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Abstract

:

Pulsed light is an emerging non-thermal technology viable for foodstuff sanitation. The sanitation is produced through the use of high energy pulses during ultra-short periods of time (ns to µs). The pulsed light induces irreversible damages at the DNA level with the formation of pyrimidine dimers, but also produces photo-thermal and photo-physical effects on the microbial membranes that lead to a reduction in the microbial populations. The reduction caused in the microbial populations can reach several fold, up to 4 log CFU/mL decrement. A slight increase of 3 to 4 °C in temperature is observed in treated food; nonetheless, this increase does not modify either the nutritional properties of the product or its sensory profile. The advantages of using pulsed light could be used to a greater extent in the winemaking industry. Experimental trials have shown a positive effect of reducing native yeast and bacteria in grapes to populations below 1–2 log CFU/mL. In this way, pulsed light, a non-thermal technology currently available for the sanitation of foodstuffs, is an alternative for the reduction in native microbiota and the later control of the fermentative process in winemaking. This certainly would allow the use of fermentation biotechnologies such as the use of non-Saccharomyces yeasts in mixed and sequential fermentations to preserve freshness in wines through the production of aroma volatile compounds and organic acids, and the production of wines with less utilization of SO2 in accordance with the consumers’ demand in the market.
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1. Introduction


Pulsed light is composed of white light comprising the visible light spectrum and fractions of the ultraviolet and near infrared invisible light spectra [1] that can be obtained from different sources, with silica fibers doped with ytterbium ions (Yb3+) being one of them [2]. This material is able to produce pulses with ultrashort durations (picoseconds and femtoseconds) and very high energy. Another source, commonly used in commercial equipment, is inert gases flash lamps filled with xenon or krypton [3]. Either way, the effects produced by a sequence of high intensity pulses has been tested in many different industrial fields.



Most of the initial experimental trials on the use of this technology were performed in the second half of the 20th century, in particular during the last three decades. The diversity of applications involving the use of pulsed light covers, to mention some, the thermal process of localized surfaces in semiconductors [4] without affecting the temperature of the overall device, or the possibility of sintering copper nanoparticles by replacing conventional thermal sintering, not suitable for the production of conductive lines, with a reactive sintering method for printed electronics with such a material [5]. In other distant field, the dermatology and cosmetic industries have also thoroughly evaluated the use of a variation of pulsed light technology with cut-off filters to select prescribed wavelengths [6] in treatments able to improve the aspect of the skin or to work as photo-rejuvenation [7] or promote collagen formation in upper dermal skin layers [8]; to work effectively on vascular facial lesions produced in patients with rosacea [9] or patients with facial hemangiomas [10]; to improve the state of stretch marks [11], and even to remove corporal hair in a long-term effective epilation process which is safe for people to use [12].



The effects that pulsed light have on biological structures have led to the use of this technology in other scopes. It has been observed that the energy released during the ultrashort emission treatments may affect protein structures and cellular membranes or even promote nucleic acid destruction and dimer formation [13]. These advantages have proven to work as alternatives for the reduction in pathogens from food matrices [14,15] that have an impact, not only on the shelf life and quality of many foodstuffs intended for human consumption, but also on the health and safety demanded in these products.



This review provides up to date accessible information regarding this emerging non-thermal technology towards its utilization in the food industry, in particular its feasibility on the industrial usage and scale-up for grape and must sanitation in the winemaking industry.




2. Pulsed Light Treatment Mechanism


The energy involved in the pulsed light (PL) technology comprises the production of photons released by atoms when they are excited and then relaxed to a lower energy state. The photons could be emitted from a continuous light source or, in the case of PL, in pulses, the mechanism of which increases the energy, as the emission is produced in a short time [3]. The energy generated is stored in capacitors able to keep this energy over short periods of time—fractions of a second—and then release the energy over the surfaces to be treated [16]. The energy emitted in pulses is increased with this arrangement and it can be estimated to be several times the energy of the sun received by the surface of the planet at sea level [17].



One of the reasons why PL has antimicrobial properties is because the light emitted covers a wide range of the electromagnetic spectrum, especially the UV radiation. The PL energy covers from high frequency wavelengths in the UV spectrum (≈200 nm) to wavelengths in the near infrared spectrum (2500 nm) (Figure 1). The radiation corresponding to the UV spectrum includes all three wavelength ranges: long, medium and short, or UV-A, UV-B and UV-C, respectively [3].



