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1 General Introduction 

1.1 Microbiology of fresh-cut produce 

1.1.1 Physiological aspects, processing and microbial diversiy of fresh cut produce 

The ongoing trend towards a healthy and sustainable lifestyle has increased the consumer demand for 

nutritious, fresh food from plant origin. A recently published report of the World Health Organization 

recommends a minimum of 400 g of fruit and vegetables per day (excluding potatoes and other starchy 

tubers) for the prevention of chronic diseases such as heart disease, cancer, diabetes and obesity, as well 

as for the prevention and alleviation of several micronutrient deficiencies, especially in less developed 

countries (WHO 2003). However, due to a rapidly changing society driven by globalization and 

urbanization as well as increasing numbers of single households and general time shortage, a decreasing 

disposability to prepare individual meals regularly can been observed. This accounts for a rising 

consumption of convenient ready-to-eat meals, which was the driver for an enormously ascending 

number of value-added produce products, including fresh-cut fruits and vegetables during the past 

decade in retail. The worldwide growing fresh-cut produce industry has been following this trend by 

offering a huge variety of ready-mixed salads, cut fruits or vegetables. According to the International 

Fresh-cut Produce Association (IFPA), fresh-cut products are any fresh fruit or vegetable or combination 

thereof, which are physically altered from their original form, but are remaining in a fresh state (IFPA 

2017). They usually only undergo minimally processing steps like sorting, cleaning, peeling, trimming, 

cutting, shredding, washing and packaging, depending on the type of product. Since the live plant tissue 

is damaged during peeling, slicing or shredding, the cytoplasm of plant cells is exposed to the 

environment, which significantly limits the shelf life of minimally processed produce compared to their 

whole counterparts (Corbo et al. 2010). Thus, fresh-cut produce differs substantially in its physical and 

biochemical properties compared to the whole product. According to the German Society for Hygiene 

and Microbiology (DGHM), the maximum use-by-date of mixed fresh cut salads should not exceed 6 

days when stored at 6°C while the total aerobic mesophilic colony count should not exceed 5*107 cfu/g, 

except for sprouts (DGHM 2012).  

Many fruits and vegetables provide perfect conditions for the growth of various microorganisms since 

their structure is mainly comprised of polysaccharides, cellulose, hemicelluloses and pectin, which can 

be degraded by extracellular lytic enzymes of spoilage microorganism (Barth et al. 2009). The nutrient 

rich internal tissue with a high aw-value combined with a neutral (many vegetables) or slightly acidic 

pH (many fruits) represents a suitable surrounding for many spoilage or pathogenic microorganisms 

(Francis et al. 2012, Olaimat and Holley 2012). Removing the skin as natural barrier and protective shell 

of the plant tissue causes release of intracellular compounds like nutrients and  enzymes, increases the 

respiration and ethylene production and consequently makes these fruits and vegetables more 

susceptible to water loss, browning and texture decay (Francis et al. 2012). All these factors make fresh-

cut produce a highly perishable commodity with a limited shelf life. Chilled storage under a protecting 

gas atmosphere (modified atmosphere packaging) is the common measure to provide prolonged 

stability. Due to respiration processes and permeation of gases, the in-package environment is constantly 

changing during storage, which makes tailored packaging concepts necessary. An appropriate 

combination of a suitable gas composition, packaging material and storage temperature is therefore 

required. Typically, reduced oxygen levels and higher amounts of carbon dioxide as well as nitrogen are 

applied according to the respective product. In this way, the respiration, ethylene production and 

microbial proliferation can be reduced but on the other hand anoxic conditions, which could promote 
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the formation of undesirable metabolites and other physiological disorders are avoided (Allende et al. 

2006, Francis et al. 2012). The recommended concentration of oxygen in modified atmosphere 

packaging of fresh fruits and vegetables is usually between 1 - 5 %, while the lowest possible amount 

of oxygen before anaerobic respiration is initiated mostly provides the highest benefit (Sandhya 2010).  

Microbial diversity of fresh produce 

Besides discolorations, moisture loss, off-flavour formation or texture changes, microbial spoilage is a 

major reason for changes in sensory quality of many packaged fresh-cut fruits and vegetables. In this 

context, it has to be distinguished between the presence and growth of non-pathogenic microorganisms 

which are primarily affecting the product quality and those which pose a risk since they may be harmful 

to human health. Microbial contamination can occur along the supply chain which includes pre- and 

post-harvest contaminations, transfer of microorganisms during the processing and distribution. 

Contamination sources include raw materials, washing water, contact to processing equipment as well 

as working staff (Barth et al. 2009). The natural microflora on the surface of fresh produce depends on 

various factors including the type of produce, agronomic practices, the geographical area of production 

as well as the respective weather conditions before harvest. Versatile plant morphologies, chemical 

compositions and product properties create diverse ecological niches, which determine their microbial 

colonization (Ramos et al. 2013). Fresh produce is usually shielded by a native wax-coated protective 

covering (cuticula), which serves as a barrier for the entry of microorganisms (Corbo et al. 2010). Most 

microorganisms encountered on fruits or vegetables are soil inhabitants, representing a large and diverse 

community of microbes. Vectors for their distribution are primarily the soil, air and irrigation water 

during cultivation, harvesting, packaging and shipping. Since no definite decontamination step is 

included during processing, a large variety of microbial populations can be present, comprising gram-

negative and gram-positive bacteria as well as fungi (Barth et al 2009). Typically, species of the genus 

Pseudomonas, the family Enterobacteriaceae and lactic acid bacteria as well as certain yeast and molds 

are commonly found on fresh-cut produce. Psychrotrophic gram-negative bacteria are usually the major 

population prevailing on different fresh-cut vegetables with Pseudomonas spp. and Erwinia spp. being 

dominating species. Pseudomonas spp. as strict aerobic bacteria are able to grow under refrigeration and 

produces enzymes that catalyze proteolytic and lipolytic reactions, which are of importance for the 

spoilage of animal products, but also pectolytic enzymes that cause degradation of produce. They can 

metabolize a wide variety of organic compounds and form acids oxidatively from sugars. Pseudomonads 

are considered to represent the majority of aerobic plate counts on refrigerated fresh-cut vegetables like 

e.g. lettuce or celery. Nevertheless, depending on the product type and the storage conditions, spoilage 

microorganisms may vary significantly. Especially temperature, gas composition, the pH value and 

available nutrients of the product determine the microbial spoilage profile. Gram-positive bacteria, 

especially lactic acid bacteria like Lactobacillus, Leuconostoc, Pediococcus, Lactococcus and 

Enterococcus are more frequently found on fresh-cut fruits and vegetables packed under modified 

atmosphere with low oxygen and high carbon dioxide levels. Lactic acid bacteria are not able to 

synthesize ATP by a proton gradient but generate energy by fermentation of mostly sugars, which 

enables growth under anaerobic conditions but also in the presence of oxygen due to aerotolerance. 

Besides lactic acid, acetoin and diacetyl, they generate other fermentation products including acetic acid, 

ethanol and formic acid that may lead to off-flavor formation. Compared to respiring microorganisms, 

lactic acid bacteria mostly grow slower because of the lower energy yield. Yeast and molds are more 

likely to be found on acidic fruits, which exhibit lower pH values and high sugar contents. The genera 

Saccharomyces, Candida and Torulopsis as well as Alternaria, Penicillium, Fusarium and Aspergillus 

are typically associated with fresh-cut produce (Barth et al. 2009).  
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Abadias et al. (2008) investigated the microbiological quality of 300 different minimally processed 

fresh-cut fruit and vegetable samples from retail. They found that microbial loads on unprocessed 

vegetables are in general lower than on fresh-cut vegetables. The aerobic mesophilic count was highest 

in case of grated carrot, arugula, spinach, as well as sprouts reaching levels of 6.3*107, 3.2*107, 2.5*107 

and 7.9 *107 cfu/g respectively. More than 50% of fresh-cut vegetables exhibited microbial counts 

higher than 107 cfu/g and psychrotrophic counts were similar to mesophilic counts. Numbers of yeast 

and molds are usually lower than bacterial counts on fresh-cut vegetables, but they usually dominate on 

fresh-cut fruit where typically smaller microbial populations are found. About 90.4 % of fresh cut fruits 

exhibited aerobic mesophilic counts lower than 105 cfu/g, with a mean of 6.3*103 cfu/g (Abadias et al. 

2008a). Similar results were presented by Seow et al. (2012) who underlined that especially bean sprouts 

and fresh-cut salads possess high microbial loads. 84.6 % of ready to eat salads had mesophilic plate 

counts between 106-107 cfu/g and 100% of bean sprouts showed mesophilic plate counts higher than 107 

cfu/g. The authors therefore suggested the implementation of more effective control measures during 

production and processing to improve the microbiological quality of fresh-cut produce (Seow et al. 

2012). 

1.1.2 Microbiological risks and sources of contamination  

An increasing number of outbreaks of foodborne diseases linked to the consumption of raw fruits or 

vegetables has raised the awareness for microbial hazards arising from fresh-cut produce (Beuchat 

2002). Since the 1970s, the prevalence of disease outbreaks associated with fresh produce increased 

more than tenfold to about 22.8% of all foodborne illness outbreaks in the US during 1998 and 2007 

(Olaimat and Holley 2012). Reasons may be found in an increasing per capita consumption of fresh 

produce, the manufacturing of large quantities on industrial scale as well as the wide distribution of 

fresh produce due to globalization and international trade. According to the World Health Organization 

(WHO), leafy green vegetables have the highest priority in terms of fresh produce safety from a global 

perspective. The rating was based on 

 the frequency and severity of outbreaks of foodborne disease,  

 the size and scope of production,  

 the diversity of the supply chain and industry,  

 the potential for growth of foodborne pathogens through the food chain,  

 the extent of international trade and economic impact (WHO 2008, Goodburn and Wallace 

2013).  

Although there are a number of Good Agricultural Practice (GAP) guidelines - some Government driven 

and some led by the produce industry and its customers (Goodburn and Wallace 2013) - fresh produce 

is nowadays considered as vehicle for the transmission of different human pathogens (Lynch et al. 2009). 

The Code of Good Practice for Fresh Fruits and Vegetables (Codex Alimentarius) is an internationally 

accepted guideline setting out requirements for the safe production of fresh produce. Other documents 

like the Global Gap Standard for Integrated Farm Management (2012) contain more general 

requirements for the produce industry but these standards do not include specific controls for 

microbiological safety of produce (Goodburn and Wallace 2013). However, compliance to high 

hygienic standards during pre- and post-harvest processing do not necessarily guarantee complete 

prevention of all microbiological hazards since potential sources of contamination are versatile. The 

complex biology of pathogen contamination and survival on plant surfaces, including adhesion, 
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colonization and internalization still requires further knowledge in order to find evidence-based 

strategies, procedures and technologies to reduce microbial risks along the supply chain of fresh produce 

(Lynch et al. 2009, Berger et al. 2010, Rajwar et al. 2016).  

Microbial contamination of produce may occur due to agricultural practices or at different stages during 

post-harvest handling, transportation, storage or packaging. Pre-harvest sources of contamination 

include soil, manure, feces, animals, irrigation water, fungicides or insecticides, dust, insects or human 

handling. The use of organic fertilizers can introduce pathogens directly to the field. Soil naturally 

harbors pathogens like e.g. Listeria spp., B. cereus, Cl. botulinum or Cl. perfringens but it may also 

become contaminated by organic wastes. Different pathogenic bacteria coming from animal manure or 

feces like E. coli O157:H7, Salmonella spp., Campylobacter spp. or Listeria spp. have been found to 

survive weeks to several months in soil, depending on the soil type and environmental conditions 

(Olaimat and Holley 2012). Especially after heavy rainfall or floods, produce may become contaminated 

by soil. Irrigation water can become contaminated with enteropathogens due to fecal material, soil, 

sewage overflow or other inputs like dead animals, which makes it a potential source of contamination 

(Rajwar et al. 2016). Since agriculture becomes more intensive, produce fields may be located close to 

animal production zones so the ecological connections between wild animals, farm animals and produce 

is closer (Lynch et al. 2009).  

Besides an initial contamination on the field, microbial contamination can also occur post-harvest due 

to improper handling during transportation, processing (cutting, trimming and washing) or packaging. 

Insufficient cleaning and sanitation concepts, poorly designed equipment or inappropriate facility 

conditions as well as health conditions of the staff are only some possible factors, which can contribute 

to the entry of unwanted pathogenic microorganisms. The high complexity of interacting aspects makes 

a risk assessment very difficult and calls for strict compliance to hygienic concepts in order to keep 

microbial risks at the lowest possible levels (Dierich et al. 2016). The most critical factors, which require 

attention to prevent fresh-produce-associated outbreaks include  

 the water quality during all stages of production since water can transfer microbes directly to 

the produce;  

 the protection from fecal contamination (farm animal manure, wild animal feces);  

 proper washing and sanitizing during industrial processing; 

 cold chain management to minimize bacterial proliferation;  

 prevention of contact between ill or infected humans and fresh produce (Lynch et al. 2009) 

Problems regarding food safety of fresh-cut produce arise mainly because most fresh-cut fruits and 

vegetables are eaten raw without heating before consumption (Olaimat and Holley 2012). The missing 

inactivation of potentially present bacterial, viral or parasitic pathogens makes them a possible source 

of foodborne outbreaks (Berger et al. 2010, Rajwar et al. 2016). Among about 1100 reported outbreaks 

associated with fresh-cut produce, 53.0 % were caused by bacteria, 42.5 % by viruses and 4.5% by 

parasites (Ramos et al. 2013). Salmonella spp. and E. coli O157:H7 are the most frequent causative 

bacteria for outbreaks linked to fresh produce while most virus associated outbreaks are due to norovirus 

and Hepatitis A. Leafy greens, seed sprouts, tomatoes and cantaloupes are the types of fresh produce, 

which are consistently responsible for foodborne illness outbreaks. Some pathogen-produce 

combinations occur more frequently, e.g. Salmonella and cantaloupes, tomatoes or sprouts or E. coli 

O157:H7 and leafy green vegetables (Olaimat and Holley 2012, Ramos et al. 2013). One of the most 
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severe outbreaks of illness in the recent past was caused by fenugreek sprouts in Germany, which carried 

E. coli O104:H4 in 2011. Contaminated seeds have been assumed to be the cause for 3911 cases with 

47 deaths and 777 patients with hemolytic uremic syndrome (HUS) (EFSA 2011, Olaimat and Holley 

2012). 

The European Food Safety Authority (EFSA) has identified and ranked combinations of foods and 

pathogens in order to assess the public health risks posed by pathogens in foods of non-animal origin. 

The top-ranking combinations of foods and pathogens are Salmonella and leafy greens eaten raw, 

followed by Salmonella and bulb and stem vegetables, Salmonella and tomatoes, Salmonella and 

melons and pathogenic E. coli and fresh pods, legumes or grains. Other pathogens that can be 

transmitted are norovirus, Shigella, Bacillus, and Yersinia as well as the virus of hepatitis A. Therefore, 

according to the EFSA, leafy greens, bulb and stem vegetables, tomatoes, melons, fresh pods, legumes 

or grains, sprouted seeds and berries pose the highest risks in the EU amongst raw and minimally 

processed foods of non-animal origin (Felício et al. 2015).  

Different pathogenic bacteria have been isolated from a large variety of fresh produce, the most 

frequently encountered species being L. monocytogenes, E. coli and Salmonella spp. but also others like 

Staphylococcus spp., Shigella spp., Aeromonas spp., Y. enterocolitica and Campylobacter spp. have 

been found (Abadias et al. 2008, Olaimat and Holley 2012, Ramos et al. 2013). In several studies it was 

confirmed that pathogens like e.g. E. coli O157:H7 or Salmonella spp. can survive on fresh produce for 

longer periods of time (up to weeks). However, the persistence of pathogens on fresh produce has been 

shown to be rather variable. Their survival is affected by several factors including plant properties like 

nutrient availability, compounds released by the plant, the presence of other microorganisms as well as 

environmental factors like UV radiation, temperature, humidity and others (Olaimat and Holley 2012, 

Francis et al. 2012).  

Colonization pattern of microorganisms on fresh produce 

Microbial populations on plant surfaces are often present in biofilms (Beuchat 2002). These three-

dimensional structures are usually composed of a multicellular matrix including proteins and 

extracellular polysaccharides, which provide protection for embedded microorganisms towards 

numerous external stress factors. Biofilm formation of Escherichia coli and Listeria monocytogenes 

within 24 h has been demonstrated on green leaf lettuce (Ölmez and Temur 2010). Furthermore, the 

general ability of zoonotic bacteria to infect plants is well accepted although results among studies 

focused on the internalization capacity of pathogens into plant tissue differ significantly. This again 

indicates the high variability with dependence from numerous factors like for instance the behavior of 

the respective bacterial strain, environmental conditions, plant species and stage of maturity (Olaimat 

and Holley 2012). According to a study performed by Golberg et al. (2011), internalization of 

Salmonella into several leafy greens and fresh herbs is indeed possible. The level of internalization 

largely varies among plants and within the same crop. The highest incidence was observed in iceberg 

lettuce (81 ± 16 %) and arugula leaves (88 ± 16 %), while lower incidence was found for romaine (16 ± 

16 %) and red-lettuce (20 ± 15 %) (Golberg et al. 2011). The potential of pathogens to internalize into 

plant tissues constitutes a particular food safety concern since compared to superficially attached 

microorganisms, these bacteria are less likely to be removed or inactivated by sanitizers after harvesting 

(Golberg et al. 2011, Olaimat and Holley 2012). Among the many intrinsic and extrinsic factors, which 

determine the behavior of pathogens on fresh produce, motility through flagella is an important aspect 

since it enables pathogens to attach, colonize or even internalize plants, the latter being especially 
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important regarding damaged tissue due to wounding or cutting. Once internalized, the elimination or 

inactivation of such pathogens seems difficult with common approaches. Bacteria associated in biofilms 

with extracellular polymeric substances are likewise hardly accessible for disinfection measures and 

cleaning procedures (Olaimat and Holley 2012, Ölmez and Temur 2010). The growth of most human 

pathogens is limited under cold storage and even though psychrotrophic pathogens like L. 

monocytogenes are generally able to grow under chilled conditions, their growth rate is strongly reduced 

at low temperatures. Other important mesophilic pathogens like E. coli O157:H7 or Salmonella spp. are 

unable to grow under chilled storage (e.g. < 4°C), so their proliferation is only of concern when 

temperature abuse occurs. The growth of psychrotrophic, (facultative) anaerobic and microaerophilic 

microorganisms is of particular concern when fresh produce is stored under modified atmosphere 

(MAP). Survival and growth of L. monocytogenes is not markedly reduced by MAP. Salmonella and E. 

coli O157:H7 have also shown to be able to grow under certain MAP conditions (Francis et al. 2012).  

Exact numbers of pathogens present on fresh produce are rarely reported, however, their widespread 

occurrence illustrates the risk, especially when the infective dose is very low. Since it appears almost 

impossible to completely prevent produce contamination along the supply chain, new interventions to 

reduce pathogenic microorganisms on fresh produce will be important measures to increase food safety.  
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1.2 Current approaches for disinfection of fresh produce 

Since the market segment of industrially manufactured fresh-cut produce has been steadily growing for 

many years, critical aspects regarding the limited shelf life as well as concerns regarding food safety 

have been recognized. Various measures to reduce microbial loads on fresh produce have been proposed 

so far. Different chemical sanitizers as well as several physical treatments were investigated for their 

qualification to be applied for the disinfection of various kinds of fresh fruit or vegetables. Since 

available literature on this topic is rather extensive, the following chapter intends to give a short 

overview of different approaches based on selected examples.  

1.2.1 Chemical sanitation methods 

Chlorine is a cheap and effective biocide and currently the most widely used disinfectant in the fresh-

cut industry. It is usually applied in concentrations between 50-200 mg/L for a maximum exposure time 

of 5 min. Longer exposure time does usually not result in a higher inactivation. Different studies have 

shown that even at high concentrations (about 200 mg/L) and long treatment times (up to 10 min), 

microbial reductions on fresh produce are generally limited to less than 100-fold (Goodburn and Wallace 

2013). Furthermore, there is a concern about the formation of carcinogenic halogenated by-products like 

trihalomethanes or halogenated acids (Ölmez and Kretzschmar 2009, Ramos et al. 2013, Meireles et al. 

2016). The use of chlorine is already prohibited in some European countries like Belgium, Denmark, 

Germany, and the Netherlands. These drawbacks together with its pH dependent activity, corrosiveness 

and environmental issues led to a search for alternative sanitizers (Meireles et al. 2016). Electrolyzed 

oxidizing water (EOW) represents ionized water produced by passing a salt solution across a bipolar 

membrane, which results in an acidic solution (pH ~2.6) with high Oxidation Reduction Potential (ORP) 

of about 1150 mV and an alkaline solution (pH~11.4) with lower ORP (795 mV). Sodium ions are drawn 

to the cathode while chlorine ions are drawn at the anode so that the acidic solution has a chlorine 

concentration of about 40-90 mg/L. The acidic solution has a significant antimicrobial activity due to 

the high ORP, the low pH and the presence of oxidizers like hypochlorous acid. A combination of both 

compounds can be used as neutral electrolyzed water (NEW), which is less aggressive than the acidic 

EOW, more stable due to a higher pH but also an efficient microbicide (Joshi et al. 2013). 

Several other disinfectants have been investigated for their potential to reduce microbial risks and ensure 

a sufficient shelf life while maintaining the nutritive properties and quality. Potential alternatives to 

chlorine have been seen in e.g. ozone, chlorine dioxide, organic acids, peracetic acid or hydrogen 

peroxide (Ölmez and Kretzschmar 2009). These sanitizers are mostly added during washing processes, 

which enables a convenient and easy way of implementation into industrial manufacturing processes. 

However, the methods that are applied to investigate the efficiency of sanitizers for fresh-cut disinfection 

vary considerably. The type of microorganism used for the study (labor strains, isolates or native 

microflora), different inoculation approaches including time and temperature for attachment, the design 

of the test procedure regarding treatment times, water properties (pH, temperature, organic load) or the 

water/ product ratio make comparison of results difficult (Singh et al. 2002). Table 2 gives an overview 

about the efficiency of selected sanitizers on various fresh produce. Information about the impact of 

sanitizers on nutritional constituents and sensory quality is very important, but usually scarce since the 

focus was mostly on the antimicrobial efficacy. 
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There are often one or more drawback(s), which limit the industrial application of the respective 

compound and these may be found in lack of efficiency, high costs, detrimental effects on food quality 

or toxicological risks. Many factors may affect the efficiency of sanitizers like the wash water properties 

(pH, organic load, temperature), the used concentration and contact time, the food properties, especially 

their microstructure and microbial loads as well as the application method (dipping or spraying, rinsing, 

static or agitated mode) (Gil et al. 2009). Phua et al. (2014) investigated the effect of 3 min treatments 

with various chemical sanitizers on the microflora of mung bean sprouts and inoculated pathogens. They 

found that electrolyzed water, sodium chlorite, cetylpyridium chloride, ozonated water and trisodium 

phosphate were all less effective than hot water (70 °C, 20 s), reaching maximum count reductions by a 

factor between 2 and 60.   

Chlorine dioxide (ClO2) is a strong microbicidal agent that has a higher oxidation power than sodium 

hypochlorite and is effective over a wide pH range. Existent as a gas under atmospheric conditions, it is 

highly soluble in water and fairly stable in solution. Chlorine dioxide cannot be stored for too long, 

because it slowly dissociates into chlorine and oxygen and readily degrades under sunlight. As a gas it 

is very unstable and explosive at concentrations higher than 10 % in air (Artés et al. 2009). It is generated 

by reaction of an acid with sodium chlorite or the reaction of sodium chlorite with chlorine gas (Ölmez 

and Kretzschmar 2009). In contrast to sodium hypochlorite, it produces fewer potentially carcinogenic 

by-products like trihalomethanes (THM) (López-Gálvez et al. 2010) and it is less corrosive (Ölmez and 

Kretzschmar 2009). Its application for whole fresh produce sanitation is allowed up to a concentration 

of 3 mg/L according to the FDA while its use is still under assessment in the EU (Meireles et al. 2016). 

