing higher oxidation due to exposure to
oxygen. MDA levels in PL treated salmon and pork increased by 39.3% and 25.5%, respectively
after PL processing [105]. After PL treatment of milk, Elmnasser et al. [136] did not notice any lipid
oxidation and changes in amino acid sequence and composition of proteins. Kasahara et al. [110]
however talked about the possibility PL induced photochemical changes in milk lipids, proteins and
oxidation of vitamins. Fernandez et al. [137] studied the protein oxidation of cheese as affected by PL,
taking bovine serum albumin (BSA) as a model protein. They measured oxidation in terms of carbonyl
content increase (nmol carbonyls/mg BSA), obtaining an increase in carbonyls above 10 nmol/mg BSA
for fluence of 11.4 J/cm2. Thus, lipid oxidation tends to remain a bottleneck in PL processing of fat
rich products

Fruits like grapes and berries represent a rich source of phytonutrients and polyphenolic
compounds. The retention of these compounds is necessary from the nutritional point of view.
Impact of PL processing on these compounds has been a topic of continuous research. There was
a decrease in total phenol and antioxidant activity (in Trolox equivalents) and impact on sensory
attributes in 8 s (fluence of 1.17 J/cm2 per pulse) PL treatment of apple juice [66]. However, light-based
technologies, like continuous UV-C processing, have been shown to increase the concentration of
phytochemicals in fruits. This could be due to the activation of plant defense response to severe
treatments, which express the formation of the phytochemicals like phenolic compounds. In a study,
level of resveratrol in grapes increased by more than 10-fold [138]. Given the similarities with UV,
PL is claimed to have the similar effect of increasing phytochemicals [41]. Nevertheless, a study by
Muñoz et al. [92] showed no effect on the antioxidant capacity at fluence level of 5.1 J/cm2 and assisted
thermosonication for orange juice. Pulsed UV exposure of blueberries enhanced their antioxidant
capacity, phytochemicals and enzyme activity [99]. Pulsed UV treatment of blueberry wine enhanced
the total anthocyanins (as mg of Cyanidin-3-glucoside equivalents (C-3-GE)/L of wine) and total
flavonoids (as mg of Catechin equivalents (CE)/L of wine), but did not significantly reduce total
phenolics (as mg of Gaelic acid equivalents (GAE)/L of wine) and antioxidant activity (as mmol Trolox
equivalent/L of wine) [99]. There was increase in bio-active components like β-carotene, α-carotene,
and total lycopene contents with some lycopene isomerization in PL-treated tomatoes [97]. Green
tomatoes showed increase in phenolic compounds, antioxidant activity, lycopene content, and total
carotenoids after treatment [139]. Agüero et al. [110] observed a slight increase in polyphenolic content
and antioxidant activity after the PL treatment of spinach. There was an increase in antioxidant activity
in mango pulp [129]. The researchers found an increase in phenylalanine ammonia lyase enzyme
content indicating increase in phenolic content. There was also little reduction in Vitamin C content
in the mango pulp on storage after PL exposure. Braga et al. [140] shows that using pulsed UV as a
pre-treatment for drying mangoes can reduce vitamins loss as compared to untreated dried mangoes.
They found that the level of Vitamin C and carotenoids in untreated dried mangoes were 10% and 40%
lower than mangoes treated with fluences between 3.6–10.8 J/cm2. In addition, in samples subjected to
fluences between 3.6 and 7.2 J/cm2 the level of vitamins B1, B2 and B5 risen by 10 to 25%. However,
Vitamin B6 was decreased by 40%–50% [140]. In a study, our research group showed the effect of PL
on gallic acid solution (model solution of phenolic compounds in fruits and vegetables) [141]. It was
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observed that gallic acid solution turned brownish due to photo-degradation and a critical fluence of
3.82 J/cm2 at 2 cm distance was identified, below which the gallic acid solution showed little to no
degradation. Thus, as bioactive compounds being important from nutritional point of view, studies on
the effect of PL on these compounds remain very important.