The UV-C light fraction from the PL radiation is mainly responsible for the inactivation of microorganisms found on the surface of the foodstuff, although UV-B and UV-A fractions can also contribute to microbial inactivation [18]. The UV-C light corresponds to the range of the electromagnetic spectrum between 200 and 280 nm [19]. The photochemical effect of the UV-C radiation (254–260 nm) is responsible for the formation of pyrimidine dimers, new covalent bonds previously non-existing in the polynucleotide chain, that inhibits the formation of new DNA chains needed for the cell replication [16,19]. The dimer formation occurs between adjacent thymine bases or between thymine and cytosine bases and inhibits the DNA replication. Although the principal consequence of the photochemical effect is the formation of dimers, there is also evidence on the occurrence of single-strand breaks and double-strand breaks of DNA’s structure. Besides this photochemical effect, there might also be photo-thermal and photo-physical damage in the biological structures of yeast, bacteria and viruses when using PL. These damages include changes in membrane permeability, depolarization of the cell membrane, ion flow variations and localized heating [3] (Figure 2). At the same time, photo-induced degradation of phenolic compounds has been reported when PL treatments above 3.8 J/cm2 are used in liquid media [20]. This suggests a potential reduction in secondary plant metabolites such as phenolic acids and flavonoids in uncontrolled treatments, with a subsequent reduction in the antioxidant capacity of the foodstuff.



In PL technology, for an efficient antimicrobial activity, it is critical to consider the number of pulses, the exposure time, and the dose or fluence that the product is receiving during the treatment, which is expressed as cumulative energy input (J/cm2) [21]. Dose-wise, there are several factors that influence this parameter since UV photons are less energetic than other photons; therefore, the distance between the flash lamp and the surface to be treated, the shading produce by the geometry of the sample and the micro-shading produced by the roughness of the surface and the discharge intensity are factors than can limit the effectiveness of treatments considering limited amount of pulses. The intensity of one emitted pulse can reach from 0.1 up to 50 J/cm2 at the surface with up to 20 flashes per second [1]. Such a range would make it possible to use these pulses to inactivate microorganisms naturally found on foodstuff surfaces considering the FDA cumulative recommendation of 12 J/cm2 for food treatments [22].



Even though there is a photo-thermal effect on biological structures produced locally, with temperature rising up to 130 °C, causing the rapid heating of microbial membranes [23], the overall thermal effect on particular food matrices can be considered negligible. PL together with other emerging technologies such high pressure processing (HPP) or high hydrostatic pressure (HHP), pulsed electric field (PEF) and e-beam irradiation are considered non-thermal technologies able to preserve food nutritional and organoleptic properties contrary to what is observed when using conventional thermal technologies [24]. Experimental trials using a pulsed light sterilization laboratory unit with two xenon flash lamps of 254 mm length and maximum energy of 6 kVA have shown an increase in temperature between 3 and 4 °C (Figure 3). The increase in temperature observed on the surface of the berries would not imply an alteration of the sensory profile, nor would it change the nutritional properties either.



Lastly, the use of PL may also imply having more energy efficient processes [25], as well as lower operative costs and minimal environmental impact [3], since there are no emissions of organic volatiles or suspended particles related to this emerging technology.




3. Food Spoilage Microorganisms and Pathogens Elimination


PL has been evaluated for the reduction in a wide variety of microorganisms located on the most outermost layer of non-processed products and others multiplied in crossed contamination during the transformation into ready-to-eat foodstuff. The control of microbial populations with PL includes reducing or eliminating spoilage yeasts, molds and bacteria [26,27] and assuring the elimination of pathogens including Escherichia coli [28], Salmonella enterica [29] and Listeria monocytogenes [30,31], the virulent species of which are responsible for diseases such as gastroenteritis, salmonellosis and listeriosis. Foodborne pathogens are responsible for millions of illnesses around the world every year and thus, the number of deaths related to foodborne diseases and the health-related costs can be significant [32].



The effectiveness of PL in the reduction in pathogens and food spoilage microorganisms has been tested in several different foodstuff matrices in the last decades. The use of PL in fruits and vegetables, either on raw products or after any kind of food processing (slicing, cutting, etc.), is shown in Table 1, whilst Table 2 shows data regarding the microbial reduction observed in meat products. Information regarding the use of this sanitation technology in grapes, must and wine is still scarce and limited to a low number of publications.