However, different studies showed that usually much higher concentrations are needed to markedly 

reduce microbial loads on fruits or vegetables (Ölmez and Kretzschmar 2009). It seems to be equally 

effective compared to sodium hypochlorite but at lower concentrations and similar contact times (López-

Gálvez et al. 2010, Meireles et al. 2016). 

Ozone (O3) is a strong oxidizing antimicrobial agent formed by addition of singlet oxygen to molecular 

oxygen. Its antimicrobial effective concentrations are much lower compared to sodium hypochlorite. It 

is widely applied in the food industry for water or surface disinfection and can be used in gaseous as 

well as dissolved form. This tri-atomic oxygen is soluble in water and degrades to hydroxyl, 

hydroperoxy and superoxide radicals. Since it decomposes to O2 and does not leave any residues, ozone 

has GRAS status (generally regarded as safe) and has been approved by the Food and Drug 

Administration (FDA) to be used in the food industry. However, ozone has to be generated on site, is 

highly instable, toxic, corrosive and reacts with organic matter (Joshi et al. 2013, Meireles et al. 2016). 

Due to its strong oxidizing properties, it may cause physiological injury of sensitive produce 

commodities like lettuce (Ölmez and Kretzschmar 2009). Furthermore, room temperature is usually 

required for ozone to be effective, which is questionable regarding strict compliance with the cooling 

chain as well as cost implications (Goodburn and Wallace 2013).  

Hydrogen peroxide (H2O2) is an oxidizer that forms cytotoxic species, which assures its antimicrobial 

properties. It is colorless, non-corrosive and decomposes to water and oxygen especially in the presence 

of catalase, which is naturally present in plants. Hydrogen peroxide is efficient as a disinfectant over a 

wide pH range (6-10) and does not react with organic compounds present in produce to form 

carcinogenic by-products. Although having GRAS status, it is not approved by the FDA for fresh 

produce disinfection. Browning of leafy greens or mushrooms has been observed after exposure to 

hydrogen peroxide, which limits its applicability (Joshi et al. 2013, Meireles et al. 2016).  
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Weak organic acids like citric, acidic or lactic acid are widely used and well accepted in the food industry 

since they do not produce any toxic or carcinogenic compounds and have GRAS status. However, the 

antimicrobial activity varies considerably among organic acids and requires usually long treatment times 

between 5-15 min in order to obtain a significant reduction of microbial loads. Weak organic acids are 

therefore of little relevance for the fresh-cut industry. Furthermore, organic acids would have a negative 

impact on wastewater quality and due to their characteristic flavor, the sensory quality of fresh produce 

may be affected (Ölmez and Kretzschmar 2009, Meireles et al. 2016). 

In addition, it is now well accepted that a combination of several microbicides may increase the overall 

efficiency. The exploitation of synergistic effects of different disinfectants/technologies appears as a 

promising approach in order to maximize the antimicrobial effect while at the same time enable to reduce 

the applied treatment intensity for a gentle treatment. A combination of chemical treatments with 

physical decontamination technologies (e.g. Ultrasound, UV radiation) may therefore likewise provide 

beneficial effects with regard to an enhanced overall efficiency. The usefulness of combined 

antimicrobial treatments has already been demonstrated exemplarily and may therefore also be adopted 

for fresh produce disinfection (Joshi et al. 2013).  
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Table 2 Disinfection efficiency of different sanitizers on fresh produce reported in selected studies.  

Treatment/chemical Products/microbes tested Treatment conditions Antimicrobial effect Log (No/N) Reference 

Chlorine  Iceberg and romaine lettuce/ E. coli O157:H7 20-200  mg/L, pH 8, 2 min 0.56-1 (Iceberg) 

0.79-0.91 (Romaine) 

Keskinen et al. 2009 

Green leave lettuce/ E. coli, L. monocytogenes 100 mg/L, 10°C, 2 min ~3.5 6 h after treatment, 

~1.5 48 h after treatment  

Ölmez and Temur 2010 

Chinese celery, lettuce and sprouts/ aerobic mesophilic 

bacteria, E. coli NBRC3301, Salmonella NBRC13245 

105-107 mg/L, pH 9.6-9.7, 5 min 2.61-2.22 (Chinese celery) 

2.42-2.95 (lettuce) 

2.51-2.86 (sprouts) 

Issa-Zacharia et al. 2011 

Ozone Iceberg lettuce/ aerobic 

mesophilic bacteria 

5 mg/L, 5 min 1.4  Koseki and Isobe 2006 

Green leave lettuce/ E. coli, L. monocytogenes 2 mg/L, 10°C, 2 min ~3.5 6 h after treatment 

~1.5 48 h after treatment 

Ölmez and Temur 2010 

Tomato, carrots, lettuce/ E. coli ATCC 11775 5 mg/L, 3-15 min, 20°C  2.2 (tomato) 

<1 (carrots and lettuce) 

Bermúdez-Aguirre and 

Barbosa-Cánovas (2013) 

Organic acids Green leave lettuce/ E. coli, L. monocytogenes 0.25 g/ 100 g citric acid plus 0.5 g/100 g 

ascorbic acid, 10°C, 2 min 

~3 6 h after treatment,  

~1 48 h after treatment 

Ölmez and Temur 2010 

Tomato, carrots, lettuce/ E. coli ATCC 11775 5-30 g/L, 3-15 min, 21°C 0.7 (tomatoe) 

0 (carrot, lettuce) 

Bermúdez-Aguirre and 

Barbosa-Cánovas (2013) 

Apple, Lettuce/ E. coli O157:H7, Salmonella Typhimurium, 

L. monocytogenes 

10 and 20 g/L propionic, acetic, lactic, malic, 

and citric acid, 0.5-10 min 

0.92 - 2.75 (apple) and 0.93-1.52 

(lettuce) (propionic acid) 

0.52 - 2.78 (apple) and 1.13 - 1.74  

(lettuce) (acetic acid) 

1.69 - >3.42 (apple) and 1.87 - 

2.54 (lettuce) (lactic acid) 

1.48 - >3.42 (apple) and 2.32 - 

2.98 (lettuce) (malic acid) 

1.52 - >3.42 (apple) and 1.85 - 

2.86 (lettuce) (citric acid) 

Park et al. 2011 

Chlorine dioxide 

(liquid) 

Iceberg and romaine lettuce/ E. coli O157:H7 20-200 mg/L, pH 8; 20-200 mg/L, pH 2.6 0.96-1.13 (pH 8, Romaine) 

0.69-0.82 (pH 2.6, Romaine)  

0.83-1.43 (pH 8, Iceberg) 

0.79-1.22 (pH 2.6, Iceberg) 

Keskinen et al. 2009 

Lettuce/ E. coli O157:H7 10 mg/L, 5 min 1.2  Singh et al. 2002 

Mung bean sprouts/ S. Typhimurium, L. monocytogenes 100 mg/L, 5 min 3 (S. Typhimurium) 

1.5 (L. monocytogenes) 

Jin and Lee 2007 
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Treatment/chemical Products/microbes tested Treatment conditions Antimicrobial effect Log (No/N) Reference 

Electrolyzed water Iceberg lettuce /E. coli O157:H7, Salmonella, L. innocua and 

E. carotovora, aerobic mesophilic count 

48-89 mg/L free chlorine, 730 mV, 8°C, pH 

8.4-8.55, 1-3 min 

1.2-1.5 (1 min) 

1.4-1.7 (3 min) 

0.8 (aerobic mesophilic count, 3 

min) 

Abadias et al. 2008b 

Chinese celery, lettuce and sprouts/ aerobic mesophilic 

bacteria, E. coli NBRC3301, Salmonella NBRC13245 

Acidic electrolyzed water, 5 min, pH 5.6-5.8; 

ORP > 900 mV; 21.4-22.1 mg/L chlorine  

2.7-2.87 (Chinese celery) 

2.5-2.91 (lettuce) 

2.45-2.91 (sprouts) 

Issa-Zacharia et al. 2011 

Lettuce/ E. coli O157:H7ATCC43888, S. Typhimurium 

ATCC14029, L. monocytogenes FDA10143 

300 mg/L chlorine, 5min, pH 4-9, ORP 750-

1150, 30°C 

1.5-2 (S. Typhimurium) 

1.3-2.2 (E. coli) 

1.6-2.1 (L. monocytogenes)  

Yang et al. 2003 
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1.2.2 Physical sanitation methods 

Since fresh produce represents a rather sensitive commodity of living tissue, thermal treatments are 

commonly not applicable for disinfection purposes due to detrimental effects on product quality. A 

series of non-thermal processes have been evaluated for their suitability to disinfect vegetables or fruits 

within the last decade. Several studies have been dedicated to the investigation of e.g. ionizing radiation, 

ultrasound, UV light or gas plasma as potential measures to enhance the shelf life and food safety of 

fresh produce (Table 3). Since the applied methodologies vary significantly among studies, the reported 

results are divers. Most studies have been focused primariliy on microbiological aspects while detailed 

information about the impact on the products properties is often neglected. There are few studies, which 

comprise a comprehensive evaluation including microbiology as well as quality characterization during 

storage after application of the respective treatment. A toxicological assessment is usually missing.  

The use of ultrasound for the disinfection of fresh fruit and vegetables is gaining interest since it 

represents a clean process, which is considered safe, environmental friendly and non-toxic. Ultrasound 

is a form of energy created by sound waves at frequencies that are too high to be detected by humans 

(>20 kHz). Microbial inactivation by ultrasound is associated to acoustic cavitation and free radical 

formation. The localized formation, growth and collapse of bubbles generate mechanical and chemical 

energy including sudden temperature and pressure shifts, which induce damages to the cell wall and/or 

the membrane (de São José et al. 2014, Meireles et al. 2016). Among different studies, frequencies 

between 20–45 kHz and treatment times of 1–10 min were usually applied for fresh produce (Bilek and 

Turantaş 2013). The water hardness and dissolved gases need to be taken into account since they may 

affect cavitation (de São José et al. 2014, Meireles et al. 2016). Compared to other sanitation treatments, 

the microbicidal efficiency of Ultrasound alone is often limited. For the decontamination of fresh 

produce, ultrasound is therefore most suitably combined with other processes, e.g. sanitizers. The 

ultrasonic waves and cavitation may synergistically improve the antimicrobial effects of chemical 

treatments compared to a sequential application (Gil et al. 2009). Among different studies, synergistic 

effects have shown to increase the reduction of the native microflora as well as inoculated pathogens 

like E. coli O157:H7 or Salmonella by a factor of 5-50 when ultrasound is combined with disinfectants, 

depending on the concentrations used, the ultrasound experimental conditions, the type of 

microorganisms, and the respective product (Bilek and Turantaş 2013).  

Ionizing radiation such as gamma-rays, X-rays or electron beams forms ions which can destroy 

microorganisms by the formation of free radicals (Ramos et al. 2013, Meireles et al. 2016). Ionizing 

radiation has been shown to be highly effective in reducing microbial loads on different kinds of fresh 

produce. Reductions by several orders of magnitude have often been found, but it was also observed 

that gamma irradiations with high doses of more than 1 kGy usually have impact on appearance, flavor, 

color or texture (Olaimat and Holley 2012). The American Food and Drug Administration (FDA) 

approve 1 kGy of gamma irradiation for application on fresh produce (FDA 2016). The World Health 

Organisation (WHO) furthermore determined that the irradiation of any food commodity up to an overall 

average dose of 10 kGy presents no toxicological hazard (WHO 1999). However, irradiation features a 

strongly negative perception among consumers and the impact on food as well as packaging properties 

is still not sufficiently evaluated. Furthermore, ionizing irradiation implies high investment costs as well 

as elaborate safety precautions. This is why it has not been adopted by the fresh produce industry so far 

(Meireles et al. 2016). 
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Ultraviolet (UV) light is electromagnetic radiation comprising wavelengths between 100 and 400 nm. 

Wavelengths between 100 nm and 200 nm comprise vacuum UV (VUV), which is absorbed by oxygen 

in air and therefore requires vacuum conditions to propagate. According to DIN5031, the lower 

wavelengths between 200 and 280 nm are called UV-C, which is known for its pronounced microbicidal 

properties being effective in killing different microorganisms including pathogenic bacteria, viruses as 

well as yeast and molds. This is mainly attributable to chemical alterations of nucleic acids, which 

exhibit an absorption peak between 250-260 nm. Pyrimidine dimers in nucleic acids are a common 

defect caused by UV-C. When the extent of damage is too high to be compensated by cellular repair 

mechanisms, blockage of transcription and translation causes microbial death. UV-C light is attributed 

to a clean technology since no chemical residues are left while cost effective equipment for easy 

implementation in industrial processes is available. However, since the penetration depth is limited, UV-

C is seen as a sole surface disinfection technology. Problems may arise when very complex surface 

structures or an inner product matrix shall be decontaminated since shadow effects must be expected 

(Fan et al. 2017).   

Cold gas plasma is an ionized gas, which is generated by sufficient energy input into a process gas like 

air, oxygen, nitrogen or noble gases (e.g. argon, helium). A mixture of free radicals (e.g. reactive 

oxygen/nitrogen species), accelerated ions and electrons as well as photons is efficiently formed and can 

be directly or indirectly applied for surface disinfection. UV light and highly reactive chemical 

compounds are responsible for the inactivation of microorganisms and several studies have 

demonstrated the efficiency to destroy pathogens and spoilage microorganisms on fresh produce. 

However, little is known about the physicochemical changes that might occur in the product due to the 

interaction of plasma species with the food components, so plasma is currently not approved for food 

applications (Ramos et al. 2013).  
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Table 3 Disinfection efficiencies of different physical treatments on fresh produce reported in selected studies.  

Treatment Products/microbes tested Treatment conditions antimicrobial effect Log (No/N) Reference 

Irradiation Cut romaine lettuce Gamma irradiation, 0.15 and 0.35 kGy 1.5 (aerobic plate count) 

1 (yeast and moulds) 

Prakash et al. 2000 

Spinach leaves/ E. coli O157:H7, L. monocytogenes, S. 

enterica, S. flexneri  

X-ray, 0.1 - 2.0 kGy, 22°C, 55-60 % r.H. > 5 (inoculated bacteria) 

> 4.2 (yeast and molds) 

> 4.6 (mesophilic count) 

Mahmoud et al. 2010 

Fresh-cut cabbage/ E. coli ATCC 29181 e-beam, 1-4 kGy > 7  Grasso et al. 2011 

UV-C light Lettuce, strawberry /E. coli, L. innocua, S. Enteritidis and S. 

aureus 

254 nm, 2 mW/cm², 1.2-7.2 J/cm², 8 cm distance, 10-60 min, 25 

°C 

1.21 – 1.75 (lettuce) 

1-1.4 (strawberry) 

Birmpa et al. 2013 

Lettuce, tomatoes and carrots/ E. coli ATCC 11775 253.7 nm, 2.9 to 57.6 kJ/m2, 0.65 and 1.6 mW/cm2,  3 min - 

60 min, 31 and 70 cm, 24°C 

Up to 1.7 (lettuce) 

Up to 2.8 (tomato) 

No inactivation (carrot) 

Bermúdez-Aguirre and 

Barbosa-Cánovas (2013) 

Baby Spinach/ L. monocytogenes, S. enterica  254.7 nm, 2.4–24 kJ/ m2 1.5–2.2 (L. monocytogenes) 

0.7-1.6 (S. enterica) 

Escalona et al. 2010 

Ultrasound Iceberg lettuce, white cabbage, strawberry, curly leaf 

parsley/ E. coli 

25, 32–40 and 62–70 kHz; 10 W/ L, 10 min, 40 L tap water 0.91- 1.14 (cabbage) 

0.19-0.97 (iceberg lettuce) 

0.29-0.77 (parsley) 

0.77-1.38 (strawberry) 

Seymour et al. 2002 

Lettuce, strawberry / E. coli, L. innocua, S. Enteritidis and 

S. aureus 

37 kHz, 30W/L, 10-60 min, treatment in 600 ml buffered peptone 

water, product-liquid ratio 1:9 

3.04 (E. coli strawberry)  

2.41 (S. aureus, strawberry),  

5.52 (S. Enteritidis, strawberry)  

6.12 (L. innocua, strawberry) 

2.30 (E. coli, lettuce)  

1.71 (S. aureus, lettuce) 

5.72 (S. Enteritidis, lettuce) 

1.88 (L. innocua lettuce) 

Birmpa et al. 2013 

Red bell pepper/ L. innocua 35 kHz, 120 W, 4L, 15 °C Sample/water: 1/25 1.98  Alexandre et al. 2013 

Cold gas 

plasma 

Lettuce, strawberry, potato/ S. enterica serovar 

Typhimurium 

Cold atmospheric plasma, nitrogen, up to 15 min Up to 2.72 (lettuce) 

Up to 1.76 (strawberry) 

Up to 0.94 (potato) 

Fernández et al. 2013 

Spinach, lettuce, tomato, potato/ S. enterica subsp. enterica 

serovar Typhimurium 

Low pressure oxygen plasma, 0.34 W/m³, 600s 3 (Spinach) 

2.7 (lettuce) 

2.2 (tomato) 

2.2 (potato) 

Zhang et al. 2013 

Lettuce, tomato/ E. coli ATCC 11775 Atmospheric pressure cold plasma, 3.95 kV-12.83 kV at 60 Hz, 30 

s – 10 min 

Up to 1.5  Bermúdez-Aguirre et al. 

(2013) 
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1.3 Objectives of this thesis 

Ready-to-eat fresh-cut produce can pose a risk to human health due to the sporadic occurrence of 

microbial pathogens. It represents a rather sensitive commodity with limited shelf life that is often 

determined by its microbiological quality. Although various chemical or physical treatments have been 

deployed to disinfect fresh cut vegetables or fruits, there is still no technology available, which enables 

a sufficient reduction of microbial contaminations while being safe to handle and keeping the product 

composition and quality unaffected. Since existing approaches are often insufficient for the post-harvest 

disinfection of fresh produce, alternative or complementary non-thermal technologies are still needed to 

increase food safety (Garvey and Rowan 2019). 

Pulsed light represents a surface disinfection technology based on ultraviolet light emitted by xenon 

flash lamps. It has already been successfully implemented in packaging sterilization processes on 

industrial scale and is currently under investigation regarding food applications worldwide. The present 

thesis intends to elucidate some of the most relevant factors regarding the application of pulsed light for 

food surface disinfection, with a focus on fresh produce. The main goals of this thesis are to 

 identify the most suitable way of fluence dosage within pulsed light treatments in order to enable 

the highest possible microbicidal effect, 

 elucidate the impact of pulsed light on bacterial structures and functions in order to clarify the 

microbicidal action, 

 determine the achievable microbial reduction on the surface of selected fresh produce in order to 

examine the practical benefit of pulsed light.  

For this purpose, the following three different studies have been performed with a lab scale pulsed light 

system for research purposes, which was equipped with a reflector consisting of three xenon lamps. 

Within the first study, two different aspects have been addressed: On the one hand, sensitivities among 

different microorganisms towards pulsed light were determined, while on the other hand, the impact of 

several process parameters on the inactivation efficiency was studied. The first question arose from a 

literature survey, which revealed discrepancies among published data. Some researchers reported about 

a distinct trend regarding a higher sensitivity of gram-negative bacteria compared to gram-positive 

bacteria, whereas other studies did not find such a relationship. This study therefore intends to determine 

and compare the required fluence to achieve a reduction of the colony count by at least four orders of 

magnitude (99.99 %) using a series of different bacterial species and strains. The second and more 

significant aspect of this study was dedicated to the question whether the way of fluence dosage has an 

impact on microbial inactivation. The direct comparison of inactivation efficiencies when tuning the 

respective fluence either by the applied voltage, the distance to the flash lamp or the number of 

consecutively applied light flashes had not been studied in detail before. However, it is crucial to 

compare these different approaches of fluence dosage experimentally in order to obtain the maximum 

inactivation efficiency. In this context, the validity of the Bunsen-Roscoe reciprocity law, which 

postulates an independence of photochemical effects from the intensity and duration of light exposure 

for a given total energy dose, was examined as well. The outcome of this study is of high relevance for 

the practical implementation of pulsed light in industrial processes. 
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The second study of this thesis has been dedicated to the bactericidal mode of action of pulsed light and 

intended to clarify in which way bacterial cells are inactivated and whether photothermal effects play a 

significant role. The inactivation mechanisms of pulsed light had been scarcely investigated and 

regarding the potential involvement of photothermal effects on microbial cells, variable results were 

reported. Since pulsed light has been assumed to induce sublethal damage in bacterial cells, the 

examination of this speculation was also addressed. Based on various culture independent methods, the 

mode of antibacterial action with respect to induced damages to nucleic acids, enzymes and cell 

envelopes as well as the impact on functional properties like ATP synthesis, cellular respiration, 

membrane potential, substrate uptake or efflux pump activity of selected bacteria was investigated. The 

outcome of this study intends to provide fundamental knowledge about the impact of pulsed light on 

bacterial cells. Considering the inactivation of pathogenic bacteria, indications regarding food safety are 

given. 

The last study performed within this thesis has been related to the practical applicability of pulsed light 

for surface disinfection of fresh produce. Pulsed light may be beneficial in terms of food safety regarding 

the inactivation of potentially occurring microbial pathogens. On the other hand, a reduction of the 

native microflora could contribute to shelf life prolongation of fresh produce. According to a 

manufacturer of fresh cut salads, a shelf-life extension of their products by only one day would already 

have a significant positive economical impact. Therefore, the objective of this study was to determine 

to which extent a reduction of selected artificially inoculated bacteria or the native microflora can be 

obtained on the surface of fresh produce without significant changes of the product quality. Using the 

two different model products fresh-cut endive salad and mung bean sprouts, the achievable disinfection 

efficiency as well as the potential impact on key quality attributes were investigated. For this purpose, 

two different modes of pulsed light treatments were considered at which the produce surface is either 

exposed to pulsed light during a simulated washing process or directly in dry state. The findings of this 

study are of relevance regarding practical considerations whereat advantages as well as potential 

drawbacks for the pulsed light treatment of fresh produce are outlined.
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2 State of the art – Review article 

In recent years, pulsed light disinfection has emerged as a new non-thermal alternative to inactivate 

spoilage or pathogenic microorganisms on foods. It is based on intense broad spectrum light flashes 

which contain high proportions of ultraviolet irradiation. The first scientific reports about the use of 

pulsed light for inactivation of microorganisms go back to the late 90s (Gómez-López and Bolton 2016). 

Since then, many publications have been released at which the use of pulsed light for the disinfection of 

various surfaces or liquids was investigated.  

A pulsed light facility is generally comprised of a treatment chamber equipped with one or more flash 

lamps, which are usually filled with Xenon. The pulsed operation of Xenon-lamps is characterized by 

two stages. A high voltage pulse, which lasts only nanoseconds, makes the Xenon conductive and creates 

an arc. Plasma is generated near the anode. High voltage stored in a capacitor is then discharged in the 

arc and the large pulse of current generates high intensity light flashes of short durations in the ionized 

gas. The ionization wave propagates from the anode to the cathode and the plasma region expands along 

the lamp. When the ionization wave arrives at the cathode, the plasma current reaches its maximum 

value. Electrons in the xenon atoms are elevated to an excited state caused by the absorption of electrical 

energy and release a discrete amount of energy as photons when returning to the ground state. The 

emitted complex spectra of the released photons depend on the nature of the inert gas and the applied 

power and range from ultraviolet to near-infrared light (200-1100 nm). Wavelengths below 200 nm are 

absorbed by oxygen which leads to the formation of ozone due to generated oxygen radicals. A typical 

lamp has a pulse rate of 1 to 20 Hz while the durations of pulses are in the range of 1 µs - 0.1 s. The 

light flashes are estimated to be at least 20,000 times more intense than sunlight with a peak power in 

the order of several megawatts, although the total power is comparable to continuous UV light. The 

pulsed light treatment dose is most suitably quantified as fluence in J/cm² (Forney and Moraru 2009, 

Keener and Krishnamurthy 2014).  