6.4. Effects on Allergens, Toxins and Anti-nutritional Factors

In several studies PL treatment is proposed to mitigate the allergenicity and toxicity of foods,
which extends the applicability of PL treatment in food industry. For the first time, Chung et al. [142]
showed the use of PL in mitigation of allergenicity of peanuts. They employed PL treatment for the
prepare a peanut based product with hypoallergenic properties by reducing peanut allergens Ara h 1
and Ara h 3 to significant level. The major reason for changes in allergenicity of the proteins could be
attributed to changes in structure, conformation and solubility of the protein subunits [143]. Pulsed
UV treatment has ever since extended to other protein sources. PL treatment for 6 min led to a decrease
in the major soy extracts allergen levels (i.e., glycinin, Gly m6 and β-conglycinin, Gly m5) probably
through aggregation [144]. They also observed 50% lowering in Immunoglobulin E (IgE) binding after
treatment of 6 min. In another study, Meinlschmidt et al. [143] showed reduction in immunoreactivity
of Gly m6 and Gly m5 in soy protein isolate by 91% after 4 min treatment at 0.98 J/cm2-s fluence. Also,
PL treatment of 4 min was found to decrease the activity of the tropomyosin, a major allergen in
shrimp, and to decrease the IgE-binding capacity of shrimp extract [145]. Li et al. [146] showed that PL
exposure for 6–7 min reduced allergens of almond protein extracts and their IgE binding. Anugu [99]
showed that PL was also effective in reducing antigenicity as well as the binding of IgE by isolated
milk and egg proteins, in even shorter times [146]. Gluten immunoreactivity has been reduced by
50% using PL application at 26.26 J/cm2 [147]. Oracjo et al. [148] treated β-lactoglobulin solution and
reduced immunoreactivity of IgE and IgG by 45% and 85% after 16 J/cm2 PL treatment.

Mycotoxins also have been inactivated by PL treatment in several studies. Mycotoxins like
deoxynivalenol (DON), zearalenone, ochratoxin and aflatoxin (AF) B1 in solution were reduced by
72.5 ± 1.1, 84.5 ± 1.9, 98.1 ± 0.2 and 92.7 ± 0.8%, respectively [149]. In another study, Funes et al. [150]
demonstrated that PL dose of up to 35.8 J/cm2 reduced patulin level up to 22% in apple juice, whereas
a 12 J/cm2 treatment led to 51% lowering in patulin from apple purée. Furthermore, Wang et al. [151]
showed that PL treatment completely eliminated the mutagenic activity of AF B1 and AF B2 in rice
products like rough rice and rice bran. PL dose of 0.52 J/cm2 per pulse for 80 s caused reduction by
75.0% and 39.2% of AF B1 and AF B2 in rough rice, respectively, while a 15 s treatment caused reduction
in rice bran by 90.3% and 86.7% of AF B1 and AF B2, respectively. In a very recent study, concentration
of DON in germinating barley was reduced by 35.5% using intense PL after 180 pulses for 1 min [152].

6.5. Effects on Enzymes

PL has also been studied for its effects on enzyme activity. The PL processing has a great potential
to inactivate the food quality degrading enzymes. Broad spectrum PL may be useful to inactivate
enzymes like polyphenol oxidase (PPO) of vegetables, which is related to enzymatic browning in these.
Thus, PL treatment could be a solution to enzymatic browning in cut fruits like apples. Studies by
Dunn et al. [30] showed that by exposing 2–5 flashes of full spectrum PL treatment of 3 J/cm2, potato
slice browning could possibly be inhibited. On the contrary, Abida et al. [15] reported PL treatment
of mushroom induced some PPO activity leading to enzymatic browning due. Dunn et al. [30]
showed that PL could also inactivate alkaline phosphatase found in various natural food products
and milk. About 94% reduction in enzymatic activity of alkaline phosphatase was seen in PL treated
milk [101]. In relation to pectin degrading enzymes, there was no significant effect on enzymes like
pectin methyl esterase (PME) and polygalactouronase (PG) by PL treatment of tomatoes at 8 J/cm2 [115].
Moreover, 20 days storage of both treated and untreated samples showed higher enzyme activity in
the former and there was an approximately 40% reduction in the both enzymes’ activity after 20 days.
Contrastingly, a study has been done by Pellicer et al. [153] shows that PG can be degraded by 90%
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after applying 128 J/cm2 on enzyme solution samples (0.5 mg/mL, 20 mL) through the photochemical
process. Also, lipase enzyme, which is responsible for hydrolysis of lipids, was reduced to 10% by
intense PL treatment [154].