A direct consequence of the reduction in spoilage microorganisms in foodborne products is an increase in the shelf-life of fresh products. The shelf-life of products may be extended by preventing deterioration and looking forward to maintaining organoleptic properties [45]. However, depending on the foodstuff and the PL treatment, a negative impact in organoleptic properties may appear; such is the case of the negative modification of sensory properties of bologna with 2.1 J/cm2 treatment, while the use of 8.4 J/cm2 did not produce sensory changes in cooked ham [46]. Products such as fresh-cut fruits and vegetables, fruit juices, meat, fish and derivative products (beef, tuna, salmon) are examples of extended shelf-life after the use of PL treatments [47]. The proper use of food preservation technologies and proper food packaging materials would contribute to extending the products shelf-life.



The use of PL is recommended for packaged foodstuff since this technology does not leave any residues, as is the case for the formation of hydrogen peroxide (H2O2) or peracetic acid (CH3CO3H) [24]. Nonetheless, there are contrary opinions in this regard; while some authors suggested the use of PL to decontaminate food packed products [47], there are other opinions that consider that there is a drawback in the use of this technology, since the packaging of foods treated with PL shall need aseptic conditions prior to packaging the product and then continue with the decontamination process [21]. This means that the whole process has to comply with sterilization standards for processing equipment and packaging containers to avoid cross-linked contamination of any kind.




4. Use of Pulsed Light for Grape Sanitation


The effectiveness of PL is higher when applied on surfaces than on liquids [48]. This entails that it is easier to apply the PL on grapes before crushing them to produce must or juice. The effect of PL as a treatment for the reduction in microbial populations in grapes has been evaluated, although the negative effect produced on microorganisms caused by the use of UV-C light, component also present in the PL flashes, was proven even before in various fruit matrices [49,50,51].



Despite the scarce experimental evidence on the use of PL on Vitis vinifera for sanitation purposes, there are data on laboratory-scale trials performed with two different energy doses, 300 and 600 J, providing an energy density of 1.1 and 2.1 J/cm2, respectively [52]. The results obtained have shown effectiveness in the reduction in both yeast and bacteria naturally found on the surface of Vitis vinifera L. cv. Tempranillo. The treatment involved either 5 or 10 flashes (pulses) at each energy and the outcome has revealed more efficiency against bacteria populations, most probably due to being the largest population, when using the maximum energy possible regardless of the amount of pulses. Other studies have used different treatment set ups with less energy density on different fruit matrices. This is the case observed in trials intended for the elimination of Botrytis cinerea inoculated on strawberries [53]. One of the treatments involved pulsed light and combinations with heat and UV-C with an energy density of 0.05–0.1 J/cm2 (0.5–1 kJ/m2) in pulses of 40 and 120 s. PL at this low energy density did not affect the growth of mycelia, while combinations of PL and UV-C radiation delayed the spoilage caused by B. cinerea 24 h. It is then observed that flashes emitted during shorter periods of time and higher energy density would increase the effectiveness of the irradiation to avoid the development of spoilage organisms located on food surfaces.



The effect of PL is expected to be more effective on the outer layers of grapes where the pruina, a waxy film covering the berries, and the microorganisms are located. The skin of the berries is therefore expected to undergo any sort of damage as well. On this matter, Fava et al. have demonstrated that the UV-C light is capable of producing damages on the epicarp and the mesocarp of grapes [54]. The disruption caused by the treatment was observed on epidermal cell walls and even deeper, on collenquimatous subepidermal layers. As anthocyanins, red-like molecules responsible for the colour of grapes and other berries, are produced in the cytosol of epidermal cells of the berries and stored in vacuoles, the use of PL pulses is expected to increase the release of these colored molecules during maceration in winemaking. The transfer of pigments from the skin to the pulp has been documented for variety Tempranillo red grapes after PL treatment [55]; nonetheless, the visual effect observed in the berries does not have an influence on the pigment and phenolic content from wines without treatment.



Static treatments produced in batch-size laboratory cabinets, where grapes do not have free movement during flashes, reduce the frequency of damages on the epidermis and vacuoles of grapes. As a result, even though it seems that there is an increase in pigment extraction in grape musts after PL treatment, the analytical evaluation does not show statistical differences among treated and non-treated grapes [52]. The use of roller bed conveyor belts for PL sanitation of grapes may increase the incidence of disruptions on the epidermal cells of the berries with the potential increment of pigment extraction.