The following article has been published in Journal of Applied Microbiology in 2017. It is an invited 

review article which gives an overview about the current status of research regarding the pulsed light 

technology for surface disinfection of food. Especially scientific work from the last ten years has been 

considered. The front page of the printed version is shown on the next page, followed by the whole 

original article which was accepted for publication. 

The first author Bernd Kramer was responsible for the literature research as well as writing of the 

manuscript. Dr.-Ing. Peter Muranyi as well as Joachim Wunderlich contributed to the composition of 

the manuscript as well as proofreading.   
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Summary 

Non-thermal disinfection technologies are gaining increasing interest in the field of minimally processed 

food in order to improve the microbial safety or to extend the shelf life. Especially fresh-cut produce or 

meat and fish products are vulnerable to microbial spoilage but due to their sensitivity, they require 

gentle preservation measures. The application of intense light pulses (PL) of a broad spectral range 

comprising ultraviolet, visible and near infrared irradiation is currently investigated as a potentially 

suitable technology to reduce microbial loads on different food surfaces or in beverages. Considerable 

research has been performed within the last two decades, in which the impact of various process 

parameters or microbial responses as well as the suitability of PL for food applications has been 

examined. This review summarizes the outcome of the latest studies dealing with the treatment of 

various foods including the impact of PL on food properties as well as recent findings about the 

microbicidal action and relevant process parameters. 

Kramer, B., Wunderlich, J., & Muranyi, P. (2017). Recent findings in pulsed light disinfection. 

Journal of Applied Microbiology, 122(4), 830-856. 
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1. Introduction 

The rise of antibiotic resistance among bacteria, an ongoing frequency of foodborne outbreaks 

accompanied by new trends in nutrition and food habits has led to an increased global search for efficient 

and gentle antimicrobials and preservation technologies for food. Various physical and chemical 

approaches for microbial inactivation or inhibition have been investigated within the last years. Fresh 

produce frequently harbors threatening microbial contaminations (Harris et al. 2003, Berger et al. 2010) 

which may cause infectious diseases (Smith DeWaal and Bhuiya 2007). As fruits and vegetables are 

more and more distributed in form of industrially fabricated ready-to-eat fresh-cut produce, there are 

increasing hazards arising from foodborne outbreaks due to occurring pathogenic bacteria like 

Salmonella spp., Escherichia coli or Listeria monocytogenes. Minimally processed products are usually 

consumed without further washing or heating and they mostly exhibit use by dates of several days, 

which enables microbial growth especially when the cold chain is not properly maintained and the plant 

tissue integrity is impaired by cutting processes. This is similar in case of other perishable products 

susceptible to microbial spoilage like raw fish or meat, exhibiting frequently high numbers of e.g. 

Campylobacter species especially in broiler meat (EFSA 2015). The preservation of minimally 

processed fresh food requires particular care as many products are notably sensitive and cannot be 

harshly treated. Thermal treatments are not applicable for meat, fish or fresh produce and the use of 

disinfectants like chlorine is often unwanted due to a low efficiency or the potential formation of toxic 

byproducts like trihalomethanes (THM) (Artés et al. 2009). Among physical treatments, high hydrostatic 

pressure, pulsed electric fields, cold gas plasma or pulsed white light have been extensively studied for 

their suitability to reduce the microbial loads on or in different foodstuff. The application of intense 

pulsed light (PL) for disinfection of foods has been broadly investigated for about 15 years now, 

wherefore the technological principle is based on the accumulation of high discharge voltage in a 

capacitor and the sudden release of the energy in Xenon flash lamps. The initiated intense light flashes 

exhibit a broad spectrum ranging from about 200-1100 nm with about 25 % in the UV-range (Kramer 

and Muranyi 2014). Its efficiency is higher compared to continuous UV irradiation because a high 

fluence can be applied within short time (Garvey et al. 2014). PL has already been used for several years 

on industrial scale for disinfection of packaging material. For food applications it is still not used on 

large scale, although having been approved since 1996 by the Food and Drug Administration (FDA) up 

to an energy dose of 12 J cm-2 , provided that the emission spectra is between 200 and 1100 nm and the 

pulse duration is no longer than 2 milliseconds (FDA, 2015). Important reviews of PL applications 

regarding food decontamination have been published earlier by Gómez-López et al. (2007), Elmnasser 

et al. (2007) and Oms-Oliu et al. (2010b). This review therefore intends to summarize the outcome of 

recent research activities of PL applications for food preservation with a focus on the last 10 years. 

Besides the impact of various relevant process parameters, the principles of microbial responses and 

inactivation to PL are discussed as well.  

 

2. Relevant factors affecting microbial inactivation in PL experiments 

Various studies have been dedicated to the elucidation of relevant influencing factors in microbial PL 

inactivation experiments. Data is available for food related microorganisms and in part also for 

medically relevant microorganisms. It is now well accepted that the number of applied light flashes, the 

applied discharge voltage, the distance between target and flash lamp, the spectral range of the light 

flashes, the sensitivity of various groups of microorganisms, the extent and kind of contamination as 

well as the impact of the surrounding matrix in which microorganisms are embedded, have impact on 

the extent of microbial inactivation. It was shown that the most decisive determinant for microbial killing 
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is the total fluence striking the cell surface. Higher input voltage, lower distance between the target and 

the flash lamps and increased numbers of light flashes lead to an increase of the striking energy and 

consequently to enhanced microbial killing (Gómez-López et al. 2005, Farrell et al. 2009, Lasagabaster 

and de Marañón 2013, Artíguez and de Marañón 2014). The instrumental set-up, the experimental set-

up and the way of reporting data varies significantly among different studies. In vitro experiments are 

often performed in liquids like water or buffer systems, on agar surfaces or on other surfaces like 

plastics, glass or metal, while the preparation of the inoculum varies. The applied treatment intensity of 

PL is most suitably specified as fluence reported as J cm-2 (Lasagabaster and de Marañón 2013, Artíguez 

and de Marañón 2014), but there are numerous studies where the energy input is only given as treatment 

times, numbers of light flashes, voltage or simply as emitted Joule in total. This makes direct 

comparisons of data obtained in different studies almost impossible. Gómez-López et al. (2016) recently 

proposed an approach to standardize methods for fluence determination in bench-scale pulsed light 

experiments, as appropriate dosimetry is fundamental for comparison of results and up scaling 

processes. Hsu et al. (2011) introduced a 3 parameter Gaussian model to describe the spatial distribution 

of total and UV fluence in air and also in liquid substrates, which needs to be taken into account when 

developing PL facilities and processes and may help to compare PL effectiveness.  

 

2.1 Sensitivities of microorganisms to pulsed light exposure 

The suitability of PL to inactivate different kinds of microorganisms, including vegetative bacteria, 

bacterial endospores, mould spores, yeasts, viruses or parasites has been shown in numerous studies 

(Huffman et al. 2000; Gómez-López et al. 2005; Jean et al. 2011). Investigations performed in vitro, 

under exclusion of any further influencing factors coming from a surrounding food matrix, usually report 

relatively high reductions of the viable counts, often reaching maximum inactivation levels in the range 

of 4-7 log units. Only few studies have been performed with a broad range of different microorganisms 

being exposed to PL so far. Gómez-López et al. (2005) tested different bacteria, yeasts, mould spores as 

well as endospores and found reductions between 1.2 and more than 5.9 log units while Farrell et al. 

(2010) included a series of different pathogenic bacteria, which were reduced by up to 7 log units. The 

sensitivity of microorganisms to PL is generally determined by several intrinsic cellular factors, among 

them genetic characteristics, which determine the ability to counteract or repair PL induced cellular 

damages, structural properties of the cells like the composition of the cell membrane and wall as well as 

their pigmentation, which may be responsible for absorption of distinctive light spectra, thereby 

providing protection of internal structures from the incident irradiation. Distinct differences in the 

sensitivity have been shown to occur on species but also on strain level. Farrell et al. (2009) reported 

significant variations in PL-sensitivity of different medically important Candida species on agar surface, 

which also depended on the applied fluence. Furthermore, they showed that vegetative bacteria were in 

general less resistant compared to yeast cells, which was also found by Levy et al. (2012). A higher 

sensitivity of gram-negative bacteria compared to gram-positive bacteria has been reported by Farrell et 

al. (2010) and Anderson et al. (2000). However, other studies did not observe a clear pattern of bacterial 

sensitivity according to their gram-staining behavior. Gómez-López et al. (2005) found variable 

sensitivities among different groups, but without a clear pattern. Ogihara et al. (2013) likewise 

determined differing sensitivities of various food related bacteria without any distinctive trend. Spores 

are in general more resistant to PL than vegetative cells, which was demonstrated by Hayes et al. (2012) 

for C. perfringens and B. cereus endospores compared to E. coli and by Anderson et al. (2000) for A. 

niger and F. culmorum compared to different enteropathogenic bacteria. Viruses like murine norovirus 

as a surrogate for human norovirus have also been proven to be sensitive to PL exposure in different 

matrices, reaching reductions of viral infectivity by more than 3 log units with 3.45 - 7.6 J cm-2 (Vimont 
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et al. 2015). A range of viruses like herpes simplex virus type 1 (HSV-1) and non-enveloped viruses, 

i.e. encephalomyocarditis (EMC), polio virus type 1, hepatitis A (HAV), bovine parvovirus (BPV) and 

canine parvovirus (CPV) have been shown to be PL sensitive, revealing inactivation of >4.8 - >7.8 log 

with 1 J cm-2 (Roberts and Hope 2003). Jean et al. (2011) demonstrated that murine norovirus as well as 

hepatitis A virus can be quickly inactivated by more than 5 log on stainless steel and polyvinyl chloride 

within 2 s. Huang et al. (2017) compared the PL sensitivity of murine norovirus, tulane virus, 

Escherichia coli O157:H7 and Salmonella in phosphate buffered saline (PBS) and found a higher 

resistance of both viruses compared to the bacterial pathogens. With regard to parasites, Huffman et al. 

(2000) reported more than 4 log inactivation of Cryptosporidium parvum by PL while Hayes et al. 

(2012) showed that Cryptosporidium parvum oocysts are more resistant to PL than E. coli, although a 

reduction by 5 log was possible in drinking water. Based on the available data, the following rough order 

of sensitivities of microorganisms can be made: fungal spores >bacterial endospores > yeasts, parasites, 

viruses > vegetative bacteria. However, methodical as well as biological variations have to considered. 

A direct comparison of all the different microbial groups has not been done within one study so far. For 

instance, the resistance of yeasts, parasites and viruses has not yet been investigated under standardized 

conditions.   

 

2.2 Impact of population age, photoreactivation, resistance development and synergistic effects 

In addition to the intrinsic sensitivity of microorganisms and different process parameters, it has 

furthermore been shown that certain other factors affect the outcome of PL experiments. The age of 

microbial populations has been shown to have a significant impact on the extent of inactivation. 

Exponentially growing microorganisms with elevated metabolic activity seem to be more vulnerable to 

PL than resting cells. They are most likely less able to quickly counteract occurring damage to the DNA 

or other cellular structures like lipids and proteins compared to populations in the stationary phase, 

which are more efficiently protected from cell death by repair mechanisms. Farrell et al. (2009) showed 

that older populations (24 h) of C. albicans are less sensitive to PL than a 14 h culture. The same trend 

was shown for E. coli cultures, which were grown for 16 h and 24 h respectively (Farrell et al. 2010). 

Cudemos et al. (2013) likewise reported that Ps. fluorescens, B. cereus and S. cerevisiae are more 

resistant to PL in the stationary than in the latency or exponential growth phase. Besides the impact of 

the microbial growth stage, it is also important to take into account the sample handling after PL 

exposure. Photoreactivation is an enzymatic DNA-repair mechanism and its occurrence after PL 

exposure has been identified in different microbial species. Farrell et al. (2010) demonstrated that 4 h of 

sunlight illumination of Candida glabrata treated with various fluencies caused a higher recovery up to 

1 log compared to dark stored samples. Lasagabaster and de Marañón (2014) found significant 

photoreactivation of L. innocua after PL exposure. Recovery was increased by up to 2.2 log when 

samples were immediately illuminated with daylight. Similarly, Kramer et al. (2015a) reported lower 

levels of inactivation by up to 2 log and 1.5 log when E. coli or L. innocua were illuminated with artificial 

daylight directly after PL exposure. Maclean et al. (2008) likewise showed that photoreactivation affects 

the inactivation of L. monocytogenes and S. aureus, especially when low PL energy doses and 

wavelengths between 360 and 380 nm after the PL treatments are applied. Furthermore, it was  observed 

that photoreactivation is time-dependent, being most efficient within only 30 min after treatment but 

decreasing strongly when samples were illuminated after 5 h of storage in the dark (Lasagabaster and 

de Marañón 2014). However, other studies identified lower levels of photoreactivation namely 0.3 log 

for L. monocytogenes (Gómez-López et al. 2005a), up to 1 log for Ps. aeruginosa (Farrell et al. 2010) 

or no photoreactivation at all in case of E. coli (Otaki et al. 2003).  

Different results have been obtained concerning a potential resistance development among bacteria so 
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far. Massier et al. (2012) found that Ps. aeruginosa may adapt to PL stress caused by low energy doses, 

leading to a higher resistance. The same was also found for Ent. faecalis (Massier et al. 2013). Heinrich 

et al. (2016) demonstrated that there is an evidence for homologous tolerance development in L. 

monocytogenes against repeated PL stress as well as heterologous tolerance development from heat 

stress to PL. On the other hand, Gómez-López et al. (2005a) did not observe any resistance development 

with L. monocytogenes after 13 successive PL treatments. Artíguez and de Marañón (2015c) furthermore 

observed that a sublethal thermal pretreatment of B. subtilis endospores induces a higher sensitivity 

towards PL. The same was already reported by Marquenie et al. (2003) for B. cinerea and M. fructigena. 

According to Bradley et al. (2012), exposure of L. monocytogenes to mild-food processing stresses 

resulted in similar or increased susceptibility to PL treatments, which reveals the inability of L. 

monocytogenes to adapt to normally lethal levels of PL irradiation after exposure to sublethal levels of 

acid, salt, heating or PL. Therefore, a potential resistance development or increased susceptibility after 

applying different stresses seems to be variable and needs further elucidation. Nevertheless, there is 

evidence that synergistic effects may be obtained by simultaneously combining PL with other 

inactivation processes, thereby increasing the efficiency or making it possible to reduce the overall 

treatment intensity. Several studies found improved effectiveness of PL when combined with e.g. 

thermosonication (Muñoz et al. 2011, 2012), pulsed electric fields (Caminiti et al. 2011), or different 

disinfectants (Xu et al. 2013, Huang et al. 2015, Ramos-Villarroel et al. 2015) which generally meets 

the current demand for a gentle treatment of sensitive food products. 

 

2.3 Impact of light absorption  

It is of great importance to consider any absorption of light when microorganisms are embedded in a 

complex matrix while being exposed to PL. This may be the case when treating beverages or liquids 

containing light absorbing solutes like proteins or dispersed particles, which cause a lower number of 

photons striking the cells and therefore reduce the killing effect. Aguirre et al. (2014) demonstrated that 

PL inactivation of L. innocua is sharply reduced when the cells are located below an agar surface, 

especially in case of colored agar, where light penetration is hampered. Artíguez et al. (2012) reported 

that PL inactivation of L. innocua is affected in protein solutions of β-lactoglobulin and β-casein, with 

the impact on PL efficiency being concentration dependent and attributable to the absorption of light in 

the range between 230 and 290 nm (mainly UV-C). Gómez-López et al. (2005b) also reported that 

especially a high protein or oil content causes reductions of the microbicidal effect of PL. Light 

absorption due to pigmentation of microorganisms has likewise shown to have impact on PL efficiency. 

Melanin is known to protect microbial cells from irradiation by absorption of considerable amounts of 

energy. A higher resistance of dark pigmented Aspergillus conidiospores compared to fawn and white 

colored spores has been reported by Esbelin et al. (2013) while Anderson et al. (2000) had found a 

higher resistance of A. niger compared to F. culmorum earlier. Furthermore, Farrell et al. (2010) 

demonstrated that production of the pigment pyocyanin and also alginate slime formation of Ps. 

aeruginosa provides protection against PL. In another study, Artíguez and de Marañón (2015b) 

demonstrated that endospores of B. subtilis and G. stearothermophilus are actually more resistant than 

their vegetative counterpart, however high numbers of cells in suspension caused an inverse trend with 

vegetative cells being less inactivated than their corresponding spores. This was attributable to the higher 

light absorption of vegetative cells, providing an increased level of protection.  
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2.4 Impact of the spectral range of PL 

The UV-C fraction (200 - 280 nm) of PL has been shown to be the most decisive part of the PL spectrum 

for microbial inactivation. Wang et al. (2005) demonstrated that the most efficient PL inactivation of E. 

coli is found to occur at around 270 nm and no inactivation is observed above 300 nm. Woodling and 

and Moraru (2007) likewise confirmed that the spectral fraction below 300 nm is crucial for microbial 

killing and wavelengths between 300 and 400 nm only lead to slight reduction of L. innocua, while 

removal of all UV-light causes complete loss of the microbicidal action. Levy et al. (2012) demonstrated 

that the spectral range between 225 and 280 nm is most important for inactivation of B. subtilis spores 

on an agar surface, while wavelengths higher than 280 nm have almost no effect on viability. Ramos-

Villarroel et al. (2012a, 2012b) likewise confirmed that visible light and near infrared irradiation alone 

do not provide a pronounced bactericidal effect. These findings are generally in accordance with the 

absorption spectra of DNA and proteins, which usually exhibit peaks in the range of 250-280 nm. The 

applied discharge voltage for generation of light flashes in Xenon flash lamps is furthermore known to 

affect the emitted light spectrum. Higher voltages cause a shift towards lower wavelengths and therefore 

higher proportions of UV-C, which increases the germicidal effect (Levy et al. 2012, Gómez-López and 

Bolton 2016). The UV-proportion usually makes about 20 % of the total fluence, depending on the 

applied voltage (Kramer et al. 2016a). Provided that a high UV-transmission of the respective material 

is given, PL treatments have shown to be effective to reduce microbial loads on food surfaces through 

the packaging material (Chen et al. 2015). Heinrich et al. (2015) recently reviewed available data on the 

approach to treat solid food by PL after packaging. Multilayer films composed of e.g. polyamide and 

polyethylene (PA-PE), polypropylene (PP) or low-density polyethylene (LDPE) seem suitable as high 

proportions of UV-C are transmitted. For instance, Fernández et al. (2009) reported that the inactivation 

of L. monocytogenes was not affected when PL exposure was done through different plastic copolymer 

films comprised of polyamide/ polyethylene/ vinyl acetate. However, following this approach, the 

impact of PL on physical and chemical characteristics of the packaging needs further assessment.  

 

2.5 Impact of the surrounding matrix including shadow effects 

When performing PL inactivation experiments, the repeatability and variance of results needs to be 

considered. Aguirre et al. (2014) found that higher inactivation levels at increased fluencies also cause 

higher variation of the results when treating L. innocua in an agar matrix. Similar findings were reported 

by Aguirre et al. (2015) who showed that increasing the inactivation of B. cereus endospores lengthened 

the mean lag phase during regrowth and proportionally increased its variability. The variation of 

surviving populations when microbial inactivation reaches the detection limit may in part also be 

attributable to occurring shadow effects. Cell aggregates and other microparticles cause protection of 

some of the cells against the PL irradiation and while this effect may be variable, the obtained data of 

viable counts close to the detection limit may be variable. This needs to be considered in quantitative 

microbial risk assessment (Aguirre et al. 2014). Shadow effects due to high cell numbers as well as 

irregularities of the surrounding matrix are on the other hand generally known to play an essential role 

for PL inactivation efficiencies. Farrell et al. (2010) showed that the size of S. aureus and Ps. aeruginosa 

populations on an agar surface affect the inactivation efficiency, leading to lower reductions at a higher 

cell density due to shadow effects caused by cell clusters and multilayers. Similarly, Gómez-López et 

al. (2005a) and Cudemos et al. (2013) reported that higher degrees of contamination reduce the PL 

efficiency. The importance of the distribution of microorganism on a surface for PL applications has 

also been demonstrated by Levy et al. (2011) for B. subtilis endospores, which were inoculated by 

airbrush-spraying and drop inoculation respectively. Cluster formation caused a strong decrease of the 
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PL efficiency and is more likely to occur during spot inoculation compared to the more fine distribution 

when spraying is applied. 

On the other hand, the reflectance and roughness of PL treated plastic surfaces has been shown to affect 

PL effectiveness. Highly reflective and rough surfaces result in lower inactivation of L. innocua 

compared to smooth and less reflective surfaces (Ringus et al. 2013). Similar results were also obtained 

by Woodling and Moraru (2005) who investigated the PL efficiency on different types of stainless steel 

surfaces. Rough surfaces cause attachment to complex surface features, but on the other hand highly 

smooth hydrophobic surfaces tend to provoke clustering of cells, which in both cases leads to shadow 

effects. Uesugi et al. (2007) likewise found noticeable effects of substrate characteristics and inoculum 

size on inactivation of L. innocua on stainless steel, which resulted in limited count reduction and a 

pronounced tailing of the inactivation curves. Dose response curves of PL inactivation experiments often 

exhibit initial shoulders and/or a tailing effect at higher fluencies. Relevant aspects regarding the 

modeling of PL inactivation curves including a comprehensive interpretation has recently been reviewed 

by Rowan et al. (2015). Although the findings of various studies indicate that PL efficiency seems to be 

limited when high numbers of microorganisms are present on a surface with complex microstructure, 

PL has been proposed to be a suitable measure to control biofilm formation when properly applied 

(Garvey et al. 2015, Montgomery and Banerjee 2015). However, regarding very complex 

microstructures, which may be found on food surfaces, it is generally well accepted that the respective 

matrix can strongly affect the inactivation efficiency of PL. This is most likely attributable to cavities, 

pores and other irregularities, which may be present on the PL exposed surface thereby protecting 

embedded microorganisms from the incident light (Kramer et al. 2015b). 

 

2.6 Impact of the way of energy application 

According to the Bunsen-Roscoe principle, a photochemically induced inactivation effect should not be 

determined by the way of energy dosage as it only depends on the total number photons (Gómez-López 

and Bolton 2016). Hence, one light flash of higher energy dose should have the same effect as several 

light flashes of lower energy dose, provided that the light spectrum is equal. This has been confirmed 

by Levy et al. (2012) for B. subtilis and B. cereus endospores as well as vegetative cells on an agar 

surface by delivering fluencies between 0.5 and 1.5 J cm-² with 1-5 light flashes. However, the 

inactivation of A. niger conidiospores on polystyrene was strongly influenced by the way of energy 

input being much lower when several light pulses of low energy were applied instead of only one high 

energy light flash. Luksiene et al. (2007) reported that the inactivation of Salmonella Typhimurium did 

not depend on the applied frequency of pulses in the range of 1-5 Hz. Lasagabaster and de Marañón 

(2013) underlined that the total fluence reaching the samples is the most relevant process factor for 

microbial inactivation while Artíguez and de Marañón (2014) similarly showed that the effectiveness of 

PL only depends on total fluence reaching the target but not on input voltage. Several studies concluded 

that PL is more efficient than continuous UV light due to its high peak power. Cheigh et al. (2013) 

confirmed a more rapid and effective inactivation of L. monocytogenes by PL compared to UV-C while 

Bohrerova et al. (2008) demonstrated that inactivation of phages as well as E. coli is more effective with 

PL compared to continuous UV lamps. On the other hand, Wang et al. (2005) concluded from their 

investigations that the germicidal efficiencies of continuous and pulsed UV sources are similar, which 

was likewise stated by Otaki et al. (2003) when comparing a low-pressure UV lamp emitting at 254 nm 

and a broad-spectrum flash lamp. It therefore remains to be clarified if the intensity and peak power of 

the applied fluence has a considerable impact.  