6.6. Effects on Post-Harvest Physiology of Fresh Produces

PL has been also shown to have impact on the physiological processes in the fresh produces.
The results in this regard are varying with treated products, but overall show that there seems to be an
increase in plant respiration rate and increase in CO2 with increase in O2 as a response to PL application.
An increase of 80% in the respiration rate was noticed in shredded Iceberg lettuce [79]. There was
an increase in CO2 and ethanol due to respiration, but a reduction in O2 and ethylene production in
the fresh-cut avocado after PL application [43]. There was increase in respiration rate in PL treated
watermelon [94] and mushrooms [54]. There was also increase in ethylene production and ethanol
in the watermelons [94]. Kramer [108] observed slight increase in respiration rate in endive salad.
Agüero et al. [109] demonstrated little increase in respiration in spinach. Valdivia-Nájar et al. [114]
demonstrated increase in CO2 and decrease in O2 in PL treated tomatoes.

Overall, the majority of these investigations tend to show that PL treatment has significant
undesirable effects on the color and sensory attributes, especially in fresh produces like lettuce and
mushrooms, meat products and fishes. which might be due to severe treatment conditions. The effects
of PL on physico-chemical properties seem to vary product wise. Nevertheless, with respect to
nutritional quality of foods, PL maintains the level of phytochemicals at over the period of post-harvest
storage with demonstrated enhancement of phenolic compounds, carotenoids and antioxidant activity.
Adding to the applications, PL has been shown to effectively mitigate the allergenicity and toxicity
of several food products and inactivates select food quality degrading enzymes. The deleterious
effect on sensory quality of food can be minimized by proper optimization of processing parameters
of PL treatment like sample thickness, sample distance from lamp, fluence level, exposure time etc.
The researchers [54,80] have also suggested the use of chemicals like anti-browning agents or textural
stabilizers for countering the observed decrease in firmness and browning of the food products, thereby
enhancing their shelf life and maintaining the quality.

7. Pulsed Light Technology for Enhancement of Bioactive Components in Foods

PL treatment has been used in recent studies to show enhancement of bioactive compounds like
phenolic compounds, carotenoids and antioxidants [111,115,129,139]. These are produced as a defense
mechanism to external severities. However, light-based technologies like UV have been used for
the enhancement of nutrients like vitamin D in mushrooms [155]. However, due to longer exposure
time of 5–20 min, there are discolorations in UV treated mushrooms [156]. PL processing being a
shorter treatment has been shown to achieve the same objective with little to no discoloration. In an
earlier study by Kalaras and Beelman [157], vitamin D2 was enhanced up to 824% daily value (DV-400
IU/84 g being 100% DV) per 84 g brown and white button mushrooms by application of 3.5 J/cm2.
Kalaras et al. [158] in a separate study, also observed Vitamin D2 content enhancement in white button
mushrooms (Agaricus bisporus) was up to 27 µg/g dry weight using 18 pulses of pulsed UV light of
0.791 J/cm2 per pulse for 1 s treatment. In another study, Koyyalamudi et al. [156] treated the white
button mushrooms (Agaricus bisporus) passed in conveyor belts (at 31.7 cm distance) and enhanced
Vitamin D2 by 22.5 µg/g dry weight using nine pulses at 1.15 J/cm2 per pulse. No visible discoloration
was observed by them. Chen et al. [159] treated Pleurotus mushrooms with nine pulses of 1.15 J/cm2 per
pulse and enhanced vitamin D2 by up to 2.78 µg/g fresh weight. They also treated mushroom powder
under severe conditions of 60 pulses of 1.15 J/cm2 per pulse at 5 cm distance and observed a vitamin D2

increment of up to 65.4 µg/g dry weight. Overall, the vitamin D2 enhancement varies proportionally
with energy delivered during PL treatment. The vitamin D2 enhancement in mushrooms by PL was
also patented recently [160,161].
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8. Future Challenges, Trends and Scope

The commercialization of PL is possible only when the system is economical and affordable.
Optimizing the important processing conditions to gain the desired log reduction level for specific
food applications without jeopardizing quality would enable easier scaling-up. Any future efforts
made to develop the PL process needs to be optimized based on the preliminary recommendations of
U.S. FDA, viz.