5. Influence of Pulsed Light on the Implantation of Non-Saccharomyces Yeasts in Musts


The elimination of native microbiota in fruits have industrial potential applications other than providing safe food for human consumption by the elimination of pathogens. In this way, biotechnological processes may be used not only to control the transformation of raw products into ready-to-eat meals, but also to design the organoleptic profile these products are to have. The sanitation of vinification grapes with PL enables the use of selected starters from commercial yeast and bacteria strains to ensure the population load and to reduce the use of SO2 in wine [52,56]. Non-Saccharomyces yeasts are known for having low fermentation efficiency and having low ethanol yield [57,58,59]. They account for most of the yeast species found naturally on the skin of grapes (40 to 100), but their metabolic characteristics make them prone to disappearing at early fermentative phases in spontaneous or uninoculated fermentations, or when Saccharomyces cerevisiae strains are inoculated to assure their rapid dominance, and therefore the contribution of non-Saccharomyces yeasts to wine is minimized [60].



The so called non-conventional yeasts or non-Saccharomyces yeasts contribute to enhancing the aroma complexity in wines and are able to increase the yield in which desired fermentative compounds are produced [61,62]. The reasons attributed to non-Saccharomyces yeasts to perform this way are an increased production and releasing of enzymes and the high production of aromatic volatile compounds [63,64]. The enzymes involved in this enhancement include lipases, proteases, esterases and β-glycosidases; the aroma compounds are mainly esters and higher alcohols.



The reduction in native biota from the grape’s pruina during grape sanitation with PL would allow winemakers to direct fermentations towards more customized wines. The reduction in microbiota is larger when PL is applied in comparison to sulphitation levels between 40 and 50 mg/L (Figure 4.). In a sulphited must, the reduction in wild yeasts would allow S. cerevisiae to implant and be the dominant species, since it is more resistant to SO2 [65]. The fact that the reduction in yeasts is larger when applying PL favors the implantation of non-Saccharomyces yeasts.




6. Repercussion of Pulsed Light in the Wine Freshness


In the context of global warming, there is a growing interest in improving the sensory perception of wines to counteract the harsh conditions of harvesting grapes in hot climate areas. Temperature changes and shifts in rainfall patterns would force the cultivars to thrive under such conditions. Higher temperatures will modify the chemistry of the grapes towards more sugar and less acid content, especially malic acid [70]. As a consequence, overripe grapes may produce wines with high alcohol content. The negative effects that global warming and climate change have on wines are perceived as inappropriate anthocyanin concentration affecting colour, imbalanced ratio of organic acids leading to tartaric acid addition to assure mouthfeel and microbial stability, and the potential production of odd overcooked aromas [71].



Actions to alleviate the negative impact of climate change include the use of elicitors applied to the canopy of vines. Elicitors, molecules able to activate secondary biosynthetic pathways in plants for self-protection, are used to try to reduce the differences in technological and physiological maturity of grapes by promoting a more rapid accumulation of phenolic compounds [72]. Another approach that promotes the formation of bioactive compounds is the use of PL in post-harvest products as an attempt to improve the quality of immature fruits such as tomatoes [73]. In this case, and contrary to what is aimed with the use of elicitors, the effect of PL is produced after the vegetative growth and once the fruits are harvested. Other approaches to diminish the negative impact of climate change involve the use of biotechnological solutions to help in reducing the alcohol content in wines, and therefore, the vinous or alcoholic perception of wines. These approaches consider using yeast strains with reduced glycolytic metabolism, yielding lower ethanol concentration in wines [59].



The freshness in wines is often perceived as a combination of parameters that all together contribute to increasing the fruity and floral scents and the acid character of wines. The aroma profile associated to freshness is produced by either fermentative metabolites, mainly esters, or by terpenic or thyolic precursors related to certain grape varieties released by yeast enzymatic activity [68]. Examples of such yeast strains cover the genera Torulaspora, Wickerhamomyces, Metschnikowia, Lachancea and Hanseniaspora, among others. Since these non-Saccharomyces yeast species have low–medium fermentative performance, the approach would consider mixed or sequential fermentations. Co-fermentations of Saccharomyces cerevisiae with Hanseniaspora vineae and Metschnikowia pulcherrima increases the total amount of acetate esters, ethyl esters and isoprenoids in wines [74]. The same Hanseniaspora vineae species has been proven to produce benzenoid compounds [75], as well as phenylpropanoid-derived compounds [76], capable of improving varietal and fermentative aromas of wines due to genetic variations in the enzymatic conformation in yeast strains. The fruity and floral contribution of these volatile compounds is noticed during the vinification process and so is the vanilla, woody or sweet coconut scents observed over the ageing period coming from hydroxybenzyl compounds produced from the metabolism of phenylpropanoids [75].