Future studies dealing with relevant impact factors of PL inactivation should focus on the evaluation of 

the reciprocity law and a possible peak power dependence. Due to inconsistent data, a potential 
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development of resistance also needs further investigation as well as suitable ways to synergistically 

improve the efficiency of PL, e.g by use of photosensitizers. 

 

3. PL induced cellular damage of microorganisms 

Some studies have been performed to elucidate the cellular response of bacteria to PL so far. It is 

assumed that the primary causes for microbial inactivation are irreparable modifications of the DNA 

molecule, caused by the high proportion of UV light. This is endorsed by the findings that the microbial 

count reduction is uniquely attributable to the UV fraction of the PL spectrum while no inactivation is 

attained with the emitted visible or near infrared light alone (Uesugi et al. 2016). The occurrence of UV-

induced structural changes to nucleic acids, especially cyclobutane-pyrimidine dimers (CPDs) or 6–4 

photoproducts (6–4 PPs), accounts for the inhibition of cell replication or transcription, leading to cell 

death (Rastogi et al. 2010). PL induced DNA modifications have been identified as a crucial factor for 

microbial killing in several studies with different methods (Takeshita et al. 2003, Farrell et al. 2011, 

Cheigh et al. 2012, Kramer and Muranyi 2014, Kramer et al. 2015a). Our own studies have shown that 

the onset of PL induced count reduction of L. innocua is directly linked to the occurrence of DNA 

alterations (Kramer and Muranyi 2014).  

Uesugi et al. (2016) investigated the response of L. monocytogenes to PL as well as continuous UV-

light on the basis of a whole genome DNA microarray analysis. They did not find any distinct differences 

in gene expression after exposure to either continuous UV or PL and therefore concluded that the 

microbicidal effect of PL mainly seems to be attributable to the UV content. However, Takeshita et al. 

(2003) reported about eluted protein and structural changes as well as cell membrane damages in PL 

treated yeast cells, which were different from the effect on continuous UV-light exposed cells and 

therefore suggested differences in the mode of inactivation between PL and continuous UV. A similar 

result was obtained by Garvey et al. (2016) who found protein leakage for Bacillus and E. coli test 

species after PL exposure while membrane damage was not evident for cells exposed to low pressure 

ultraviolet light. Cheigh et al. (2012) found more double-strand breaks in E. coli and L. monocytogenes 

when exposed to continuous UV-C but transmission electron microscopy observations revealed a more 

pronounced destruction of bacterial cell structures when treated with PL. Esbelin et al. (2016) 

demonstrated that several coat proteins have a major contribution to the resistance of B. subtilis spores 

to PL while their contribution to UV-C resistance was marginal. These results indicate that there are 

most likely some differences in the mode of action between PL and continuous UV. A real comparison 

of microbial inactivation data however seems almost impossible as the applied fluencies are hardly 

comparable. This is primarily due to the different light spectra of both technologies and also the different 

peak power which is achieved. As already mentioned, several studies reported about structural damages 

to the cell membrane or cell wall after PL exposure, which is usually not seen after continuous UV 

exposure (Takeshita et al. 2003, Cheigh et al. 2012, Garvey et al. 2016). The rupture of microbial cells 

after PL exposure was mostly attributed to a photochemical or photophysical effect, resulting from a 

short overheating of microbial cells or the pulsing effect (Gómez-López et al. 2007). Krishnamurthy et 

al. (2010) reported about cell wall damage, cytoplasmic membrane shrinkage, cellular content leakage, 

and mesosome disintegration of S. aureus after PL exposure. Similarly, Farrell et al. (2011) observed 

protein leakage and propidium iodide uptake of C. albicans after PL exposure indicating pronounced 

cell membrane permeability. Ferrario et al. (2014) found indications that PL provoked rupture of the 

cytoplasm membrane allowing propidium iodide to penetrate cells as well as progressive loss of esterase 

activity in S. cerevisiae. In case of murine norovirus, Vimont et al. (2015) also found that PL disrupts 

MNV-1 structure and degrades viral proteins and RNA. On the other hand, Nicorescu et al. (2013) did 

not observe any disruption of B. subtilis when the cells were exposed to pulsed light in suspension, but 
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SEM images revealed damaged cells when they were inoculated on different spices. It was therefore 

concluded that different inactivation mechanisms may be involved when PL is applied in dry state or in 

liquid phase. Based on flow cytometric investigations, Kramer and Muranyi (2014) showed in trials with 

L. innocua and E. coli that the strong PL induced colony count reduction is not directly linked to a 

pronounced occurrence of membrane damage, which was detectable only at high energy doses while 

Levy et al (2012) reported that PL treatments did not result in disruption of spore structures of B. subtilis 

or A. niger.  

Further indirect damage to cellular components like proteins or lipids may also be caused by the 

formation of reactive oxygen species (ROS). Those defects have been detected after continuous UV 

treatments of microorganisms as especially UV-A is known to enhance the formation of ROS (Santos 

et al. 2013). Farrell et al. (2011) found PL induced cytosolic localisation of ROS with concomitant lipid 

hydroperoxidation in C. albicans while Kramer et al. (2015a) detected intracellular ROS and lipid 

peroxidation in E. coli at high treatment intensities. Massier et al. (2012, 2013) on the other hand did 

not find a PL induced oxidative stress defense mechanism in Ent. faecalis or Ps. aeruginosa at low 

energy doses when performing a proteomic study, so the impact of ROS seems to be restricted to high 

intensities of PL. According to these results, it is highly likely that the extent of structural damage to 

microbial cell membranes and cell walls due to photothermal or photophysical effects and oxidative 

stress strongly depends on the kind of microorganism and the experimental and instrumental setup. As 

already mentioned, DNA damages seem to be the primary cause for the observed microbial count 

reduction and it should be kept in mind that the detection of ruptured cells may also be the result of 

subsequent cell lysis provoked by DNA damage and not always an immediate cause of PL.  

There are indications that PL may cause sublethal damage to bacterial cells, thereby inducing a viable 

but non culturable (VBNC) state, which recently has been discussed by Rowan et al. (2015). This 

assumption is corroborated by several findings. The proven occurrence of photoreactivation shows, that 

microbial cells stressed by PL may recover under the right conditions like daylight illumination, which 

induces an enzyme dependent DNA-repair mechanism. Differing results in microbial recovery on 

selective or non-selective media have also been found, demonstrating the occurrence of sublethally 

injured cells after PL treatment (Wuytack et al. 2003, Pataro et al. 2011). Residual cellular activity 

measured with molecular methods confirmed that PL exposed bacteria may be incapable to reproduce 

but still exhibit detectable levels of energy, including the ability to maintain a membrane potential, 

metabolic activity, esterase activity, ATP maintenance, glucose uptake activity or pump activity 

(Kramer and Muranyi 2014, Kramer et al. 2015a). Furthermore, Said et al. (2012) reported about a PL 

induced VBNC state of S. typhi, which lose the cultivability in usual culture media, but keep viability 

and phage susceptibility. Using realtime PCR for detection, Garvey et al. (2016) suggested that PL 

induces a viable but non culturable state in treated bacterial cells. Based on a proteomic approach, 

Massier et al. (2012, 2013) found an active stress response of Ent. faecalis and Ps. aeruginosa after 

applying energy doses, which led to count reductions by 2.2 and 0.5 log respectively. The data indicated 

the upregulation of several stress related proteins, revealing reduced energy conversion and increased 

transcriptional and translational processes in response to DNA damages caused by PL, which provided 

higher resistance to a subsequent treatment. All in all, present data on the bacterial reaction to PL reveal 

that there are molecular responses and residual activity even when cells are incapable to reproduce. 

There is no data available which shows if bacteria, sublethally stressed by PL, may still pose a risk to 

human health by either ongoing toxin production or recovery and regrowth under certain conditions 

other than illumination. However, Kramer et al. (2016a) recently showed that the synthesis of plasmid 

encoded GFP is similarly reduced to the culturability of S. enterica, indicating that PL exposed 

unculturable bacteria are unable to express proteins, which is of great importance regarding their 

pathogenicity. 



State of the art – Review article 

30 

Recent findings in Pulsed light disinfection 

4. Disinfection of fresh produce 

Considerable research regarding the microbial decontamination of plant based food by PL has been 

conducted within the last years. Especially the worldwide rising popularity of fresh-cut produce may 

have led to an extensive investigation of new strategies to combat microbial safety risks or shelf life 

limitations of cut fruits or vegetables. Table 1 shows an overview of published results regarding the PL 

treatment of fruits or vegetables by means of achieved microbial reductions and impact on quality 

attributes of the respective products. In most studies, the product surface was artificially inoculated with 

test bacteria, while sometimes the inactivation efficiency related to the native microflora was 

investigated instead or additionally. Many different kinds of vegetables have been tested so far, while 

data for PL treatments of fruits is available for apple, mango, melon and some sorts of berries. The 

obtained microbial data shows that count reductions on produce surfaces are generally lower compared 

to the outcome of in vitro tests with a defined test matrix. A maximum inactivation of about 1-3 log of 

the viable count is usually achievable while a complete inactivation of all present microorganisms seems 

mostly impossible. Therefore a tailing effect is often observed in microbial dose-response curves, which 

means that inactivation is limited to a certain degree and further increase of the energy dose does not 

provide enhanced microbial killing (Izquier and Gómez-López 2011, Kramer et al. 2015b). 

Subpopulations surviving the PL treatment may be especially resistant or located in cavities of the plant 

surface microstructure, which protect them from the incident irradiation due to shadow effects while 

internalized microbes are protected as well. As the occurrence of residual populations on the product 

surface is usually inevitable, their growth during storage after PL exposure of the product surface needs 

to be considered. A decontamination treatment is only effective when the initially obtained count 

reduction is maintained for a certain period of time, depending on the respective product and desired 

shelf life. It is therefore essential to perform storage trials under real conditions in order to track the 

development of microbial populations with respect to occurring lag phases and growth rates. As the 

number of competitors is usually reduced after PL and remaining microbes may exhibit an increased 

degree of robustness, an enhanced microbial proliferation rate may be observed during storage of PL 

treated produce. This leads to a decreasing count reduction compared to untreated products and therefore 

to a gradual decline or disappearance of the disinfection effect (Gómez-López et al. 2005b, Aguiló-

Aguayo et al. 2013, Koh et al. 2016a; Xu and Wu 2016). Kramer et al. (2015b) found that the total cell 

count of endive salad is reduced by 2 log directly after PL exposure, but after an adaption phase with 

subsequently increased microbial growth rate, the count reduction was almost absent after 7 days of cold 

storage. On the other hand, it has also been found that PL exposure may reduce the microbial growth 

rates, which has been reported in case of PL treated mushrooms (Oms-Oliu et al. 2010a) or by Llano et 

al. (2015) for fresh-cut apples. These variable results underline the importance of specific microbial 

storage trials, thereby most suitably assessing native microbial populations, which due to their adaption 

usually show a different behavior compared to inoculated microorganisms on produce surfaces after PL 

exposure during storage.  

Differing results have been obtained regarding the impact of PL on food quality of fresh vegetables or 

fruits. The mode of spoilage depends on the respective produce and may be detectable by means of 

changes to texture, color, chemical composition or sensory attributes. It is known that UV-B irradiation 

triggers the formation of secondary plant metabolites such as phenolic compounds, carotenoids and 

glucosinolates (Schreiner et al. 2014). This may be a beneficial effect of PL treatments regarding the 

formation of health promoting and nutritive compounds in fresh produce. An enhanced formation of 

total carotenoid compounds, lycopene, total phenolic compounds has been found in case of PL treated 

green tomato, thereby increasing the nutritional value (Pataro et al. 2015). Lopes et al. (2016) showed 

that PL treatments increase the concentrations of phytochemicals in mangoes without negative effects 
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on quality criteria. Rodov et al. (2012) showed that PL treatments caused an increase of the total phenolic 

content such as flavonoids of fig fruit. In some studies, positive effects of PL on apparent quality 

attributes were found. The color and firmness of PL treated mung bean sprouts (Kramer et al. 2015b) as 

well as fresh cut mangoes (Charles et al. 2013) was better maintained compared to control samples, 

while the color of avocado was stabilized after PL exposure (Aguiló-Aguayo et al. 2014). However, in 

many studies it was reported that an intense PL treatment of plant based foods may negatively affect 

several quality parameters like e.g. the texture of mushrooms (Oms-Oliu et al. 2010a), the color of salad 

(Kramer et al. 2015b) or sensory attributes of cut apple (Ignat et al. 2014). Significant deterioration is 

mostly not found immediately after PL exposure, but during storage. Storage trials of PL exposed 

products are therefore not only important regarding the maintenance of microbial reductions but also to 

investigate the impact on shelf life. As the effect on quality parameters varies significantly among 

products and mostly seems to be dose dependent, it is hence of great importance to find process 

parameters, which guarantee a gentle treatment while providing substantial microbial inactivation. 
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Table 1 Overview of reported results of pulsed light treated fruits and vegetables (n.d.: not determined) 

Food product Treatment / storage 

parameters 

Microbial reduction (cfu) Impact of PL on food 

quality 

Reference 

spinach, celeriac, 

green bell pepper, 

soybean sprouts, 

radicchio, carrot, 

iceberg lettuce, 

white cabbage 

675 and 2700 pulses; 

45 and 180 s; 

distance:12.8 cm; pulse 

intensity: 7 J / sealed 

bags; MAP; 7 °C; 9 

days  

aerobic 

mesophilic count  

0.21-2.04 log increase of the respiration 

rate of cabbage and lettuce; 

sensory deviation of cabbage 

during storage; initial count 

reductions on lettuce and 

cabbage get lost during 

storage  

Gómez-

López et al. 

(2005b) 

raspberries and 

strawberries 

25.7, 34.2,59.2 and 72 J 

cm-2; 5, 10, 30, 45 and 

60 s; 3Hz; discharge 

voltage: 3.8 kV; 

distance: 3, 5, 8, and 13 

cm 

E. coli O157:H7 

several outbreak 

strains 

3.4-3.9 log 

(raspberries) 2.1-

2.8 log 

(strawberries) 

no direct observable damage 

to the fruits 

Bialka and 

Demirci 

(2008) 

Salmonella 

enterica, several 

outbreak strains 

3.4-3.9 log 

(raspberries) 2.1-

2.8 log 

(strawberries) 

fresh-cut 

mushrooms 

4.8, 12 and 28 J cm−2; 

6, 15 or 35 pulses/ 

sealed PP trays; 5°C 

dark; 15 days 

native microflora 0.6-2.2 log dose dependent impact on 

texture, color, polyphenol 

oxidase activity, phenolic 

compounds, vitamin C and 

antioxidant capacity; thermal 

damage at high fluence 

Oms-Oliu 

et al. 

(2010a) 

fresh-cut avocado 15 or 30 pulses; 0.4 J 

cm-2 per pulse; through 

PP- film/ PP-trays; 

5°C; 15 days 

L. innocua 2.61-2.97 log dose dependent impact on 

color and texture; reduction 

of oxygen and increase of 

carbon dioxide and ethanol 

due to respiration; reduction 

of ethylene production 

Ramos-

Villarroel 

et al. 

(2011) 

E. coli 2.90-3.33 log 

iceberg lettuce, 

white cabbage 

and Julienne-style 

cut carrots 

0-12 J cm-2 aerobic 

mesophilic count 

up to 1 log maximum temperature 

increase by 9°C (max. of 

33°C) 

Izquier and 

Gómez-

López 

(2011) 

cut apple 2.4-221.1 J cm-2; 2-100 

s; distance: 5 and 10 

cm / permeable plastic 

boxes; 5°C; 7 days 

E. coli ATCC 

11229 

2.25 log temperature increase up to 

86°C; dose and time 

dependent increase of 

discoloration; microstructural 

damage at high energy doses; 

improvement of microbial 

quality throughout storage 

Gómez et 

al. (2012) 

L. innocua 
ATCC 33090 

1.7 log 

S. cerevisiae 
KE162 

>3 log 

fresh-cut 

watermelon 

15 or 30 pulses; 0.4 J 

cm-2 per pulse; through 

PP- film/ sealed PP-

trays, 5°C, 15 days 

E. coli  >3 log negative effect on the color, 

texture and headspace gas 

composition due to UV 

content of PL 

Ramos-

Villarroel 

et al. 

(2012a) 

L. innocua 2.79 log 

fresh-cut 

mushrooms 

15 or 30 pulses; 0.4 J 

cm-2 per pulse; through 

PP- film/ sealed PP-

trays; 5°C, 15 days 

E. coli 3 log  negative effect on color, 

texture and headspace gas 

composition at high energy 

doses due to UV content of 

PL 

Ramos-

Villarroel 

et al. 

(2012b) 

L. innocua 2 log  

green onions 5 and 14.3 J cm-2 for 

dry PL; 56.1 J cm-2 for 

wet PL; (alone or 

combined with SDS, 

chlorine, citric acid, 

thymol or hydrogen 

peroxide) 

E. coli O157:H7  > 4 log (spot 

inoculated stems 

and leaves)/ 1.4 

and (dip inoculated 

stems) 

3.1 log (dip 

inoculated leaves) 

 

 

 

 

n.d. Xu et al. 

(2013) 
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Food product Treatment / storage 

parameters 

Microbial reduction (cfu) Impact of PL on food 

quality 

Reference 

strawberries 0-3.9 J cm-²; 0-1000 

pulses; discharge 

voltage: 1.2 kV; 133 W 

cm-²; distance: 10 cm/ 

22°C; 8 days 

aerobic 

mesophilic 

bacteria  

2.2 log temperature increase of 

product surface up to 42°C; 

no significant immediate 

impact on total phenolic, total 

anthocyanin, ascorbic acid 

content, antioxidant capacity, 

color or firmness within 4 h 

after the treatment; no 

negative impact on visual 

overall quality within 8 days 

at 22°C 

Luksiene et 

al. (2013) 

yeasts and molds 1 log 

B. cereus ATCC 

12826 

1.5 log 

L. 

monocytogenes 
ATCC 7644 

1.1 log 

Tomato 1 and 2 pulses; 2.68 J 

cm-2 per pulse; 

discharge voltage: 2.5 

kV/ 20°C; 15 days 

microflora 

present in skin 

and peduncle 

1 log  softening, increased weight 

loss and wrinkles on the 

tomato surface 3 days after 

PL; no impact on ascorbic 

acid levels; increase of total 

lycopene, α-carotene and β-

carotene contents, lycopene 

isomerisation and 

bioaccessibility of lycopene  

Aguiló-

Aguayo et 

al. (2013) 

S. cerevisiae 2.3 log 

fresh-cut 

mangoes 

8 J cm−2; 2 J cm−2 per 

pulse/ glass jars (1 l); 

ambient atmosphere; 

6°C; 7 days 

n.d. n.d. maintenance of firmness, 

color, carotenoid, phenol and 

total ascorbic acid content as 

well as PAL activity; increase 

of PPO activity after 3 days 

Charles et 

al. (2013) 

fresh-cut 

avocado 

3.6, 6.0 and 14 J cm-2 

per side/ sealed PP-

trays; 4 °C; 15 days 

aerobic 

mesophilic 

microorganisms  

1.20 log improved color maintenance 

due to PL; minimal peroxide 

formation of lipids and stable 

specific extinction 

coefficients at 232 and 

272nm; high chlorophyll 

retention  

Aguiló-

Aguayo et 

al. (2014) 

yeasts and molds no growth for 3 

days 

fresh‐cut 

avocados 

15 or 30 pulses; 0.4 J 

cm-2 per pulse; through 

PP- film/ sealed PP-

trays; 5°C; 15 days 

E. coli  2.47 log negative impact on color, 

texture and headspace gas 

composition due to UV 

content of PL 

Ramos‐

Villarroel 

et al. 

(2014) 

L. innocua 1.35 log 

fresh-cut apple 17.5, 52.5, 105.0 and 

157.5 kJ m-2; distance: 

1 cm; 0.5 Hz/ petri 

dishes; 6°C; 7 days  

total viable 

counts  

1 log  increase of temperature by 

max. 20°C (up to 26°C); dose 

dependent impact on weight, 

color and sensory attributes 

due to dehydration and loss 

of cell integrity 

Ignat et al. 

(2014) 

Lb. brevis DSM 

20054 

3 log 

L. 

monocytogenes 

DSM 20600 

3 log 

green tomato 1, 2, 4 and 8 J cm-2; 

0.35 J cm-2 per pulse; 

0.95, 1.9, 3.8 and 7.6 s; 

distance: 12.45 cm/ 

plastic trays; 20°C; 21 

days  

n.d. n.d. increased content of 

lycopene, total carotenoid, 

phenolic compounds and 

antioxidant activity; no 

impact on pH, Brix or color 

Pataro et al. 

(2015) 

green onions 1.27 J cm-2 per pulse; 3 

Hz; 60 s; combined 

with SDS or Tween 80/ 

sterile bags; 4°C; 15 

days 

Salmonella 

Newport H1275 

leaves: 2.6–2.9 log 

(PL+SDS)  

2.4–2.7 log 

(PL+T80); 

stems: 

0.4–1.0 log (PL+ 

SDS) 0.3–0.6 log 

(PL + T80)  

 

negative impact of 

combination (PL+1000 ppm 

SDS) on color and texture; no 

negative impact of 

PL+10ppm SDS  

Xu et al. 

(2015) 

fresh-cut apple 4, 8, 12 and 16 J.cm−2; 

10, 20, 30 or 40 light 

pulses; 0.4 J.cm−2 per 

mesophilic and 

psychrophilic 

aerobic bacteria  

0.75-1.55 log 

 

no increased browning or 

oxidation; maintenance of 

Llano et al. 

(2015) 
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Food product Treatment / storage 

parameters 

Microbial reduction (cfu) Impact of PL on food 

quality 

Reference 

pulse; treatment 

through PP-film; 

combined with dipping 

in 1% N-acetylcysteine 

and 0.5% CaCl2 / 

sealed PP-trays; 5°C; 

15 days 

molds and yeast 2.3 log phenolic compounds, 

firmness and vitamin C 

fresh-cut apple 12 J cm-2 through PP-

film; combined with 

gellan-gum based 

(0.5% w/v) edible 

coating/ sealed PP-

trays; 4°C; 14 days 

mesophilic and 

psychrophilic 

aerobic bacteria  

0.7-1 log 

 

maintenance of sensory 

attributes scores above 

rejection limits; no negative 

impact on color, antioxidant 

capacity or texture 

Moreira et 

al. (2015) 

molds and yeast 0-0.3 log 

avocado, 

watermelon and 

mushrooms 

12 J.cm−2 in 

combination with 

dipping in 2% malic 

acid (MA)/PP trays 

sealed with PP film; 

5°C, 15 days 

E. coli  1.92-2.97 log  

(PL or MA) 

 >5 log (PL+MA) 

more than 5 log reduction of 

bacteria throughout storage 

Ramos-

Villarroel 

et al. 