• The total cumulative treatment, in terms of total fluence shall not exceed 12 J/cm2

• The duration of pulses is < 2 ms
• Typical pulse frequencies used in range of 1 to 20 pulses per second

Various challenges present themselves currently. For an effective PL treatment for microbial
inactivation, the reflection coefficient of product surface should be low. Food products to be treated with
PL should have good optical properties [4]. Food composition also plays important role in affecting PL
efficacy. Solid foods and packaging materials must ideally be clear, smooth, and without roughness,
pores, and grooves which could ‘shadow’ the microorganisms from the light [4]. Even highly smooth
surfaces may also reflect light, rendering PL ineffective. These problems are further aggravated due to
the ill-effects of overheating, which has hindered the treatment of carrots [80], alfalfa seeds [79], and
raw salmon fillets [81]. Optimizing the desired photo-thermal based decontamination effect without
unnecessary overheating of the product is an important challenge that needs to be addressed. Due to
the shadowing effect, a PL system must be suitably developed for inactivating biofilms and granular
materials like cereals, grains, and spices [47]. In the case of liquid foods, suspended particles or
concentrated substrates in products like juice and milk can shield microorganisms, fat can minimize
PL effectiveness, and liquids of low transmittance (like milk) will attenuate or scatter light before
light could harm the microorganisms [47]. Proteinaceous and fat-rich food matrixes are not easily
treated [80]. Although solid food products and clear juices are efficiently treated, opaque or turbid food
treatment systems have to be devised based on research. Optimization of the processing parameters
and solutions to these potential problems dictates the future of PL technology.

The PL technology has shown potential in reducing allergen levels in peanut [142] and other food
products. In future, PL can be further explored to counter allergies related with other foods. While
PL can be effective for treatment of smooth surfaces like packaging materials, one scope of research
is on the development of PL for solid foods with rough surfaces, and granular materials like grains,
seeds, spices etc. More research is needed on the applicability of photosensitization-based reduction of
microbial load in foods. The enhancement of phytochemicals in food products apart from mushrooms
could be an interesting scope for future research.

Major efforts are needed to address this engineering challenge of equipment development for novel
PL applications including conveyor systems for solid food treatment and continuous flow-through
systems for liquid foods. Pollock et al. [1] suggested a possibility of “thin profile PL treatment” of
liquid foods, which is needed to be further explored. PL equipment with good penetration, like
using fluidized beds for treating granular foods and multi-directional lights for uniform surface
exposure [60], seems feasible in the future. PL could be employed for packaging films sterilization in
aseptic packaging systems, as an alternative to the use of H2O2, and/or UV lamps. PL systems can be
combined with other methods of food preservation, such as HHP or PEF also. PL equipment with
cooling systems could be a solution to product heating problems.

Multiphysics modeling and simulation tools are important for process validation. and Continuous
UV processing has been extensively studied and simulated using computation fluid dynamics (CFD).
PL technology somehow resembles the UV treatment. A better understanding of PL interactions with
foods and the design of continuous PL systems could be achieved by the CFD modeling and simulation.
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9. Conclusions

Pulsed light (PL) technology is a green, novel non-thermal technology that has huge potential to
be employed for decontaminating food- and food-contact surfaces as well as packaging materials. Ever
since the application of light pulses for food preservation, several terms have emerged, like pulsed UV
light, high intensity broad spectrum pulsed light, pulsed white light etc., which are all the same as PL.
PL has a great future in employment in the food industry for enhancement of keeping quality of food
products by inactivating microorganisms such as L. monocytogenes within a few seconds.

However, PL cannot be used to sterilize food products due to their non-uniform surfaces and
opacity, except to reduce their microbial load. Nevertheless, PL is one such technology, which has the
capacity to tackle the undesirable effects of conventional thermal processing. PL is an apt method of
decontamination for the surface of foods, packaging materials, equipment, and clear liquids. However,
a challenge lies in the processing of particulate foods like grains, spices, and products having highly
uneven surface due to the ‘shadowing’ of microorganisms. PL also has higher investment costs and has
shown the possible heating of products. Therefore, PL based systems with a proper optimized system
for minimizing PL induced sensory changes with minor modifications to allow for the processing of
particulate foods as well as installed cooling jackets to minimize the heating will open new avenues for
the process. Future research should be directed towards understanding the inactivation mechanisms
by the PL of different bacterial strains, states, and morphologies, like Gram-positive and Gram-negative
bacteria and different growth phases. Also, further attempts at the commercialization of the process
have to be made in the future. Lastly, the enhancement of nutritional attributes due to PL light presents
the opportunity of using PL as a bio-fortification technique, which might be of immediate demand in
the natural health and nutraceutical sectors.
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