The acidic profile of wines can also be modified through yeast action, especially with the use of non-Saccharomyces yeast able to produce larger amounts of organic acids than conventional Saccharomyces cerevisiae strains commercially available. Such is the case of the yeast species Lachancea thermotolerans, known for its ability to consume and ferment glucose and fructose, and to assimilate galactose [77], but also known for its capability to produce lactic acid in a broad range of concentrations from 1 to 16.8 g/L [78]. This yeast species is able to reduce pH values in more than 0.5 units in a metabolic natural way. A reduction in pH values would also increase the effectiveness of molecular SO2 added in lower dosages of total sulphites towards microbial stability in hot climate areas. Wines, mostly red wines and a few white wines, undergo malolactic fermentation (MLF) to reduce the amount of malic acid by a microbiological process performed by lactic acid bacteria strains of the genera Lactobacillus and Oenococcus [79,80]. The MLF usually takes place after the alcoholic fermentation (AF) and it usually needs special conditions for it to develop spontaneously; in most cases, the use of starter cultures is recommended. Among the reasons why the MLF is delayed or inhibited might be the concentration of lactic acid produced by yeast strains. High amounts of lactic acid produced by L. thermotolerans may inhibit the growth of lactic acid bacteria such as O. oeni and therefore complicate the reduction in malic acid through MLF [81]. To counteract this drawback, the co-fermentation of L. thermotolerans and O. oeni has shown synergetic interactions towards the production of lactic acid through both metabolic pathways and, thus, achieving the reduction in pH values and the decrease in malic acid concentration in wines [82].



In terms of colour, the sensory profile can be influenced by the intensity and the colour hue. Red wines with red-brown hues are associated with oxidized processes and thus with aged or old wines [68]. On the contrary, bright red and blue-violet tones resemble young and fresher wines. In this way, colour may also contribute to creating a perception of freshness in wines. The production of colored molecules through the interaction of anthocyanins and metabolites during fermentation is also linked to yeast activity. Non-Saccharomyces yeasts contribute to the formation of pyranoanthocyanin pigments and oligomeric and polymeric adducts [64]. The formation of oligomers through the condensation of ethyl-bridged adducts of anthocyanins and flavan-3-ols produces molecules with absorption wavelengths of ca. 540 nm, towards red-blue hues [83]. The fermentation carried out completely with non-Saccharomyces yeasts seems to promote the formation of more oligomeric pigments than co-fermentations with S. cerevisiae [84]. There are several other molecular structures formed during ageing with wavelength absorbances higher than 530 nm, as in the case of A-type portisins with blue hues [85]. These last pigments involve acetaldehyde moieties in their molecular structure, vinyl linkages, favored by microbial activity through an increased production of this fermentative metabolite.



Taking into account the abovementioned contributions that non-Saccharomyces yeasts may have to modulate freshness, it is of great importance to assure and control the implantation of yeast strains, and eventually bacteria strains, capable of modifying the sensory profile of wines. An overview with the benefits of the use of PL at winemaking facilities is available in Figure 5. The possibility of applying PL in situ at a winemaking facility, with the use of automated roller bed conveyors, can ease the sanitation of grapes and the implementation of the hereinabove mentioned biotechnologies.




7. Conclusions


Pulsed light sanitation of grapes intended for use in winemaking production at the industrial scale may become affordable in the coming years. The efficiency of the UV-C light fraction of PL in inactivating microorganisms, the possibility of reducing the use of SO2 to process and store musts, and the relatively low energy cost would make its deployment possible. Among the benefits observed in laboratory trials is the use of selected non-Saccharomyces strains from commercial traders to produce wines with enhanced organoleptic profiles in accordance with customers’ demands and fulfilling quality control requirements.