(2015) L. innocua 0.91-1.1 log (PL or 

MA) 

5 log (PL and MA)  

strawberries and 

raspberries 

5.6-63.2 J cm-2; 5-60 s; 

water-assisted PL (300 

and 500 ml); 3 Hz; PL 

alone or combined with 

1% H2O2 

E. coli O157:H7 

several outbreak 

strains 

2.2 log 

(strawberries) 4.4 

log (raspberries) 

without H2O2/  

3.3 log 

(strawberries) 5.3 

log (raspberries) 

combined with 

H2O2 

no significant discoloration 

directly after treatments 

Huang and 

Chen 

(2015) 

Salmonella 

enterica  

several outbreak 

strains 

2.4 (strawberries) 

and 3.2 log 

(raspberries) 
without H2O2 /  

2.8 (strawberries) 

and  

4.9 log 

(raspberries) 

combined with 

H2O2 

murine norovirus 

MNV-1 

1.8 (strawberries) 

and  

3.6 log 

(raspberries) 

without H2O2 /  

2.2 (strawberries) 

and  

2.5 log 

(raspberries) 

combined with 

H2O2 

raspberries and 

blueberries 

5-60 s; 0.102-0.298 J 

cm-² per pulse; water-

assisted PL (1.1 l); 3 

Hz; PL alone or 

combined with 1% 

H2O2 

Salmonella 

enterica 

several outbreak 

strains 

3.0 log 

(raspberries) and 

>5.6 log 

(blueberries) 

without H2O2 / 

4.0 (raspberries) 

and 

 >5.6 log 

(blueberries) 

combined with 

H2O2 

n.d. Huang et 

al. (2015) 
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Food product Treatment / storage 

parameters 

Microbial reduction (cfu) Impact of PL on food 

quality 

Reference 

endive salad and  

mung bean 

sprouts 

1, 2 and 3 J cm-²; 

distance: 10 cm; 1,2 

and 3 pulses; 1 Hz / 

sealed petri dishes; 

5°C; 6 days 

E. coli DSM 498 2.34 log (endive 

salad) 

1.91 log  

(mung bean 

sprouts) 

increased browning and 

respiration of endive salad 

due to UV-C content of PL; 

reduced discoloration and no 

increased respiration of mung 

bean sprouts 

Kramer et 

al. (2015b) 

L. innocua DSM 

20649 

2.54 log (endive 

salad) 1.55 log 

(mung bean 

sprouts) 

total viable count 2.46 log (endive 

salad) 1.65 log 

(mung bean 

sprouts) 

fresh cut 

mangoe 

8 J cm-²; 20 pulses; 0.4 

J cm-² per pulse; with 

or without malice acid 

dipping (MA) or 

alginate coating (ALC)/ 

PP-trays; 4°C; 14 days 

L. innocua IPL 

1.17 

3.15 log 

4.5 log (PL+MA) 

3.9 

(PL+MA+ALC) 

stability of pH and color; 

slight increase of total soluble 

content and firmness after PL 

treatment 

Salinas-

Roca et al. 

(2016) 

psychrophilic 

bacteria  

1.37 log 

yeast and moulds 2.07 log 

raspberries 5, 14.3 and 28.2 J cm-²; 

distance: 13 cm; 5, 15 

and 30s / sterile bags 

with opening; 4°C; 10 

days 

Salmonella 
Newport H1275 

4.5 log dose dependent impact on 

color, texture and tissue 

integrity; no impact on total 

anthocyanin content or total 

phenolic content 

Xu and Wu 

(2016) 

E. coli O517:H7 3.9 log 

total plate count 0.7-1.5 log 

yeast and moulds 1-1.6 log 

cantaloupe 

melon 

2.7, 7.8,11.7 and 15.6 J 

cm-2; distance: 10 cm; 

0.3 J cm-² per pulse/ 

sealed PP-film; 28 

days; 4°C 

total plate count 1.39 log no impact on firmness, color, 

total soluble solids ascorbic 

acid or total phenolic content 

Koh et al. 

(2016a) yeast and moulds 1.45 log 

mango peel and 

pulp 

0.6 J cm-2; 2 pulses; 

distance: 10 cm / 20 

°C; 80% RH; 7 days 

n.d. n.d. no impact on pulp firmness 

and lipid peroxidation degree 

of cell membranes; improved 

color; increase of total 

carotenoid content, total 

antioxidant activity, hydrogen 

peroxide, PAL activity and 

phenolic content; induced 

oxidative stress in mango 

pulp  

Lopes et al. 

(2016) 

strawberries 2.4, 11.9, 23.9 and 47.8 

J cm-2; 2, 10, 20 and 40 

s; distance: 10cm / 

closed plastic boxes; 

8°C; 6 days 

n.d. n.d. no impact on texture 

immediately after treatment, 

positive effect on texture 

after storage; no significant 

differences in weight loss 

among untreated and treated 

fruits after storage 

Duarte-

Molina et 

al. (2016) 

Spinach 8, 20, 40, 60, 80, and 

120 kJ cm-2; 2, 5,10, 

15, 20 and 30 pulses; 

distance: 8.5 cm / PE-

trays sealed with PP 

film; 4°C; 10 days 

L. innocua 1.85-2.6 log increase of respiration; initial 

increase in antioxidant 

capacity and total 

polyphenolic content; 

decreasing antioxidant 

capacity and total 

polyphenolic content during 

storage; no impact on color; 

improved microbiological 

quality during storage  

Agüero et 

al. (2016) 
E. coli 1.72-2.3 log 

Total plate count 0.4-2.2 log 

cantaloupe 

melon 

0.3, 0.6, 0.9 and 1.2 J 

cm-2; repetitive PL 

treatment every 48 h / 

total plate count 

 

reduction by up to 

~6 log throughout 

storage 

no significant effect on 

firmness, color and total 

soluble solids; maintenance 

Koh et al. 

(2016b) 
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Food product Treatment / storage 

parameters 

Microbial reduction (cfu) Impact of PL on food 

quality 

Reference 

sealed PP-bags; 4°C; 

28 days 

yeast and moulds reduction by up to 

~6 log throughout 

storage 

of total phenolic content due 

to PL; improvement of 

microbiological quality; 

microbial growth 

proportional to the changes in 

the concentration of CO2, pH, 

titratable acidity and ascorbic 

acid content 

endive salad and  

mung bean 

sprouts 

0-60 s; 1 Hz; 320 and 

580 J cm-2 per pulse; 

discharge voltage: 1.5 

and 2 kV; distance: 

5cm; treatment in water 

(1.5 l) under agitation  

L. innocua DSM 

20649 

2.5 log (endive 

salad) 

1.6 log  

(mung bean 

sprouts) 

n.d. Kramer et 

al. (2016b) 

total viable count 2 log (endive 

salad) 

0.45 log 

(mung bean 

sprouts) 

strawberries and 

blueberries 

5.9-22.5 J cm-2; 6, 12 

and 24 s; distance: 16 

cm 

MNV-1 

 

0.7-0.9 log 

(strawberry) 

3.1-3.8 (blueberry) 

n.d. Huang et 

al. (2017) 

E. coli O157:H7 1.5-1.9 log 

(strawberry) 

5.4-5.7 log 

(blueberry) 

Salmonella 

Newport H1275 

1.6-2.1 log 

(strawberry) 

3.4-4.2 log 

(blueberry) 
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5. Disinfection of meat and fish 

Some studies have been performed in order to assess the suitability of PL for decontamination of fresh 

meat, fish or products of them. A summary of relevant studies is given in Table 2. Similar to the results 

of fresh produce, it is generally clear that the microbial reduction on the treated products is distinctively 

lower compared to in vitro studies and that a complete inactivation of all present microorganisms seems 

impossible. Differing count reductions are commonly found when meat, fish or meat products are treated 

by PL (Table 2), being usually limited to a maximum inactivation by up about 1 to 2.5 log. In most 

studies, a dose dependent negative impact on key quality attributes has been found. For example, 

discolorations have been reported at high energy doses in case of raw salmon (Ozer and Demirci 2006), 

chicken frankfurter (Keklik et al. 2009), chicken meat (Keklik et al. 2011, Haughton et al. 2011), sliced 

ham (Wambura and Verghese 2011), beef and tuna carpaccio (Hierro et al. 2012) or pork meat 

(Nicorescu et al. 2014). Intense treatments may lead to immediate quality changes due to overheating 

of the product surface (Ozer and Demirci 2006). This has to be considered especially when raw fish or 

meat is exposed to PL. Lipid oxidation as well as well as sensory deviations need to be addressed as 

well (Hierro et al. 2011, 2012, Ganan et al. 2013, Nicorescu et al. 2014). In case of meat and meat 

products, PL treatments through the packaging seem to be possible e.g. in case of vacuum packaging 

where the product surface is almost entirely exposed to PL. However, since mostly negative impact on 

quality has been found, a product specific optimization is crucial. 
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Table 2 Overview of reported results of pulsed light treated meat, fish and meat products (n.d.: not determined) 

Food 

product 

Treatment/ storage 

parameters 

Microbial reduction (cfu) Impact on food quality Reference 

raw 

salmon 

fillets 

5.6 J cm-2 per pulse; 15, 

30, 45, and 60 s; 
distance: 3, 5, and 8 cm; 

3Hz; discharge voltage: 

3.8 kV 

E. coli O157:H7 1.09 log (muscle) 

0.86 log (skin) 

temperature increase up to 100°C 

within 60 s, immediate discoloration 
and quality loss at high energy doses 

close to the strobe 

Ozer and 

Demirci 
(2006) L. monocytogenes 

Scott A ATCC 

49594 

0.74 log (muscle) 

1.02 log (skin) 

ready-to-

eat 

sausages 

9.4 J cm-2; PL or 

combination with nisin/ 

4°C; 28 and 48 days 

L. innocua 1.37 log (PL) 

4.03 (PL+nisin) 

no significant microbial growth 

during 28 and 48 days 

Uesugi 

and 

Moraru 
(2009) 

chicken 

frankfurt

ers 

0.25 J cm-2 per pulse; 5, 

15, 30, 45, and 60 s; 
distance: 5, 8, and 13 

cm; 3Hz 

L. monocytogenes 

Scott A ATCC 
49594 

0.3-1.9 log 

(unpackaged) 
0.1-1.9 log 

(packaged) 

No lipid peroxidation after mild and 

moderate treatment, color changes 
of packed and unpacked samples 

Keklik et 

al. (2009) 

chicken 

breast 

2.7 - 67 J cm-2, 5, 15, 30, 
45, and 60 s, distance 5, 

8, and 13 cm, 3 Hz 

S. Typhimurium 
ATCC 13311 

1.2 - 2.4 log 
(unpacked) 

0.8 - 2.4 log 

(vacuum packed) 

temperature increase by up to 36.8 
°C, no increased discoloration or 

lipid peroxidation at low or 

moderate treatment intensity 
immediately after the treatment 

Keklik et 
al. 

(2010a) 

whole 

chicken 

0.25 J cm-2 per pulse; 30, 

45, 60, 90, 120, and 180 
s; distance: 5 cm; 3Hz 

E. coli K12 0.87 - 1.43 log temperature increase up to 44.1 °C; 

discolorations at high energy doses 

Keklik et 

al. (2011) 

sliced 

ham 

0.14 J cm-2 per pulse; 60, 

90 and 120 s; distance: 
4.5, 8.3 and 14.6 cm; 

3Hz; discharge voltage: 

3.8 kV / PE-bags; 4°C; 
14 days 

n.d. n.d. temperature increase up to 100°C; 

dose dependent changes in texture, 
color and oxidative stability 

Wambura, 

and 
Verghese 

(2011) 

chicken 

through 

plastic 

films 

505 J per pulse; 2-30 s; 3 

Hz; through plastic film 

C. jejuni 1.22 log (skin) 

0.96 (breast) 

discoloration at high treatment 

intensities 

Haughton 

et al. 
(2011) E. coli ATCC 

25922 

1.69 log (skin) 

1.13 log (breast) 

S. Enteritidis 
ATCC 13076 

1.27 log (skin) 
1.35 log (breast) 

ready-to-

eat 

cooked 

meat 

products 

0.7, 2.1, 4.2, 8.4 J cm-2; 

through PA/PE/VA 

plastic bags/ aerobic and 

vacuum conditions, 4°C, 

up to 54 days 

L. monocytogenes 
Scott A CIP 

103575 

0.75-1.78 log 

(cooked ham) 

0.41-1.11 log 

(bologna) 

Low levels of lipid oxidation and 

slight discoloration directly after PL 

exposure; no impact on sensory 

attributes of cooked ham, negative 

impact on sensory properties of 
bologna at high fluencies, shelf-life 

extension of cooked ham by 30 day 

under vacuum packaging 

Hierro et 

al. (2011) 

Chicken 0.78, 2.7, 4.05 and 5.4 J 

cm-2; 0-1000 pulses; 0- 

200 s; 5 Hz 

S. enterica 2-2.4 log Maximum temperature <42°C, no 

significant increase in lipid 

peroxidation and no impact on 
sensory attributes under non-thermal 

conditions 

Paskevici

ute et al. 

(2011) 
L. monocytogenes 
ATCC 7644 

2-2.4 log 

total aerobic count 2 log 

beef and 

tuna 

carpaccio 

0.7, 2.1, 4.2, 8.4 and 

11.9 J cm-2; 0.175 J cm-2 

per pulse / vacuum  
packaging, 4 °C; 

21(tuna) and 28 days 

(beef) 

L. monocytogenes 

Scott A CIP 

103575 

0.3-0.9 log  

(beef carpaccio) 

0.2-0.7 log  
(tuna carpaccio) 

dose and time dependent impact on 

sensory attributes and color 

parameters  

Hierro et 

al. (2012) 

E. coli CECT 4972 

 

0.6-1.2 log  

(beef carpaccio) 
S. enterica serovar 

Typhimurium 

CECT 443 

0.3-1.0 log  

(beef carpaccio) 

V. 

parahaemolyticus 

0.2-1.0 log  

(tuna carpaccio) 

ready-to-

eat cured 

meat 

0.7, 2.1, 4.2, 8.4 and 
11.9 J cm-2; 0.7 J cm-2 

per pulse; treatment 

through packaging / 
vacuum packaging in 

PA/PE bags; 4°C;30 

days 

L. monocytogenes 
Scott A, CECT 

4032 and CECT 

7467 

0.89-1.81 log 
(salchichón) 

1.01-1.61 log 

(loin) 

Maximum temperature increase to 
40°C; no changes of sensory 

parameters in salchichón; impact on 

sensory attributes of loin which 
disappeared during storage; initial 

discoloration of salchichón 

disappeared during storage; 
discoloration of loin at high 

fluencies  

Ganan et 
al. (2013) 

S. enterica serovar 

Typhimurium 

CECT 7159 and 
CECT 4371 

0.26-1.48 

(salchichón)  

0.51-1.73 log 
(loin) 

seafood 0-17.2 J cm-²; 0-9800 
pulses; 0-1960 s; 0.11-

1.75 J cm-² per pulse 

L. monocytogenes 
KCCM 40307 

2.2-2.4 log 
(shrimp)  

Temperature rise by max. 5°C; no 
immediate impact on color 

Cheigh et 
al. (2013) 
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Food 

product 

Treatment/ storage 

parameters 

Microbial reduction (cfu) Impact on food quality Reference 

1.9-2.1 log 

(salmon)  

1.7-1.9 log 
(flatfish)  

pork and 

salmon 

3, 10 or 30 J cm-²; 

distance 3 cm; 1 Hz 
/4°C; 15 days 

aerobic plate count 0.96 log (raw 

pork) 
0.99 log (roast 

pork) 

0.7 log (raw 
salmon) 

Temperature increase by 11-12°C, 

dose dependent color changes of 
pork; dose dependent lipid 

peroxidation of salmon and pork at 

high fluencies 

Nicorescu 

et al. 
(2014) 

Ps. fluorescens 

MF37 

1-1.5 log 

beef/ 

pork, 

chicken/ 

turkey 

and deer/ 

rabbit/ 

kangaroo 

1 and 5 pulses; 3.4 J cm-² 

per pulse; 0.5 Hz; 

distance: 6 and 10 cm; 
discharge voltage: 3 kV 

n.d. n.d. Dose and type of meat dependent 

sensory changes; Impact on odor of 

all meat; significant sensory 
deviation of turkey; color unaffected 

in chicken and rabbit; dose 

dependent discoloration of pork and 
turkey meat 

Tomaševi

ć (2015) 
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6. PL treatment of beverages 

PL has also shown to be a suitable measure to disinfect liquids, especially beverages. Table 3 gives an 

overview of relevant published research. The extent of microbial killing is highly variable and 

particularly depends on the respective product turbidity. Highly transparent fluids like clear apple juice, 

melon juice or water appear to be products, which can be efficiently disinfected by PL. However in case 

of orange juice, grape juice, strawberry juice or milk, PL treatments mostly show lower efficiencies. 

Nevertheless, microbial inactivation seems to some extent also possible in opaque drinks under the right 

conditions. A turbulent treatment in batch or continuous mode appears to improve microbial count 

reductions, as well as treatments with low layer thickness of the liquid. Artíguez and de Marañón (2015a) 

found a linear correlation between the area under the transmittance curve of serially diluted whey and 

the obtained inactivation of L. innocua by continuous PL treatment. The design of continuous flow PL 

reactors is furthermore crucial regarding the incident irradiation. Higher inactivation efficiencies of L. 

innocua were obtained by Artíguez and de Marañón (2015a) when applying more light flashes of lower 

fluency compared to a lower number at higher fluency, even when the total energy was comparable. 

This is most likely attributable to an insufficient uniformity of PL exposure when the flowing product 

is treated with only few light flashes compared to a higher probability to expose cells to the incident 

light with more flashes. Increased microbicidal effects may be attained by combination of PL with other 

decontamination technologies like ultrasound (Ferrario et al. 2015a, Ferrario and Guerrero 2016), 

thermosonication (Muñoz et al. 2011, 2012) or heat (Artíguez and de Marañón 2015a). Regarding the 

impact of PL on quality attributes of beverages, relatively few data is available. In case of e.g. apple 

juice, mainly color changes have been observed (Muñoz et al. 2012, Maftei et al. 2014, Ferrario and 

Guerrero 2016) as well as sensory deviations (Palgan et al. 2011), while no changes to pH, Brix, Non-

enzymatic browning index or total antioxidant activity were apparent (Palgan et al. 2011, Caminiti et al. 

2011, Muñoz et al. 2012). The increase of product temperature has to be considered when treating 

beverages, as several studies have reported considerable heating during PL exposure. Similar to the 

results of PL treated produce or meat, a product specific quality assessment as well as optimized 

treatment conditions are necessary in case of beverage treatment. Besides the decontamination of 

beverages, PL may also be used for disinfection in municipal wastewater, which has been proposed by 

Uslu et al. (2014) and Garvey et al. (2014). Another potential application of liquid treatment other than 

beverages is the decontamination of sugar syrup where a 3 log reduction of different spores was reported 

by Chaine et al. (2012). PL has furthermore been proposed as an efficient measure to disinfect water in 

fresh-cut salad washing in order to save water (Manzocco et al. 2015). 
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Table 3 Overview of reported results of pulsed light treated beverages (n.d.: not determined) 

Food 

product 

Treatment/ storage 

parameters 

Microbial reduction (cfu) Impact on food quality Reference 

apple juice 

and apple 

cider 

up to 13.1 J cm-2; 

liquid layer: 1.3 mm; 

glass chamber; 

turbulent (T) and 

static mode (S) 

E. coli ATCC 

25922/ E. coli 

O157:H7 

2.52-2.66 log (juice, S) 

2.32-3.22 log (cider,S) 

7.15 log (juice, T) 

5.76 log (cider T) 

n.d. Sauer and 

Moraru 

(2009) 

Water 1, 2, 4 and 10 J cm-2; 

liquid layer: 2.15 and 

6.23 mm; discharge 

voltage: 1 and 3 kV; 

flow rate: 1 and 5 l 

min-1 

L. innocua CECT 

910 

>5 log  no rise in water temperature Artíguez 

et al. 

(2011) 

apple juice 0, 2, 4 or 8 s; 3 Hz E. coli 2.65-4.5 log  no impact on color, pH, 

Brix, titratable acidity, non-

enzymatic browning; impact 

on sensory attributes and 

decrease of total phenols 

and antioxidant capacity at 

highest energy dose 

Palgan et 

al. (2011) 

apple and 

orange juice 

1.8-5.5 J cm-2; 3 Hz; 

distance: 1.9 cm; 

continuous flow 

through quartz tubes 

L. innocua NCTC 

11288 

2.98 log (apple juice) 

0.93 log (orange juice) 

temperature increase up to 

37°C 

Pataro et 

al. (2011) 

E. coli DH5-α 4.00 log (apple juice) 

2.90 log (orange juice) 

apple juice 4.0 and 5.1 J cm-2; 

1.213 J cm-2 per 

pulse; 3 Hz; 

continuous flow; 

distance: 1.9 cm; 

combination with 

pulsed electric fields 

(PEF) 

E. coli DSM 1607 3.30-3.90 log (PL) 

4.47-6.22 log (PL+PEF) 

no impact on pH, Brix, non-

enzymatic browning index, 

total polyphenols or total 

antioxidant activity; slight 

color changes and sensory 

deviation when treated in 

combination with PEF 

Caminiti 

et al. 

(2011) 

orange juice 4.03 and 5.1 J cm-2, 

1.213 J cm-2 per 

pulse; 3 Hz; 

continuous flow; 

distance: 1.9 cm; 

combination with 

thermosonication 

(TS) 

E. coli DSM 1607 2.42 log (PL) 

2.50-3.93 log (PL+TS) 

n.d. Muñoz et 

al. (2011) 

milk and 

concentrated 

milk 

2.14- 14.85 J cm-2; 3-

21 pulses; 0.71 J cm-2 

per pulse; liquid 

layer: 1.3 mm; 

turbulent (T) and 

static mode (S) 

E. coli ATCC 

25922 

< 0.4 log (S) 

<1 log (conc. milk, S, T) 

>2.5 log (milk, T) 

>3.4 log (skim milk, T) 

n.d.  Miller et 

al. (2012) 

drinking 

water 

8.39 μJ cm−2 per 

pulse; up to 120 

pulses; discharge 

voltage 0.9 kV 

Cryptosporidium 

parvum oocysts 

5 log  n.d. Hayes et 

al. (2012) 

C. perfringens 

spores ATCC 

13124 

2 log 

B. cereus spores 

ATCC 11178 

5 log 

E. coli ATCC 

25922 

5 log 

apple juice 4.03 and 5.1 J cm-2, 

1.213 J cm-2 per 

pulse; 3 Hz; 

continuous flow rate: 

17 and 13.4 ml min-1; 

distance: 1.9 cm; 

combination with 

E. coli DSM 1607 4.9 log (PL) 

4.8- 5.9 log (PL+TS) 

no impact on pH, Brix, 

Non-enzymatic browning 

index or total antioxidant 

activity; Color changes with 

all treatments 

Muñoz et 

al. (2012) 
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Food 

product 

Treatment/ storage 

parameters 

Microbial reduction (cfu) Impact on food quality Reference 

thermosonication 

(TS) 

apple, 

melon, 

orange and 

strawberry 

juices 

2.4-71.6 J cm-2; 2-60 

s; 3 Hz; discharge 

voltage: 3.8 kV; 

distance: 10cm; static 

mode; 4.9 ml samples 

in petri dish 

L. innocua ATCC 

33090 

up to ~4.5 log (apple 

juice) 

up to ~1 log (orange 

juice) 

up to ~ 6 log (melon 

juice) 

up to ~0.2 log  

(strawberry juice) 

temperature increase by up 

to 16.8 °C 

Ferrario et 

al. (2013) 

E. coli ATCC 

35218 

 up to ~2 log 

(orange juice, apple 

juice) 

up to ~ 6 log (melon 

juice) 

S. Enteritidis MA44 

 

up to ~ 1.5 log  

(orange juice) 

up to ~5 log (melon 

juice) 

up to ~4 log (apple juice) 

S. cerevisiae 

KE162 

up to ~0.5 log (orange 

juice) 

up to ~6 log (apple juice) 

up to ~7 log (melon 

juice) 

up to ~0.3 log  

(strawberry juice) 

apple juice 2-32 J cm-2; 0.2 and 

0.4 J cm-2 per pulse; 

5, 10, 15, 20, 30 and 

40 pulses; static 

mode; 6, 8, 10 mm 

layer depths 

P. expansum 1.2-3.76 log temperature increase up to 

35 °C; minor impact on pH 

or solid substances; dose 

dependent discoloration  

Aron-

Maftei et 

al. 