One further challenge in the use of PL as non-thermal sanitation technology in the winemaking industry will be the design of systems able to process grape musts. The difficulties in achieving this will be to deal with a product with variable viscosity and with inhomogeneous particle size distribution. The energy needed for non-transparent liquids with low transmittance capacity and the scale-up design are issues that still have to be addressed. In this matter, the use of PL treatment to avoid the establishment of spoilage yeast during wine-making has to be evaluated with the use of special 1 mm width quartz cells. Additionally, further studies have to be performed in order to determine the impact that different PL doses have on the antioxidant capacity and the phenolic content of wines, as well as the effect of the treatment on other phenolic volatile compounds responsible for the wine aroma.
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Figure 1. Range of the electromagnetic spectrum covered in the pulsed light (PL) irradiation. 
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Figure 2. Photochemical, photo-thermal and photo-physical effects of UV-C radiation on microorganisms. (1) formation of dimers from adjacent thymines and inhibition of DNA replication, (2) single- and double-stranded breaks of DNA chains, (3) locally increased temperature, (4) ion flow modification and (5) membrane permeation. 
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Figure 3. Temperature increase on the surface of table grapes after 5-pulses treatment. (a) temperature on the surface before pulses, and (b) temperature after pulses treatment. 
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Figure 4. Summarized conditions comparison for three different fermentation scenarios: (a) spontaneous fermentation, (b) conventional pure culture fermentation with sulphited must and (c) sequential fermentation using grapes previously sanitized with PL treatment. Adapted from [52,60,62,66,67,68,69]. 
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Figure 5. Summary of the potential benefits of using PL sanitation on grapes in the winemaking industry. (1) Inactivation or elimination of microbial population, (2) less usage of SO2, (3) use of selected non-Saccharomyces yeasts, (4) enhance aroma profile, (5) modulate organic acidity, (6) increase pigment extraction and (7) gain freshness in wines towards customer preferences. 
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Table 1. Microbial reduction levels for fruits and vegetables after pulsed light treatment.
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Food Product

	
Microorganism

	
Processing Conditions

	
Reduction (log10 CFU/mL)

	
Reference






	
Raspberry

	
Escherichia coli O157:H7

Salmonella

Total viable count

Yeast and moulds

	
Total fluence (J/cm2): 28.2

Peak power (J/cm2/pulse): 1.27

Exposure time (s): 30

Distance from the lamp (cm): 13

	
3.9

4.5

1.5

1.6

	
[33]




	
Tomato fruit

	
Microflora in skin and peduncle

Saccharomyces cerevisiae

	
Total fluence (J/cm2): 4 (microflora) and 2.2 (Cerevisiae)

Pulse width (µs): 250

Discharge voltage (V): 2500

	
1

2.3

	
[34]




	
Avocado

	
Aerobic mesophilic microorganisms

	
Total fluence (J/cm2): 14

Peak power (J/cm2/pulse): 0.4

Pulse width (µs): 300

Distance from the lamp (cm): 5

	
1.2

	
[35]




	
Fresh-cut tomatoes

	
Psychrophilic bacteria

Moulds and yeasts

	
Total fluence (J/cm2): 4, 6 and 8

Peak power (J/cm2/pulse): 0.4

Pulse width (µs): 300

Stored for 20 days at 4 °C

	
Up to 1.8

Up to 0.5

	
[36]




	
Fresh-cut tomato

	
Listeria innocua

Escherichia coli

	
Total fluence (J/cm2): 4, 6 and 8

Peak power (J/cm2/pulse): 0.4

Pulse width (µs): 300

Distance above and below from the lamp (cm): 8.5

Stored for 20 days at 4 °C

	
0.9

1.4

	
[28]




	
Spinach leaves

	
Listeria innocua

Escherichia coli

	
Total fluence (J/cm2): 0.8

Peak power (J/cm2/pulse): 0.4

Pulse width (µs): 300

Distance from the lamp (cm): 8.5

	
1.85

1.72

	
[26]




	
Mesophilic aerobic bacteria

Psychrotrophic bacteria

Coliforms

Listeria ssp

Yeast and moulds

	
Total fluence (J/cm2): 4

Pulse width (µs): 300

Distance from the lamp (cm): 8.5

	
0.5–2.2




	
Fresh-cut apple slices

	
Mesophilic and psychrophilic

aerobic bacteria

Moulds and yeasts

	
Total fluence (J/cm2): 16

Peak power (J/cm2/pulse): 0.4

Pulse width (µs): 300

Distance above and below from the lamp (cm): 8.5

	
1.55

2.3

	
[27]