(2014a) 

raw milk 0.26-26.25 J cm-2; 

0.26, 0.70 or 1.75 J 

cm-2 per pulse; 

distance: 1cm; 0.5 

Hz; static mode; 3 ml 

samples; 1mm layer 

depths  

total microbial 

count 

up to 3.2 log temperature increase by up 

to 30°C (55°C absolute), up 

to 94% inactivation of 

alkaline phosphatase 

Innocente 

et al. 

(2014) 

Whey 0.11 and 1.1 J cm-2; 

discharge voltage: 1 

and 3 kV; continuous 

mode; 5 l min-1; 

combination with 

heat (60°C) / 4°C; 14 

days 

L. innocua CECT 

910 

0.5 log (only PL) 

5 log (PL+heat) 

extension of shelf life by at 

least 7 days 

Artíguez 

and de 

Marañón 

(2015a) 

total aerobic 

mesophilic count 

1.6 log 

apple, 

orange and 

strawberry 

juices 

71.6 J cm-2; 3 Hz; 60 

s; distance: 10 cm; 

static mode; 4.9 ml 

samples in petri 

dishes; layer depth: 1 

mm/ 10 ml flasks; 

5°C; dark, 12 days 

L. innocua ATCC 

33090 

0.3-0.8 log  

(orange/ strawberry 

juice),  

1.6 log (apple juice) 

temperature increase up to 

20°C; increase of log 

reductions up to 5.0-8.0 for 

S. Eneritidis and L. innocua 

during cold storage; no 

recovery for E. coli and 

retarded growth of yeast 

Ferrario et 

al. 

(2015b) 

E. coli ATCC 

35218 

0.3-0.8 log  

(orange/ strawberry 

juice),  

2.1 log (apple juice) 

S. Enteritidis MA44 0.3-0.8 log  

(orange/ strawberry 

juice), 

2.4 log (apple juice) 

S. cerevisiae 

KE162 

1 log (apple juice) 
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Food 

product 

Treatment/ storage 

parameters 

Microbial reduction (cfu) Impact on food quality Reference 

native microflora 0.1-0.7 log (aerobic 

count) 

0.5-0.6 log  

(yeast and moulds) 

mineral 

water, 

isotonic 

beverage, 

apple juice, 

orange juice, 

grape juice, 

plum juice, 

carbonated 

drinks, milk, 

coffee 

beverages   

0–29.21 J cm-2; up to 

3000 pulses; 5 Hz; 

distance: 10 cm; 10 

ml samples in petri 

dishes; static mode 

Ps. aeruginosa 
ATCC 10145 

> 7 log (water, isotonic 

beverage, carbonated 

drinks, plum juice, apple 

juice)  

n.d. Hwang et 

al. (2015) 

up to ~2 log (grape juice) 

up to ~1 log  

(orange juice, milk) 

up to ~ 0.5 log (coffee) 

goat milk 1.3-10 J cm-2, 0.41 J 

per pulse; 20 Hz; 1-8 

s; 3 ml samples in 

quartz cells; static 

mode  

E. coli DH5α 6 log aroma changes; no impact 

on pH, density, viscosity, 

moisture, ash, raw protein 

or fat content 

Kasahara 

et al. 

(2015) 

natural and 

commercial 

apple juice 

2.4-71.6 J cm-2, 3 Hz; 

2-60 s; distance: 10 

cm; static mode; 4.9 

ml samples in petri 

dishes; layer depth: 1 

mm; combination 

with ultra sound 

(US)/ 10 ml flasks; 

5°C, 15 days 

Alicyclobacillus 

acidoterrestris 

spores ATCC 

49025 

1.5-3.0 log (PL) 

2.0-3.0 log (PL+US) 

temperature increase by 10-

14 °C, delayed recovery of 

yeast during storage 

Ferrario et 

al. 

(2015a) 

S. cerevisiae 
KE162 

2.2 - 4.4 log (PL) 

5.8 – 6.4 log (PL+US) 

Water 8.64, 11.27 and 14.02 

J cm-2; 5 Hz; 89, 113, 

179, and 290 s; flow 

rates: 40, 32, 20 and 

12 l min-1; distance: 9 

cm; discharge 

voltage: 1.2 kV; 

continuous mode 

E. coli C600 up to 4.79 log n.d. Yi et al. 

(2016) 
murine norovirus >3.35 log 

aerobic and 

facultative 

anaerobic 

heterotrophs 

up to 2.91 log 

natural and 

commercial 

apple juice 

0.73 J cm-2, 0.398 J 

cm-2 per pulse; 3 Hz; 

distance: 10 cm; 

continuous mode; 

circulation at 155 ml 

min-1; combination 

with ultra sound 

(US)/ 10 ml flasks; 

4°C; dark; 12 days 

E. coli ATCC 

35218 

3.1 log (only PL) 

5.9 log (PL+US) 

temperature increase by up 

to 6.7 °C; discoloration 

(PL); reduction of browning 

and delayed growth of 

yeasts and moulds (PL+US) 

Ferrario 

and 

Guerrero 

(2016) 

S. Enteritidis MA44 4.2 log (only PL) 

6.3 log (PL+US)  

S. cerevisiae KE 

162 

1.8 log (only PL) 

3.7 log (PL+US) 

  



State of the art – Review article 

44 

Recent findings in Pulsed light disinfection 

7. PL treatment of other foods 

Besides fresh produce, meat or fish and beverages, the efficiency of PL to disinfect several other kinds 

of foods has been investigated. Some studies were performed in which PL treatments of bulk goods, 

eggs or cheese surfaces were applied. Wang et al. (2015) reported about the suitability of PL in 

combination with dry heat to disinfect dry rice without adverse effects on milling quality. Aron-Maftei 

et al. (2014) used PL to inactivate moulds on wheat grain and achieved 3-4 log reduction with only 14-

15 % loss of the germination power of the wheat seeds. Similarly, Sharma et al. (2003) found reductions 

of E. coli O157:H7 by more than 4 log units on inoculated alfalfa seeds. A PL treatment of different 

spices like pepper or caraway led to reductions by about 1 log of B. subtilis, which was shown by 

Nicorescu et al. (2013). Choi et al. (2010) investigated the potential of PL to inactivate L. monocytogenes 

in infant food and found reductions up to 3 and 5 log in infant powdered milk and an infant meal or an 

infant beverage respectively. They therefore suggested the application of PL for reducing microbial 

loads in liquid, paste, and powdered foods. The suitability of PL to inactivate fungal spores of A. niger 

in corn meal has been shown by Jun et al. (2003) who found reductions by up to 4.93 log. Proulx et al. 

(2015) demonstrated that PL may be suitable to reduce pathogenic and spoilage bacteria on cheese 

surfaces. They achieved reductions between 3.37 and 5.41 log for L. innocua, E. coli or Ps. fluorescens 

with or without UV-transparent packaging. Similarly, Can et al. (2014) showed that P. roqueforti and 

L. monocytogenes may be reduced by 1.24 log and 2.9 log respectively on packaged hard cheese. 

Concerning the potential use of PL to reduce Salmonella on fresh egg pasta, Manzocco et al. (2014) 

found that a reduction by up to 3.3 log may be obtained, however at energy doses higher than 1.75 J cm-

2, an off flavor was detected. The efficiency to inactivate E. coli on hard cooked eggs was assessed by 

Macias-Rodriguez et al. (2014). They obtained reductions by 3.23-3.54 log without negatively affecting 

color and texture, while Lasagabaster et al. (2011) investigated the efficiency of PL to reduce Salmonella 

on eggshells and found reductions up to 5 log without any significant adverse effect on sensory and 

rheological properties of treated eggs. Similarly, Keklik et al. (2010b) found reductions of S. Enteritidis 

on eggshells by up to 5.3 log without significant changes to the albumen height, eggshell strength, or 

cuticle presence.  

Besides microbial inactivation, there is also evidence that PL may be suitable to destruct microbial toxins 

and diminish their mutagenic activity. This has been shown by Moreau et al. (2013) for mycotoxins like 

zearalenone, deoxynivalenol, aflatoxin B1 and ochratoxin in solution, whereas Funes et al. (2013) 

proposed PL as a potential method to reduce patulin contaminations in apple products. Furthermore, 

Wang et al. (2016) demonstrated that PL technology has a promising potential to degrade, detoxify, and 

inactivate the mutagenic activity of aflatoxins B1 and B2 in rough rice and rice bran.  

There is also rise to the assumption that PL might be suitable to reduce the allergenic potential of certain 

food components. Yang et al. (2012) showed that PL treatment of peanut extracts and peanut butter 

slurry causes significant reduction of allergens Ara h1, Ara h2 or Ara h3, which was confirmed by 

lowered band intensities of SDS-Page images and an ELISA where IgE binding decreased by up to a 

factor of 12.9 and 6.7. The same authors also reported about the reduction of the allergic potency of 

glycinin and β-conglycinin in soybean extract by PL (Yang et al. 2010). Furthermore, Li et al. (2013) 

demonstrated that the antigenicity of almond protein extracts may be reduced by PL while Shriver et al. 

(2011) found that PL treatments reduced the reactivity of the major shrimp allergen, tropomyosin, and 

decreased the IgE binding capacity of the shrimp extract. Since relatively high fluences were applied in 

studies dealing with the reduction of allergenic proteins, the impact on nutritional and quality or safety 

aspects of the treated food needs to be addressed in the future. 

In summary, the currently available data on PL applications for food decontamination reveal the 

potential of this technology to increase food safety or shelf life. PL is most suitable for treatment of 
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transparent beverages or smooth product surfaces, which do not exhibit complex microstructures where 

microorganisms may be embedded and protected from the irradiation. It is however crucial to assess 

proper treatment conditions for each product individually as the efficiency as well as a possible negative 

impact on quality attributes of food products is highly variable. Future research should also focus on 

safety aspects of PL treated food, as a possible formation of harmful byproducts has not been studied in 

detail yet. Furthermore, studies of PL applications on large scale are crucial to demonstrate an industrial 

applicability of this technology, which is until now only implemented for the disinfection of packaging 

material.   

 

References 

Agüero, M. V., Jagus, R. J., Martín-Belloso, O., and Soliva-Fortuny, R. (2016) Surface 

decontamination of spinach by intense pulsed light treatments: Impact on quality attributes. 

Postharvest Biol Technol 121, 118-125. 

Aguiló-Aguayo, I., Charles, F., Renard, C. M., Page, D., and Carlin, F. (2013) Pulsed light effects on 

surface decontamination, physical qualities and nutritional composition of tomato fruit. Postharvest 

Biol Technol 86, 29-36. 

Aguiló-Aguayo, I., Oms-Oliu, G., Martín-Belloso, O., and Soliva-Fortuny, R. (2014) Impact of pulsed 

light treatments on quality characteristics and oxidative stability of fresh-cut avocado. LWT-Food Sci 

Technol 59(1), 320-326. 

Aguirre, J. S., de Fernando, G. G., Hierro, E., Hospital, X. F., Ordóñez, J. A., and Fernández, M. 

(2015) Estimation of the growth kinetic parameters of Bacillus cereus spores as affected by pulsed 

light treatment. Int J Food Microbiol 202, 20-26. 

Aguirre, J. S., Hierro, E., Fernández, M., and de Fernando, G. D. G. (2014) Modelling the effect of 

light penetration and matrix colour on the inactivation of Listeria innocua by pulsed light. Innov Food 

Sci Emerg Technol 26, 505-510. 

Anderson, J. G., Rowan, N. J., MacGregor, S. J., Fouracre, R. A., and Farish, O. (2000) Inactivation of 

food-borne enteropathogenic bacteria and spoilage fungi using pulsed-light. IEEE Trans Plasma Sci 

28(1), 83-88. 

Aron-Maftei, N., Ramos‐Villarroel, A. Y., Nicolau, A. I., Martín‐Belloso, O., and Soliva‐Fortuny, R. 

(2014) Pulsed light inactivation of naturally occurring moulds on wheat grain. J Sci Food Agr 94(4), 

721-726. 

Aron-Maftei, N., Ramos-Villarroel, A. Y., Nicolau, A. I., Martín-Belloso, O., and Soliva-Fortuny, R. 

(2014) Influence of processing parameters on the pulsed-light inactivation of Penicillium expansum in 

apple juice. Food Control 41, 27-31. 

Artés, F., P. Gómez, E. Aguayo, V. Escalona, and F. Artés- Hernández. (2009) Sustainable sanitation 

techniques for keeping quality and safety of fresh-cut plant commodities. Postharvest Biol Technol 51, 

287-296. 



State of the art – Review article 

46 

Recent findings in Pulsed light disinfection 

Artíguez, M. L., and de Marañón, I. M. (2014) Process parameters affecting Listeria innocua 

inactivation by pulsed light. Food Bioprocess Technol 7(9), 2759-2765. 

Artíguez, M. L., and de Marañón, I. M. (2015a) Improved process for decontamination of whey by a 

continuous flow-through pulsed light system. Food Control 47, 599-605. 

Artíguez, M. L., and de Marañón, I. M. (2015b). Inactivation of spores and vegetative cells of Bacillus 

subtilis and Geobacillus stearothermophilus by pulsed light. Innov Food Sci Emerg Technol 28, 52-58. 

Artíguez, M. L., and de Marañón, I. M. (2015c). Inactivation of Bacillus subtilis spores by combined 

pulsed light and thermal treatments. Int J Food Microbiol, 214, 31-37. 

Artíguez, M. L., Arboleya, J. C., and De Marañón, I. M. (2012) Influence of β-lactoglobulin and β-

casein on Listeria innocua inactivation by pulsed light. Int J Food Microbiol 153(1), 223-228. 

Artíguez, M. L., Lasagabaster, A., and de Marañón, I. M. (2011) Factors affecting microbial 

inactivation by Pulsed Light in a continuous flow-through unit for liquid products treatment. Procedia 

Food Sci 1, 786-791. 

Berger, C. N., Sodha, S. V., Shaw, R. K., Griffin, P. M., Pink, D., Hand, P., and Frankel, G. (2010) 

Fresh fruit and vegetables as vehicles for the transmission of human pathogens. Environ Microbiol 

12(9), 2385-2397. 

Bialka, K. L., and Demirci, A. (2008) Efficacy of pulsed UV‐light for the decontamination of 

Escherichia coli O157: H7 and Salmonella spp. on raspberries and strawberries. J Food Sci 73(5), 

M201-M207. 

Bohrerova, Z., Shemer, H., Lantis, R., Impellitteri, C. A., and Linden, K. G. (2008). Comparative 

disinfection efficiency of pulsed and continuous-wave UV irradiation technologies. Water Res, 42(12), 

2975-2982. 

Bradley, D., McNeil, B., Laffey, J. G., and Rowan, N. J. (2012) Studies on the pathogenesis and 

survival of different culture forms of Listeria monocytogenes to pulsed UV-light irradiation after 

exposure to mild-food processing stresses. Food Microbiol 30(2), 330-339. 

Caminiti, I. M., Palgan, I., Noci, F., Muñoz, A., Whyte, P., Cronin, D. A., Morgan, D. J., and Lyng, J. 

G. (2011) The effect of pulsed electric fields (PEF) in combination with high intensity light pulses 

(HILP) on Escherichia coli inactivation and quality attributes in apple juice. Innov Food Sci Emerg 

Technol 12(2), 118-123. 

Can, F. O., Demirci, A., Puri, V. M., and Gourama, H. (2014) Decontamination of hard cheeses by 

pulsed UV-light. J Food Prot 77(10), 1723-1731. 

Chaine, A., Levy, C., Lacour, B., Riedel, C., and Carlin, F. (2012) Decontamination of sugar syrup by 

pulsed light. J Food Prot 75(5), 913-917. 

Charles, F., Vidal, V., Olive, F., Filgueiras, H., and Sallanon, H. (2013) Pulsed light treatment as new 



State of the art – Review article 

47 

Recent findings in Pulsed light disinfection 

method to maintain physical and nutritional quality of fresh-cut mangoes. Innov Food Sci Emerg 

Technol 18, 190-195. 

Cheigh, C. I., Hwang, H. J., and Chung, M. S. (2013) Intense pulsed light (IPL) and UV-C treatments 

for inactivating Listeria monocytogenes on solid medium and seafoods. Food Res Int 54(1), 745-752. 

Cheigh, C. I., Park, M. H., Chung, M. S., Shin, J. K., and Park, Y. S. (2012) Comparison of intense 

pulsed light-and ultraviolet (UVC)-induced cell damage in Listeria monocytogenes and Escherichia 

coli O157: H7. Food Control 25(2), 654-659. 

Chen, B. Y., Lung, H. M., Yang, B. B., and Wang, C. Y. (2015) Pulsed light sterilization of packaging 

materials. Food Packaging Shelf Life 5, 1-9. 

Choi, M. S., Cheigh, C. I., Jeong, E. A., Shin, J. K., and Chung, M. S. (2010) Nonthermal sterilization 

of Listeria monocytogenes in infant foods by intense pulsed-light treatment. J Food Eng 97(4), 504-

509. 

Cudemos, E., Izquier, A., Medina-Martinez, M. S., and Gomez-Lopez, V. M. (2013) Effects of 

Shading and Growth Phase on the Microbial Inactivation by Pulsed Light. Czech J Food Sci 31(2). 

Duarte-Molina, F., Gómez, P. L., Castro, M. A., and Alzamora, S. M. (2016) Storage quality of 

strawberry fruit treated by pulsed light: Fungal decay, water loss and mechanical properties. Innov 

Food Sci Emerg Technol 34, 267-274. 

EFSA (European Food Safety Authority) and ECDC (European Centre for Disease Prevention and 

Control), 2015. The European Union summary report on trends and sources of zoonoses, zoonotic 

agents and food-borne outbreaks in 2014. EFSA Journal 2015 13(12):4329, 191 pp. 

doi:10.2903/j.efsa.2015.4329 

Elmnasser, N., Guillou, S., Leroi, F., Orange, N., Bakhrouf, A., and Federighi, M. (2007) Pulsed-light 

system as a novel food decontamination technology: a review. Can J Microbiol 53(7), 813-821. 

Esbelin, J., Malléa, S., Clair, G., and Carlin, F. (2016) Inactivation by Pulsed Light of Bacillus subtilis 

Spores with Impaired Protection Factors. Photochem Photobiol 92, 301–307. 

Esbelin, J., Mallea, S., Ram, J., Arthur, F., and Carlin, F. (2013) Role of pigmentation in protecting 

Aspergillus niger conidiospores against pulsed light radiation. Photochem Photobiol 89(3), 758-761. 

Farrell, H. P., Garvey, M., Cormican, M., Laffey, J. G., and Rowan, N. J. (2010) Investigation of 

critical inter‐related factors affecting the efficacy of pulsed light for inactivating clinically relevant 

bacterial pathogens. J Appl Microbiol 108(5), 1494-1508. 

Farrell, H., Garvey, M., and Rowan, N. (2009) Studies on the inactivation of medically important 

Candida species on agar surfaces using pulsed light. FEMS Yeast Res 9(6), 956-966. 

Farrell, H., Hayes, J., Laffey, J., and Rowan, N. (2011) Studies on the relationship between pulsed UV 

light irradiation and the simultaneous occurrence of molecular and cellular damage in clinically-



State of the art – Review article 

48 

Recent findings in Pulsed light disinfection 

relevant Candida albicans. J Microbiol Meth 84(2), 317-326. 

Fernández, M., Manzano, S., de la Hoz, L., Ordóñez, J. A., and Hierro, E. (2009) Pulsed light 

inactivation of Listeria monocytogenes through different plastic films. Foodborne Pathog Dis 6(10), 

1265-1267. 

Ferrario, M., Alzamora, S. M., and Guerrero, S. (2013) Inactivation kinetics of some microorganisms 

in apple, melon, orange and strawberry juices by high intensity light pulses. J Food Eng 118(3), 302-

311. 

Ferrario, M., Alzamora, S. M., and Guerrero, S. (2015a) Study of the inactivation of spoilage 

microorganisms in apple juice by pulsed light and ultrasound. Food Microbiol 46, 635-642. 

Ferrario, M., Alzamora, S. M., and Guerrero, S. (2015b) Study of pulsed light inactivation and growth 

dynamics during storage of Escherichia coli ATCC 35218, Listeria innocua ATCC 33090, Salmonella 

Enteritidis MA44 and Saccharomyces cerevisiae KE162 and native flora in apple, orange and 

strawberry juices. Innov Food Sci Emerg Technol 50(11), 2498-2507. 

Ferrario, M., and Guerrero, S. (2016) Effect of a continuous flow-through pulsed light system 

combined with ultrasound on microbial survivability, color and sensory shelf life of apple juice. Innov 

Food Sci Emerg Technol 34, 214-224. 

Ferrario, M., Guerrero, S., and Alzamora, S. M. (2014) Study of pulsed light-induced damage on 

Saccharomyces cerevisiae in apple juice by flow cytometry and transmission electron microscopy. 

Food Bioprocess Technol 7(4), 1001-1011. 

Food and Drug Administartion (2015), Code of Federal Regulations Title 21, Sec. 179.41 Pulsed light 

for the treatment of food: 21CFR179.41.  

Funes, G. J., Gómez, P. L., Resnik, S. L., and Alzamora, S. M. (2013) Application of pulsed light to 

patulin reduction in McIlvaine buffer and apple products. Food Control 30(2), 405-410. 

Ganan, M., Hierro, E., Hospital, X. F., Barroso, E., and Fernández, M. (2013) Use of pulsed light to 

increase the safety of ready-to-eat cured meat products. Food Control 32(2), 512-517. 

Garvey, M., Rabbitt, D., Stocca, A., and Rowan, N. (2015) Pulsed ultraviolet light inactivation of 

Pseudomonas aeruginosa and Staphylococcus aureus biofilms. Water Environ J 29(1), 36-42. 

Garvey, M., Stocca, A., and Rowan, N. (2016) Use of a Real Time PCR Assay to Assess the Effect of 

Pulsed Light Inactivation on Bacterial Cell Membranes and Associated Cell Viability. Water Environ 

Res 88(2), 168-174. 

Garvey, M., Thokala, N., and Rowan, N. (2014) A Comparative Study on the Pulsed UV and the Low-

Pressure UV Inactivation of a Range of Microbial Species in Water. Water Environ Res 86(12), 2317-

2324. 

Gómez, P. L., Salvatori, D. M., García-Loredo, A., and Alzamora, S. M. (2012) Pulsed light treatment 



State of the art – Review article 

49 

Recent findings in Pulsed light disinfection 

of cut apple: dose effect on color, structure, and microbiological stability. Food Bioprocess Technol 

5(6), 2311-2322. 

Gómez-López, V. M., and Bolton, J. R. (2016). An Approach to Standardize Methods for Fluence 

Determination in Bench-Scale Pulsed Light Experiments. Food Bioprocess Technol 9(6), 1040-1048. 

Gómez-López, V. M., Devlieghere, F., Bonduelle, V., and Debevere, J. (2005b) Intense light pulses 

decontamination of minimally processed vegetables and their shelf-life. Int J Food Microbiol 103(1), 

79-89. 

Gómez‐López, V. M., Devlieghere, F., Bonduelle, V., and Debevere, J. (2005a) Factors affecting the 

inactivation of micro‐organisms by intense light pulses. J Appl Microbiol 99(3), 460-470. 

Gómez-López, V. M., Ragaert, P., Debevere, J., and Devlieghere, F. (2007) Pulsed light for food 

decontamination: a review. Trends Food Sci Tech 18(9), 464-473. 

Harris, L. J., Farber, J. N., Beuchat, L. R., Parish, M. E., Suslow, T. V., Garrett, E. H., and Busta, F. F. 

(2003) Outbreaks associated with fresh produce: incidence, growth, and survival of pathogens in fresh 

and fresh‐cut produce. Compr Rev Food Sci 2(1), 78-141. 