	
Fresh-cut apple slices

	
Total viable counts

Lactobacillus brevis

Listeria monocytogenes

	
Number of pulses: 9

Peak power (J/cm2/pulse): 1.75

Pulse width (µs): 500

Distance from the lamp (cm): 1

	
1.0

3.0

2.7

	
[30]




	
Cherry tomato

	
Salmonella enterica

	
Total fluence (J/cm2): 31.5

Peak power (J/cm2/pulse): 0.35

Pulse width (µs): 500

Exposure time (s): 30

Distance from the lamp (cm): 14

	
2.3

	
[29]




	
Fresh-cut cucumber slices

	
Escherichia coli ATCC 26

	
Total fluence (J/cm2): 12

Peak power (J/cm2/pulse): 0.43

Pulse width (µs): 360

Exposure time (s): 12.4

Distance from the lamp (cm): 10.8

	
2.8

	
[37]




	
Fresh-cut avocado, watermelon and mushrooms

	
Escherichia coli

Listeria innocua

	
Total fluence (J/cm2): 12

Peak power (J/cm2/pulse): 0.4

Pulse width (µs): 300

Distance from the lamp (cm): 8.5

	
2.58, 2.88 and 2.97

2.25, 2.17 and 3.62

	
[38]




	
Strawberries (S) and blueberries (B)

	
Murine norovirus (MNV-1)

Escherichia coli

Salmonella

	
Total fluence (J/cm2): 22.5

Exposure time (s): 24

Number of pulses: 16

Distance from the lamp (cm): 16

	
S: 0.9 B: 3.8

S: 1.9 B: 5.7

S: 2.1 B: 4.2

	
[39]




	
Blueberries

	
Salmonella

	
Total fluence (J/cm2): 6

Peak power (J/cm2/pulse): 0.066

Pulse width (µs): 360

Exposure time (s): 30

	
0.9 spot inoculation

0.6 dip inoculation

	
[40]




	
Fresh-cut lettuce

	
Salmonella enteritidis

Escherichia coli

Staphylococcus aureus

Listeria monocytogenes

	
Total fluence (J/cm2): 16.8

Peak power (J/cm2/pulse): 0.33

Pulse width (µs): 300

Exposure time (s): 25

Distance from the lamp (cm): 9

	
5.40

5.08

6.56

4.00

	
[31]




	
Total bacteria count

Yeast and moulds

	
Total fluence (J/cm2): 4–16.8

Peak power (J/cm2/pulse): 0.33

Pulse width (µµs): 300

Exposure time (s): 6–25

Distance from the lamp (cm): 9

	
2.73

1.14




	
Raspberries

	
Salmonella Newport

Escherichia coli

	
Total fluence (J/cm2): 14.3

Peak power (J/cm2/pulse): 1.27

Exposure time (s): 15

	
3.4

3.3

	
[41]




	
Green onion

	
Escherichia coli

	
Total fluence (J/cm2): 5

Peak power (J/cm2/pulse): 1.27

Exposure time (s): 5

	
Spot inoculation: stems 4.8 and leaves 4.1

Dip inoculation: stems 0.2 and leaves 0.6

	
[42]
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Table 2. Microbial reduction levels for meat after pulsed light treatment.
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Food Product

	
Microorganism

	
Treatment

	
Reduction (log10 CFU/mL)

	
Reference






	
Serrano ham slices

Iberian ham slices

	
Listeria innocua

	
Total fluence (J/cm2): 0, 2.1, 4.2 and 8.4

Peak power (J/cm2/pulse): 0.3

Stored for 4 days at 20 °C

	
1

2

	
[43]




	
Pork loin

	
Salmonella typhimurium

Yersinia enterocolitica

	
Total fluence (J/cm2): 0.52–19.11

Peak power (J/cm2/pulse): 1.27

Pulse width (µs): 300

Exposure time (s): 1–30

Distance from the lamp (cm): 8.3–13.4

	
0.4–1.71

0.39–1.69

	
[44]




	
Pork skin

	
Total fluence (J/cm2): 19.11

Peak power (J/cm2/pulse): 1.27

Pulse width (µs): 300

Exposure time (s): 30

Distance from the lamp (cm): 8.3

	
2.97

4.19












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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