Haughton, P. N., Lyng, J. G., Morgan, D. J., Cronin, D. A., Fanning, S., and Whyte, P. (2011) 

Efficacy of high-intensity pulsed light for the microbiological decontamination of chicken, associated 

packaging, and contact surfaces. Foodborne Pathog Dis 8(1), 109-117. 

Hayes, J. C., Garvey, M., Fogarty, A. M., Clifford, E., and Rowan, N. J. (2012) Inactivation of 

recalcitrant protozoan oocysts and bacterial endospores in drinking water using high-intensity pulsed 

UV light irradiation. Wa Sci Technol 12(4), 513-522. 

Heinrich, V., Zunabovic, M., Bergmair, J., Kneifel, W., and Jäger, H. (2015) Post-packaging 

application of pulsed light for microbial decontamination of solid foods: A review. Innov Food Sci 

Emerg Technol 30, 145-156. 

Heinrich, V., Zunabovic, M., Petschnig, A., Müller, H., Lassenberger, A., Reimhult, E., and Kneifel, 

W. (2016) Previous homologous and heterologous stress exposure induces tolerance development to 

pulsed light in Listeria monocytogenes. Frontiers in Microbiology 7. 

Hierro, E., Barroso, E., De la Hoz, L., Ordóñez, J. A., Manzano, S., and Fernández, M. (2011) 

Efficacy of pulsed light for shelf-life extension and inactivation of Listeria monocytogenes on ready-

to-eat cooked meat products. Innov Food Sci Emerg Technol 12(3), 275-281. 

Hierro, E., Ganan, M., Barroso, E., and Fernández, M. (2012) Pulsed light treatment for the 

inactivation of selected pathogens and the shelf-life extension of beef and tuna carpaccio. Int J Food 

Microbiol 158(1), 42-48. 

Hsu, L., and Moraru, C. I. (2011) Quantifying and mapping the spatial distribution of fluence inside a 

pulsed light treatment chamber and various liquid substrates. J Food Eng 103(1), 84-91. 



State of the art – Review article 

50 

Recent findings in Pulsed light disinfection 

Huang, Y., and Chen, H. (2015) Inactivation of Escherichia coli O157: H7, Salmonella and human 

norovirus surrogate on artificially contaminated strawberries and raspberries by water-assisted pulsed 

light treatment. Food Res Int 72, 1-7. 

Huang, Y., Sido, R., Huang, R., and Chen, H. (2015) Application of water-assisted pulsed light 

treatment to decontaminate raspberries and blueberries from Salmonella. Int J Food Microbiol 208, 

43-50. 

Huang, Y., Ye, M., Cao, X., and Chen, H. (2017) Pulsed light inactivation of murine norovirus, Tulane 

virus, Escherichia coli O157: H7 and Salmonella in suspension and on berry surfaces. Food Microbiol 

61, 1-4. 

Huffman, D. E., Slifko, T. R., Salisbury, K., and Rose, J. B. (2000) Inactivation of bacteria, virus and 

Cryptosporidium by a point-of-use device using pulsed broad spectrum white light. Water Res 34(9), 

2491-2498. 

Hwang, H. J., Cheigh, C. I., and Chung, M. S. (2015) Relationship between optical properties of 

beverages and microbial inactivation by intense pulsed light. Innov Food Sci Emerg Technol 31, 91-

96. 

Ignat, A., Manzocco, L., Maifreni, M., Bartolomeoli, I., and Nicoli, M. C. (2014) Surface 

decontamination of fresh-cut apple by pulsed light: Effects on structure, colour and sensory properties. 

Postharvest Biol Technol 91, 122-127. 

Innocente, N., Segat, A., Manzocco, L., Marino, M., Maifreni, M., Bortolomeoli, I., Ignat, A., and 

Nicoli, M. C. (2014) Effect of pulsed light on total microbial count and alkaline phosphatase activity 

of raw milk. Int Dairy J 39(1), 108-112. 

Izquier, A., and Gómez-López, V. M. (2011) Modeling the pulsed light inactivation of 

microorganisms naturally occurring on vegetable substrates. Food Microbiol 28(6), 1170-1174. 

Jean, J., Morales-Rayas, R., Anoman, M. N., and Lamhoujeb, S. (2011) Inactivation of hepatitis A 

virus and norovirus surrogate in suspension and on food-contact surfaces using pulsed UV light 

(pulsed light inactivation of food-borne viruses). Food Microbiol 28(3), 568-572. 

Jun, S., Irudayaraj, J., Demirci, A., and Geiser, D. (2003) Pulsed UV‐light treatment of corn meal for 

inactivation of Aspergillus niger spores. Int J Food Sci Tech 38(8), 883-888. 

Kasahara, I., Carrasco, V., and Aguilar, L. (2015) Inactivation of Escherichia coli in goat milk using 

pulsed ultraviolet light. J Food Eng 152, 43-49. 

Keklik, N. M., Demirci, A., and Bock, R. G. (2011) Surface decontamination of whole chicken 

carcasses using a pilot-scale pulsed UV light system. T ASABE 54(3), 993-1000. 

Keklik, N. M., Demirci, A., and Puri, V. M. (2009) Inactivation of Listeria monocytogenes on 

Unpackaged and Vacuum‐Packaged Chicken Frankfurters Using Pulsed UV‐Light. J Food Sci 74(8), 

M431-M439. 



State of the art – Review article 

51 

Recent findings in Pulsed light disinfection 

Keklik, N. M., Demirci, A., and Puri, V. M. (2010a) Decontamination of unpackaged and vacuum-

packaged boneless chicken breast with pulsed ultraviolet light. Poultry Sci 89(3), 570-581. 

Keklik, N. M., Demirci, A., Patterson, P. H., and Puri, V. M. (2010b). Pulsed UV light inactivation of 

Salmonella enteritidis on eggshells and its effects on egg quality. J Food Prot 73(8), 1408-1415. 

Koh, P. C., Noranizan, M. A., Karim, R., and Hanani, Z. A. N. (2016a) Microbiological stability and 

quality of pulsed light treated cantaloupe (Cucumis melo L. reticulatus cv. Glamour) based on cut type 

and light fluence. J Food Sci Tech 53(4), 1798-1810. 

Koh, P. C., Noranizan, M. A., Karim, R., and Hanani, Z. A. N. (2016b). Repetitive pulsed light 

treatment at certain interval on fresh-cut cantaloupe (Cucumis melo L. reticulatus cv. Glamour). Innov 

Food Sci Emerg Technol 36, 92-103. 

Kramer, B., and Muranyi, P. (2014) Effect of pulsed light on structural and physiological properties of 

Listeria innocua and Escherichia coli. J Appl Microbiol 116(3), 596-611. 

Kramer, B., Wunderlich, J., and Muranyi, P. (2015a) Pulsed light induced damages in Listeria innocua 

and Escherichia coli. J Appl Microbiol 119(4), 999-1010. 

Kramer, B., Wunderlich, J., and Muranyi, P. (2015b) Pulsed light decontamination of endive salad and 

mung bean sprouts and impact on color and respiration activity. J Food Prot 78(2), 340-348. 

Kramer, B., Wunderlich, J., and Muranyi, P. (2016a) Impact of pulsed light on cellular activity of 

Salmonella enterica. J Appl Microbiol 121(4), 988-997. 

Kramer, B., Wunderlich, J., and Muranyi, P. (2016b) Pulsed light decontamination of endive salad and 

mung bean sprouts in water. Food Control, DOI: 10.1016/j.foodcont.2016.08.023 

Krishnamurthy, K., Tewari, J. C., Irudayaraj, J., and Demirci, A. (2010) Microscopic and 

spectroscopic evaluation of inactivation of Staphylococcus aureus by pulsed UV light and infrared 

heating. Food Bioprocess Technol 3(1), 93-104. 

Lasagabaster, A., and de Marañón, I. M. (2013) Impact of Process Parameters on Listeria innocua 

Inactivation Kinetics by Pulsed Light Technology. Food Bioprocess Technol 6(7), 1828-1836. 

Lasagabaster, A., and de Marañón, I. M. (2014) Survival and growth of Listeria innocua treated by 

pulsed light technology: Impact of post-treatment temperature and illumination conditions. Food 

Microbiol 41, 76-81. 

Lasagabaster, A., Arboleya, J. C., and De Marañón, I. M. (2011) Pulsed light technology for surface 

decontamination of eggs: impact on Salmonella inactivation and egg quality. Innov Food Sci Emerg 

12(2), 124-128. 

Levy, C., Aubert, X., Lacour, B., and Carlin, F. (2012) Relevant factors affecting microbial surface 

decontamination by pulsed light. Int J Food Microbiol 152(3), 168-174. 



State of the art – Review article 

52 

Recent findings in Pulsed light disinfection 

Levy, C., Bornard, I., and Carlin, F. (2011) Deposition of Bacillus subtilis spores using an airbrush-

spray or spots to study surface decontamination by pulsed light. J Microbiol Meth 84(2), 223-227. 

Li, Y., Yang, W., Chung, S. Y., Chen, H., Ye, M., Teixeira, A. A., Gregory, J. F., Welt, B. A., and 

Shriver, S. (2013) Effect of pulsed ultraviolet light and high hydrostatic pressure on the antigenicity of 

almond protein extracts. Food Bioprocess Technol 6(2), 431-440. 

Llano, K. R. A., Marsellés-Fontanet, A. R., Martín-Belloso, O., and Soliva-Fortuny, R. (2015) Impact 

of pulsed light treatments on antioxidant characteristics and quality attributes of fresh-cut apples. 

Innov Food Sci Emerg Technol 33, 206-215. 

Lopes, M. M., Silva, E. O., Canuto, K. M., Silva, L. M., Gallão, M. I., Urban, L., Fernando Ayala-

Zavala, J., and Miranda, M. R. A. (2016) Low fluence pulsed light enhanced phytochemical content 

and antioxidant potential of ‘Tommy Atkins’ mango peel and pulp. Innov Food Sci Emerg Technol 33, 

216-224. 

Luksiene, Z., Buchovec, I., and Viskelis, P. (2013) Impact of high-power pulsed light on microbial 

contamination, health promoting components and shelf life of strawberries. Food Technol Biotech 

51(2), 284. 

Luksiene, Z., Gudelis, V., Buchovec, I., and Raudeliuniene, J. (2007) Advanced high‐power pulsed 

light device to decontaminate food from pathogens: effects on Salmonella typhimurium viability in 

vitro. J Appl Microbiol 103(5), 1545-1552. 

Macias‐Rodriguez, B., Yang, W., Schneider, K., and Rock, C. (2014) Pulsed UV light as a 

postprocessing intervention for decontamination of hard‐cooked peeled eggs. Int J Food Sci Tech 

49(11), 2472-2480. 

Maclean, M., Murdoch, L. E., Lani, M. N., MacGregor, S. J., Anderson, J. G., and Woolsey, G. A. 

(2008) Photoinactivation and photoreactivation responses by bacterial pathogens after exposure to 

pulsed UV-light. IEEE international power modulators and high voltage conference, Proceedings of 

the 2008, 326-329.  

Manzocco, L., Ignat, A., Bartolomeoli, I., Maifreni, M., and Nicoli, M. C. (2015) Water saving in 

fresh-cut salad washing by pulsed light. Innov Food Sci Emerg Technol 28, 47-51. 

Manzocco, L., Maifreni, M., Anese, M., Munari, M., Bartolomeoli, I., Zanardi, S., Suman, M., and 

Nicoli, M. C. (2014) Effect of pulsed light on safety and quality of fresh egg pasta. Food Bioprocess 

Technol 7(7), 1973-1980. 

Marquenie, D., Geeraerd, A. H., Lammertyn, J., Soontjens, C., Van Impe, J. F., Michiels, C. W., and 

Nicolaı, B. M. (2003) Combinations of pulsed white light and UV-C or mild heat treatment to 

inactivate conidia of Botrytis cinerea and Monilia fructigena. Int J Food Microbiol 85(1), 185-196. 

Massier, S., Bouffartigues, E., Rincé, A., Maillot, O., Feuilloley, M. G. J., Orange, N., and Chevalier, 

S. (2013) Effects of a pulsed light‐induced stress on Enterococcus faecalis. J Appl Microbiol 114(1), 

186-195. 



State of the art – Review article 

53 

Recent findings in Pulsed light disinfection 

Massier, S., Rincé, A., Maillot, O., Feuilloley, M. G. J., Orange, N., and Chevalier, S. (2012) 

Adaptation of Pseudomonas aeruginosa to a pulsed light‐induced stress. J Appl Microbiol 112(3), 502-

511. 

Miller, B. M., Sauer, A., and Moraru, C. I. (2012) Inactivation of Escherichia coli in milk and 

concentrated milk using pulsed-light treatment. J Dairy Sci 95(10), 5597-5603. 

Montgomery, N. L., and Banerjee, P. (2015) Inactivation of Escherichia coli O157: H7 and Listeria 

monocytogenes in biofilms by pulsed ultraviolet light. BMC Res Notes 8(1), 235. 

Moreau, M., Lescure, G., Agoulon, A., Svinareff, P., Orange, N., and Feuilloley, M. (2013) 

Application of the pulsed light technology to mycotoxin degradation and inactivation. J Appl Toxicol 

33(5), 357-363. 

Moreira, M. R., Tomadoni, B., Martín-Belloso, O., and Soliva-Fortuny, R. (2015) Preservation of 

fresh-cut apple quality attributes by pulsed light in combination with gellan gum-based prebiotic 

edible coatings LWT-Food Sci Technol 64(2), 1130-1137. 

Muñoz, A., Caminiti, I. M., Palgan, I., Pataro, G., Noci, F., Morgan, D. J., Cronin, D. A., Whyte, P., 

Ferrari, G., and Lyng, J. G. (2012) Effects on Escherichia coli inactivation and quality attributes in 

apple juice treated by combinations of pulsed light and thermosonication. Food Res Int 45(1), 299-

305. 

Muñoz, A., Palgan, I., Noci, F., Morgan, D. J., Cronin, D. A., Whyte, P., and Lyng, J. G. (2011) 

Combinations of high intensity light pulses and thermosonication for the inactivation of Escherichia 

coli in orange juice. Food Microbiol 28(6), 1200-1204. 

Nicorescu, I., Nguyen, B., Chevalier, S., and Orange, N. (2014) Effects of pulsed light on the 

organoleptic properties and shelf-life extension of pork and salmon. Food Control 44, 138-145. 

Nicorescu, I., Nguyen, B., Moreau-Ferret, M., Agoulon, A., Chevalier, S., and Orange, N. (2013) 

Pulsed light inactivation of Bacillus subtilis vegetative cells in suspensions and spices. Food Control 

31(1), 151-157. 

Ogihara, H., Morimura, K., Uruga, H., Miyamae, T., Kogure, M., and Furukawa, S. (2013) 

Inactivation of food-related microorganisms in liquid environment by pulsed xenon flash light 

treatment system. Food Control 33(1), 15-19. 

Oms-Oliu, G., Aguiló-Aguayo, I., Martín-Belloso, O., and Soliva-Fortuny, R. (2010a) Effects of 

pulsed light treatments on quality and antioxidant properties of fresh-cut mushrooms (Agaricus 

bisporus). Postharvest Biol Technol 56(3), 216-222. 

Oms-Oliu, G., Martín-Belloso, O., and Soliva-Fortuny, R. (2010b) Pulsed light treatments for food 

preservation. A review. Food Bioprocess Technol 3(1), 13-23. 

Otaki, M., Okuda, A., Tajima, K., Iwasaki, T., Kinoshita, S. and Ohgaki, S. (2003) Inactivation 

differences of microorganisms by low pressure UV and pulsed xenon lamps. Water Sci Technol 47, 



State of the art – Review article 

54 

Recent findings in Pulsed light disinfection 

185–190. 

Ozer, N. P., and Demirci, A. (2006) Inactivation of Escherichia coli O157: H7 and Listeria 

monocytogenes inoculated on raw salmon fillets by pulsed UV‐light treatment. Int J Food Sci Tech 

41(4), 354-360. 

Palgan, I., Caminiti, I. M., Muñoz, A., Noci, F., Whyte, P., Morgan, D. J., Cronin, D. A., and Lyng, J. 

G. (2011) Effectiveness of high intensity light pulses (HILP) treatments for the control of Escherichia 

coli and Listeria innocua in apple juice, orange juice and milk. Food Microbiol 28(1), 14-20. 

Paskeviciute, E., Buchovec, I., and Luksiene, Z. (2011) High power pulsed light for decontamination 

of chicken from food pathogens: A study on antimicrobial efficiency and organoleptic properties. J 

Food Safety 31(1), 61-68. 

Pataro, G., Muñoz, A., Palgan, I., Noci, F., Ferrari, G., and Lyng, J. G. (2011) Bacterial inactivation in 

fruit juices using a continuous flow pulsed light (PL) system. Food Res Int 44(6), 1642-1648. 

Pataro, G., Sinik, M., Capitoli, M. M., Donsì, G., and Ferrari, G. (2015) The influence of post-harvest 

UV-C and pulsed light treatments on quality and antioxidant properties of tomato fruits during storage. 

Innov Food Sci Emerg Technol 30, 103-111. 

Proulx, J., Hsu, L. C., Miller, B. M., Sullivan, G., Paradis, K., and Moraru, C. I. (2015) Pulsed-light 

inactivation of pathogenic and spoilage bacteria on cheese surface. J Dairy Sci 98(9), 5890-5898. 

Ramos-Villarroel, A. Y., Aron-Maftei, N., Martín-Belloso, O., and Soliva-Fortuny, R. (2012a) 

Influence of spectral distribution on bacterial inactivation and quality changes of fresh-cut watermelon 

treated with intense light pulses. Postharvest Biol Technol 69, 32-39. 

Ramos-Villarroel, A. Y., Aron-Maftei, N., Martín-Belloso, O., and Soliva-Fortuny, R. (2012b) The 

role of pulsed light spectral distribution in the inactivation of Escherichia coli and Listeria innocua on 

fresh-cut mushrooms. Food Control 24(1), 206-213. 

Ramos-Villarroel, A. Y., Martín-Belloso, O., and Soliva-Fortuny, R. (2015) Combined effects of 

malic acid dip and pulsed light treatments on the inactivation of Listeria innocua and Escherichia coli 

on fresh-cut produce. Food Control 52, 112-118. 

Ramos-Villarroel, A. Y., Martín-Belloso, O., and Soliva-Fortuny, R. (2011) Bacterial inactivation and 

quality changes in fresh-cut avocado treated with intense light pulses. Eur Food Res Technol 233(3), 

395-402. 

Ramos‐Villarroel, A., Aron‐Maftei, N., Martín‐Belloso, O., and Soliva‐Fortuny, R. (2014) Bacterial 

inactivation and quality changes of fresh‐cut avocados as affected by intense light pulses of specific 

spectra. Int J Food Sci Tech 49(1), 128-136. 

Rastogi, R.P., Richa, Kumar, A., Tyagi, M.B. and Sinha, R.P. (2010) Molecular mechanisms of 

ultraviolet radiation induced DNA damage and repair. J Nucleic Acids 2010, 1–32. 



State of the art – Review article 

55 

Recent findings in Pulsed light disinfection 

Ringus, D. L., and Moraru, C. I. (2013) Pulsed Light inactivation of Listeria innocua on food 

packaging materials of different surface roughness and reflectivity. J Food Eng 114(3), 331-337. 

Roberts, P., and Hope, A. (2003) Virus inactivation by high intensity broad spectrum pulsed light. J 

Virol Methods 110(1), 61-65. 

Rodov, V., Vinokur, Y., and Horev, B. (2012) Brief postharvest exposure to pulsed light stimulates 

coloration and anthocyanin accumulation in fig fruit (Ficus carica L.). Postharvest Biol Technol 68, 

43-46. 

Rowan, N. J., Valdramidis, V. P., and Gómez-López, V. M. (2015) A review of quantitative methods 

to describe efficacy of pulsed light generated inactivation data that embraces the occurrence of viable 

but non culturable state microorganisms. Trends Food Sci Technol 44(1), 79-92. 

Said, M. B., Otaki, M., and Hassen, A. (2012) Use of lytic phage to control Salmonella typhi’s 

viability after irradiation by pulsed UV light. Ann Microbiol 62(1), 107-111. 

Salinas-Roca, B., Soliva-Fortuny, R., Welti-Chanes, J., and Martín-Belloso, O. (2016) Combined 

effect of pulsed light, edible coating and malic acid dipping to improve fresh-cut mango safety and 

quality. Food Control 66, 190-197. 

Santos, A.L., Oliveira, V., Baptista, I., Henriques, I., Gomes, N.C.M., Almeida, A., Correia, A. and 

Cunha, Â. (2013) Wavelength dependence of biological damage induced by UV radiation on bacteria. 

Arch Microbiol 195, 63–74. 

Sauer, A., and Moraru, C. I. (2009) Inactivation of Escherichia coli ATCC 25922 and Escherichia coli 

O157: H7 in apple juice and apple cider, using pulsed light treatment. J Food Prot 72(5), 937-944. 

Schreiner, M., Martínez‐Abaigar, J., Glaab, J., and Jansen, M. (2014) UV‐B Induced Secondary Plant 

Metabolites. Optik & Photonik 9(2), 34-37. 

Sharma, R. R., and Demirci, A. (2003). Inactivation of Escherichia coli O157: H7 on inoculated alfalfa 

seeds with pulsed ultraviolet light and response surface modeling. J Food Sci 68(4), 1448-1453. 

Shriver, S., Yang, W., Chung, S. Y., and Percival, S. (2011) Pulsed ultraviolet light reduces 

immunoglobulin E binding to Atlantic white shrimp (Litopenaeus setiferus) extract. Int J Environ Res 

Public Health 8(7), 2569-2583. 

Smith DeWaal, C. S., and F. Bhuiya. (2007) Outbreaks by the numbers: fruits and vegetables 1990-

2005. The Center for Science in the Public Interest. Available at: 

http://www.cspinet.info/foodsafety/Produce%20Outbreaks%20%28IAFP%20Poster%2007 %29.pdf 

Takeshita, K., Shibato, J., Sameshima, T., Fukunaga, S., Isobe, S., Arihara, K. and Itoh, M. (2003) 

Damage of yeast cells induced by pulsed light irradiation. Int J Food Microbiol 85, 151–158. 

Tomašević, I. (2015). The effect of intense light pulses on the sensory quality and instrumental color 

of meat from different animal breeds. Biotech Anim Husbandry 31(2), 273-281. 



State of the art – Review article 

56 

Recent findings in Pulsed light disinfection 

Uesugi, A. R., and Moraru, C. I. (2009) Reduction of Listeria on ready-to-eat sausages after exposure 

to a combination of pulsed light and nisin. J Food Prot 72(2), 347-353. 

Uesugi, A. R., Hsu, L. C., Worobo, R. W., and Moraru, C. I. (2016) Gene expression analysis for 

Listeria monocytogenes following exposure to pulsed light and continuous ultraviolet light treatments. 

LWT-Food Sci Technol 68, 579-588. 

Uesugi, A. R., Woodling, S. E., and Moraru, C. I. (2007) Inactivation kinetics and factors of 

variability in the pulsed light treatment of Listeria innocua cells. J Food Prot 70(11), 2518-2525. 

Uslu, G., Demirci, A., and Regan, J. M. (2014) Efficacy of Pulsed UV-Light Treatment on Wastewater 

Effluent Disinfection and Suspended Solid Reduction. J Environ Eng-ASCE 141(6), 04014090. 

Vimont, A., Fliss, I., and Jean, J. (2015) Efficacy and mechanisms of murine norovirus inhibition by 

pulsed-light technology. Appl Environ Microbiol 81(8), 2950-2957. 

Wambura, P., and Verghese, M. (2011) Effect of pulsed ultraviolet light on quality of sliced ham. 

LWT-Food Sci Technol 44(10), 2173-2179. 

Wang, B., Khir, R., Pan, Z., Wood, D., Mahoney, N. E., El‐Mashad, H., Wu, B., Ma, H.,and Liu, X. 

(2015) Simultaneous decontamination and drying of rough rice using combined pulsed light and 

holding treatment. J Sci Food Agric 96(8), 2874-2881. 

Wang, B., Mahoney, N. E., Pan, Z., Khir, R., Wu, B., Ma, H., and Zhao, L. (2016) Effectiveness of 

pulsed light treatment for degradation and detoxification of aflatoxin B 1 and B 2 in rough rice and 

rice bran. Food Control 59, 461-467. 

Wang, T., MacGregor, S.J., Anderson, J.G. and Woolsey, G.A. (2005) Pulsed ultra-violet inactivation 

spectrum of Escherichia coli. Water Res 39, 2921–2925. 

Woodling, S. E., and Moraru, C. I. (2005) Influence of Surface Topography on the Effectiveness of 

Pulsed Light Treatment for the Inactivation of Listeria innocua on Stainless‐steel Surfaces. J Food Sci 

70(7), 345-351. 

Woodling, S. E., and Moraru, C. I. (2007) Effect of spectral range in surface inactivation of Listeria 

innocua using broad-spectrum pulsed light. J Food Prot 70(4), 909-916. 

Wuytack, E.Y., Thi Phuong, L.D., Aertsen, A., Reyns, K.M.F., Marquenie, D. and De Ketelaere, B. 

(2003) Comparison of sublethal injury induced in Salmonella enterica serovar Typhimurium by heat 

and by different nonthermal treatments. J Food Prot 66, 31–37.  

Xu, W., and Wu, C. (2016) The impact of pulsed light on decontamination, quality, and bacterial 

attachment of fresh raspberries. Food Microbiol 57, 135-143. 

Xu, W., Chen, H., and Wu, C. (2015) Application of pulsed light (PL)-surfactant combination on 

inactivation of Salmonella and apparent quality of green onions. LWT-Food Sci Technol 61(2), 596-

601. 



State of the art – Review article 

57 

Recent findings in Pulsed light disinfection 

Xu, W., Chen, H., Huang, Y., and Wu, C. (2013) Decontamination of Escherichia coli O157: H7 on 

green onions using pulsed light (PL) and PL–surfactant–sanitizer combinations. Int J Food Microbiol 

166(1), 102-108. 

Yang, W. W., Chung, S. Y., Ajayi, O., Krishnamurthy, K., Konan, K., and Goodrich-Schneider, R. 

(2010) Use of pulsed ultraviolet light to reduce the allergenic potency of soybean extracts. Int J Food 

Eng 6(3). 

Yang, W. W., Mwakatage, N. R., Goodrich-Schneider, R., Krishnamurthy, K., and Rababah, T. M. 

(2012) Mitigation of major peanut allergens by pulsed ultraviolet light. Food Bioprocess Technol 5(7), 

2728-2738. 

Yi, J. Y., Lee, N. H., and Chung, M. S. (2016) Inactivation of bacteria and murine norovirus in 

untreated groundwater using a pilot-scale continuous-flow intense pulsed light (IPL) system. LWT-

Food Sci Technol 66, 108-113. 

  



Main Section 

58 

 

3 Results 

The main section of this thesis comprises three chapters which in sum contain seven original research 

articles. Each article includes an individual description of the applied material and methods, presentation 

of results, discussion of results as well as a conclusion. Chapter 3.1 consists of one publication which is 

dedicated to the impact of treatment parameters on pulsed light inactivation of microorganisms on a 

food simulant surface. Chapter 3.2 includes four publications which focus on the impact of pulsed light 

exposure on cellular properties of bacteria. Chapter 3.3 contains two publications which refer to the 

practical application of pulsed light for the disinfection of endive salad and mung bean sprouts.   
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Chapter 3 - Results 

3.1 Impact of treatment parameters on pulsed light inactivation of 

microorganisms on a food simulant surface 

Publication 2 

The following article has been published in Innovative Food Science and Emerging Technologies in 

March 2017. The first author Bernd Kramer was responsible for the planning and execution of all 

laboratory trials as well as writing of the manuscript. Dr.-Ing. Peter Muranyi as well as Joachim 

Wunderlich contributed to the elaboration of the scientific strategy and the composition of the 

manuscript. The front page of the printed version is shown on the next page, followed by the whole 

original article which was accepted for publication. 

This study includes an assessment of sensitivities among different microorganisms towards pulsed light 

on a food simulant surface as well as the impact of process parameters on the inactivation efficiency. 

The first question arose from a literature survey, which revealed discrepancies among published data. 

Some researchers reported about a distinct trend regarding a higher sensitivity of gram-negative bacteria 

compared to gram-positive bacteria, whereas other studies did not find such an explicit trend. In order 

to assess the variability in sensitivity of selected bacterial species and strains towards pulsed light and 

to examine if the gram-staining behavior plays a significant role, count reduction tests were performed 

using 15 different bacterial strains as well as two species of bacterial endospores and conidiospores. The 

second and more significant aspect of this study was dedicated to the clarification whether the way of 

fluence dosage has impact on the inactivation efficiency. For this purpose, two selected model bacteria 

E. coli and L. innocua were treated by pulsed light on a gel surface under variation of different process 

parameters. The obtained colony count data was described with a Weibull model. The parameters of the 

resulting dose-response curves when tuning the respective fluence either by the applied voltage, the 

distance to the flash lamp or the number of consecutively applied light flashes were compared in order 

to identify the most effective treatment. The validity of the Bunsen-Roscoe reciprocity law, which 

postulates an independence of photochemical effects from the intensity and duration of light exposure 

for a given total energy dose, is examined as well. The findings of this study are of high relevance 

regarding the implementation of pulsed light in industrial surface disinfection processes.  

The results revealed that pulsed light inactivation of bacteria is independent from the way of fluence 

dosage as long as single light flashes are applied. Dose-response curves based on a weibull model did 

not show significant differences when the fluence was regulated by either the voltage (1-3 kV) or the 

distance between sample surface and flash lamp (1-15 cm) respectively. On the other hand, the 

inactivation efficiency of pulsed light was lower when the applied total fluence was divided into several 

successive light flashes, revealing deviations from the reciprocity law. The pulse frequency did not have 

an impact on the level of inactivation within 1-5 Hz. Concerning the sensitivities of various vegetative 

bacterial strains, considerable differences occurred between species and also on strain level without a 

clear pattern regarding the gram-staining behavior. A reduction of the colony count by a factor of 10000 

required between 273 and 882 mJ/cm². Bacterial endospores were much more resistant than vegetative 

bacteria while dark pigmented mold spores were slightly more resistant than bacterial endospores. 

Fluences between 577 and 800 mJ/cm2 were required to reduce the colony count of spores by a factor of 

10. All dose-response curves exhibited a downward concavity, except for P. aeruginosa.   
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Highlights 

 PL inactivation of bacteria does not follow the Bunsen-Roscoe reciprocity law 

 Fluence delivery in one single light flash is most effective  

 Sensitivity of bacteria to PL varies on strain and species level without distinct trend 

 Weibull modeling is suitable to describe PL inactivation curves 

 Dose-response curves show a downward concavity except for P. aeruginosa  

Industrial relevance 

This study shows that the inactivation of bacteria on e.g. food surfaces by pulsed light systems depends 

on the way of fluence dosage. While it is irrelevant whether the fluence is regulated by the discharge 

voltage or the distance between the flash lamp and the treated surface, it is more effective to apply only 

single light flashes of high fluence instead of several consecutive light flashes. There is furthermore no 

distinct trend regarding the sensitivity of bacteria to PL, variations occur on species and strain level. 

Bacterial spores are in general more resistant while pigmented conidiospores show a slightly higher 

resistance than bacterial endospores. 

Abstract 

The impact of the fluence regulation on the inactivation efficiency of pulsed light (PL) surface 

disinfection treatments was investigated. E. coli and L. innocua were exposed to PL on a gel surface 

under variation of the applied voltage, the number of light flashes as well as the distance between the 

flash lamp and the sample surface. The results revealed deviations from the reciprocity law when the 

total fluence striking the sample surface was not applied at once, but subdivided into several successive 

light flashes. No differences were found when the fluence was delivered with only single light flashes, 

irrespective of the applied voltage. The pulse frequency did not have an impact on the microbial 

reduction within 1-5 Hz. Furthermore, the sensitivities of various bacterial strains, endospores and 

conidiospores were compared. Differences occurred for vegetative bacteria without a clear pattern, 

while bacterial endospores were more resistant. Dark pigmented mold spores were slightly more 

resistant than bacterial endospores. All dose-response curves exhibited a downward concavity, except 

for P. aeruginosa.  

Keywords: pulsed light, treatment parameters, surface disinfection, fluence, reciprocity law, Bunsen-

Roscoe 

Kramer, B., Wunderlich, J., & Muranyi, P. (2017). Impact of treatment parameters on pulsed light 

inactivation of microorganisms on a food simulant surface. Innovative Food Science & Emerging 

Technologies, 42, 83-90. 
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1. INTRODUCTION 

The application of intense short light pulses of a broad spectrum represents an emerging non-thermal 

surface sterilization technology. Its suitability to inactivate a wide range of microorganisms including 

bacteria, mold spores, endospores, viruses or parasites has been shown in various studies so far (Gómez-

López et al. 2005, Farrell et al. 2009, Farrell et al. 2010). The main inactivation mechanism attributes to 

UV-induced destruction of nucleic acids although some differences to continuous UV-light treatments 

are assumed (Takeshita et al. 2003, Cheigh et al. 2012). The disinfection of surfaces, like thermal-

sensitive plastics, as well as liquids is possible within very short time, wherefore this technology has 

already been adopted for the sterilization of packaging material on industrial scale. In case of the 

treatment of food, a lot of research activity is currently performed and it seems that the efficiency 

strongly depends on the specific food properties, treatment conditions and the equipment used (Oms-

Oliu et al. 2010, Rowan et al. 2015). Concerning the relevance of different influence parameters on 

microbial inactivation, some studies have been performed so far (Levy et al. 2012; Lasagabaster and de 

Marañón 2013; Artíguez and de Marañón 2014). The efficiency of pulsed light inactivation treatments 

depends on the applied fluence, which may be controlled by the applied discharge voltage, the distance 

between sample and flash-lamp as well as the number of applied light flashes. However, it is still not 

clarified how the applied fluence affects microbial inactivation. Some studies have stated that UV-

inactivation of microorganisms is in line with the Bunson-Roscoe law (Rice and Ewell 2001), which 

claims that the total number of photons determines photochemical reactions (Gómez-López and Bolton 

2016). In theory, the microbial inactivation effect obtained in UV or pulsed light treatments should 

therefore be independent from the way of energy dosage. However, other studies reported about 

significant deviations from the reciprocity law in UV inactivation experiments (Sommer et al. 1996; 

Sommer et al. 1998; Bosshard et al. 2009). To our knowledge, there is no study where the efficiency of 

pulsed light inactivation of bacteria on a surface has been investigated by directly comparing the impact 

of three ways of energy dosage. The objective of this study was a quantitative assessment of the 

inactivation of E. coli and L. innocua on an anionic polysaccharide gel, in consideration if the way of 

fluence dosage has an impact and if the reciprocity law is valid for PL inactivation. For this reason, the 

microbial data of various challenge tests was fitted to a weibull model and the obtained curve parameters 

were compared. The impact of the pulse frequency on bacterial inactivation has been investigated as 

well. Furthermore, it was studied if there is a trend in the sensitivity of various microorganisms as 

differing results have been reported so far (Gómez-López et al. 2005, Farrell et al. 2010).  

2. MATERIAL AND METHODS 

2.1 Bacterial strains, growth conditions and preparation of inoculums 

All test strains were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ) 

except for Salmonella enterica ATCC BAA-1045, which was obtained from the American Type Culture 

Collection (ATCC, Mansassas, Virginia, US). The bacteria (15 different strains, table 5) were initially 

grown in 100 ml tryptic soy broth (Oxoid, Hampshire, UK) at 37°C for 16-18 h in a shaking bath. Tryptic 

soy agar (Oxoid, Hampshire, UK) was subsequently inoculated with the bacterial suspension by use of 

an inoculating loop, incubated for 24 h at 37°C and stored at 5°C. Working cultures were made by 

inoculating 100 ml of tryptic soy broth with cell material from the agar surface and following incubation 

for 16-18 h at 37 °C in a shaking bath until early stationary phase. 20 ml of the culture were subsequently 

centrifuged at 9000 g for 10 min and washed twice with sterile deionized water in order to remove all 

solutes. The cell count was determined in a counting chamber by microscopic methods and finally 
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adjusted to approximately 2*108 cells/ ml. Spore suspensions of B. atrophaeus (DSM 675), B. subtilis 

(DSM 4181) as well as conidiospores of A. niger (DSM 1957) and A. brasiliensis (DSM 1988) were 

prepared according to the methods reported by Muranyi et al. (2007). In brief, endospores were obtained 

by inoculation of plate count agar (Oxoid, Hampshire, UK) containaing 10 mg/ L manganese sulfate 

with vegetative bacteria from an overnight culture. After cultivation for 10 days at 30°C, sporulation 

was confirmed by phase contrast microscopy. Spores were harvested with sterile ringer solution, washed 

several times, pasteurized (80°C, 30 min) and then stored at 5°C in the dark. Conidiospores were 

obtained from inoculated yeast extract glucose chloramphenicol agar (Oxoid, Hampshire, UK) after 

incubation for 10 days at 30°C. The spores were harvested by tapping the agar plates with sterile sea 

sand and after suspension in sterile ringer solution and ultrasonic treatment for 1 minute, the spore 

containing supernatant was separated from the sea sand and stored at 5°C. Previous to the trials, the 

spore count of the prepared stock suspensions was determined by plate counting as described below. 

Working suspensions of spores were prepared as described for vegetative bacteria and a concentration 

of approx. 2*107 spores/ ml was adjusted. 

Test bacteria as well as spores were PL treated on Gelrite (Roth, Karlsruhe, Germany), an anionic 

polysaccharide gel, which forms clear and heat stable gels in the presence of soluble salts. Viability loss 

due to desiccation is prevented by the residual moisture of the gel matrix. 1 % Gelrite and 0.1 % CaCl2 

x 2 H20 (VWR, Darmstadt, Germany) were boiled in sterile deionized water until complete solvation 

before 15 ml were immediately poured into sterile petri dishes. After solidification, discs with a diameter 

of 1.5 cm and a thickness of 2 - 3 mm were cut out and placed on glass slides. Three discs were used for 

each sample. The gel surface of each disc was spot inoculated with 50 µl of the prepared suspension 

containing either vegetative bacteria or spores and dried for 1 h in a safety cabinet at room temperature 

before treating the samples in the PL chamber. The resulting cell/ spore density on the gel surface was 

about 1*107 bacterial cells/ cm2 and about 1*106 spores/ cm2. 

 

2.2 Pulsed light set-up  

The prepared samples were treated in a lab-scale PL chamber (dimensions: 50*50*30 cm) (Claranor, 

Avignon, France), which was equipped with a three Xenon tubes reflector (emission window: 120 cm2). 

The lamps are connected to a capacitor and emit broad spectrum intense light flashes between 200 - 

1100 nm. The applied voltages ranged from 1 to 3 kV, which corresponded to fluences between 0.10 

and 1 J/cm2 (± 5 %) at a distance of 10 cm from the reflector. The distance between reflector and sample 

table was adjustable between 1 and 20 cm. The applied fluence was determined with a Solo2 Power and 

Energy Meter with a QE25LP-S-MB detector head (Gentec, Quebec City, Canada) prior to the 

experiments for all different settings. The UV-contents of PL at different voltages were determined by 

measuring the fluence on top of the detector head without and with a FGL400S longpass filter (Thorlabs, 

Newton, USA) transmitting only wavelengths above 400 nm. The difference between the determined 

values gives the respective amount of UV radiation. UV proportions ranged between 16.3 and 25.5 % 

depending on the applied voltage. 

 

2.3 Treatment conditions  

Prepared samples were PL treated at various fluences with the respective energy dose being adjusted by 

three different parameters (table 1). For these trials, E. coli DSM 498 and L. innocua DSM 20649 were 

used as test bacteria. The first way of dose regulation was done by the variation of the distance between 

the samples and the flash lamp at fixed voltages and application of single light flashes respectively. The 
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distances were varied between 1 and 15 cm for 1 kV, 1.25 kV, 1.5 kV, 1.75 kV and 2 kV respectively 

(table 1). 

The second way of dosage control was done by applying several successive light flashes at a frequency 

of 1 Hz, a medium distance of 10 cm and fixed voltage respectively. The following adjustments were 

used. 1 kV: 1-15 flashes; 1.25 kV: 1-6 flashes; 1.5 kV: 1-4 flashes; 1.75kV: 1-2 or 1-3 flashes; 2 kV: 1-

2 flashes (table 1). 

The third way of dosage regulation was done by tuning of the voltage discharge at a distance of 10 cm 

and application of only single light flashes. 1 kV, 1.25 kV, 1.5 kV, 1.75 kV, 2 kV, 2.25 kV, 2.5 kV, 2.75 

kV and 3 kV were applied at a distance of 10 cm (table 1).  

Table 1 Overview of settings used for PL inactivation studies of bacteria on a gel surface 

Way of energy dosage 

distance between flash 

lamp and sample surface 

[cm] 

number of successively 

applied light flashes 

[1 Hz] 

applied voltage [kV] 

distance triggered 1,3,5,8,12 and 15 1 1, 1.25, 1.5, 1.75 or 2 

pulse number 

triggered 
10 variable: 1 - 15 1, 1.25, 1.5, 1.75 or 2 

voltage triggered 10 1 variable: 1 - 3 

Table 2 shows the fluences resulting from the different settings. Voltages of 2.25 kV, 2.5 kV, 2.75 kV 

and 3 kV at a distance of 10 cm resulted in fluences (± 5 %) of 580, 700, 840 and 950 mJ/ cm². 

The impact of the pulsing frequency on microbial count reduction was assessed by applying 5 and 10 

successive light flashes at a voltage of 1.25 and 1 kV with a frequency of either 1 Hz or 5 Hz. The 

respective count reductions were compared.  

Table 2 Resulting fluences per pulse (mJ/ cm²) from different settings (± 5 %) 

distance [cm] 
voltage [kV] 

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3 

1 201 324 460 645 825 1010 1225 1425 1635 

3 185 290 390 520 670 820 995 1175 1375 

5 150 238 324 438 560 750 920 1050 1230 

8 119 177 267 355 475 600 760 880 1005 

10 92 160 240 320 440 580 700 840 950 

12 84 134 207 285 371 451 552 661 766 

15 68 110 172 235 306 371 461 549 635 

 

The PL susceptibility of 15 different vegetative bacterial strains, conidiospores of two Aspergillus 

species as well as endospores of two Bacillus species were assessed by tuning the voltage at a distance 

of 10 cm and application of only single light flashes as described above.  
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2.4 Sample handling, determination of colony forming units (cfu) and modeling of inactivation 

data 

After the treatments, the gel discs were immediately transferred into polystyrene tubes containing 5 ml 

of sterile phosphate buffered saline (PBS, pH 7.2, Gibco, Carlsbad, USA) that was previously filtered 

through a 0.22 µm pore size filter. Control samples were handled the same way but without PL 

treatments. The samples were agitated on a shaking device at 400 rpm for 15 min in order to detach the 

bacteria from the gel surface. 

The culturability of the PL-treated bacteria was assessed by determining the number of colony forming 

units of each sample. 50 µl of appropriate dilutions in ringer solution (Oxoid, Hampshire, UK) or 

undiluted sample suspension were spread onto tryptic soy agar with an Eddy-Jet spiral plater (IUL 

instruments, Königswinter, Germany). Additionally, 3*1 ml of undiluted sample suspension was also 

investigated by the pour-plating method using tryptic soy agar. The plates were subsequently incubated 

for 24-48 h at 37°C or 30°C (Pseudomonas spp., Aspergillus spp. and Bacillus spp.) and the number of 

colony forming units per sample was determined with the Countermat Flash and Grow (IUL instruments, 

Königswinter, Germany) or manual counting in case of pour plates. The resulting data was fitted to a 

weibull model by using the freeware Excel add-in GinaFit in order to obtain dose-response curves 

(Geeraerd et al. 2005). The time was thereby replaced by the fluence (f). For modeling, only data 

obtained from energy doses which resulted in colony counts above the detection limit were used. All 

settings were tested at least two times at different days with three independent samples (n≥6).  

 

log10 (N) = log10(No) −  (
𝑓

𝛿
)

𝑝

 

The three degrees of freedom used are δ (fluence unit), p (–) and log 10(No). δ is a scale parameter and 

can be denoted as the fluence for the first decimal reduction, p is a shape parameter. p>1 indicates a 

downward concavity, while for p<1 an upward concavity is described (Geeraerd et al. 2005, Rowan et 

al. 2015). For model parameters describing bacterial inactivation, the confidence intervals at a 95% level 

were calculated (Artíguez and de Marañón 2015). Sigmaplot 12.5 was used to determine significant 

differences of mean values by t-testing as well as linear relationships at a significance level of p<0.05 

respectively. 

3. RESULTS 

3.1 Impact of fluence dosage on inactivation of L. innocua DSM 20649 and E. coli DSM 498 

The impact of the way of fluence application on the microbicidal effect of PL treatments was assessed 

by fitting colony count data from several equivalent challenge tests performed at different days to a 

Weibull model (Geeraerd et al. 2005). Therefore, two test bacteria E. coli and L. innocua were exposed 

to PL on a gel surface and the fluence was adjusted in three different ways: 1) Variation of the distance 

between sample surface and flash lamp at fixed voltages and use of single light flashes; 2) Variation of 

the number of applied light flashes at fixed voltages and fixed distance; 3) Variation of the applied 

voltage at a fixed distance and use of single light flashes. Table 3 (L. innocua) and Table 4 (E. coli) 

show the derived parameters for δ, p, adjusted R2, RMSE and 4D of dose-response curves at different 

discharge voltages respectively. Inactivation curves and corresponding data points for an applied voltage 

of 1.5 kV are exemplarily shown for E. coli 498 in Figure 1, including also the dose-response curve at 

different fluences triggered by the discharge voltage, whose model parameters are given in table 4. R2
adj 
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ranged between 0.87 and 0.97, RMSE varied between 0.11 and 0.61. δ indicates the fluence required for 

the first decimal reduction of the colony count, while p is a curve parameter indicating upward (<1) or 

downward (>1) concavity (Rowan et al. 2015). The 4D value specifies the fluence required for a count 

reduction by 4 log units. In case of L. innocua, all fitted curves exhibited downward concave shapes 

with P>1, which is indicative for an initial shoulder in the dose response curves at low fluences 

(Geeraerd et al. 2005). Regarding E. coli, the only P values <1 were determined when the applied energy 

was adjusted by the number of light flashes at voltages of 1.75 and 2 kV. 
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Figure 1 Dose response-curves of PL treated E. coli on gelrite with different ways of fluence dosage. Every data 

point represents the colony count of a single sample. The data was fitted to a Weibull model. Fluence was regulated 

by variation of the number of light flashes (circles, dotted line, voltage: 1.5 kV, distance: 10 cm), the distance 

(squares, straight line, voltage: 1.5 kV, only single light flashes) or the voltage (triangles, dashed line, distance: 10 

cm, only single light flashes). The horizontal line indicates the detection limit. 

When the fluence was delivered in single light flashes and triggered by the distance, δ and p values for 

voltages of 1.5, 1.75 and 2 kV were not significantly different for both bacteria respectively. At the 

lowest voltages of 1 kV or 1.25 kV, a reduction by 4 log was not reached due to insufficient fluence at 

the shortest distance (1 cm). Tuning the fluence by the voltage at fixed distance led to similar dose-

response curves compared to the distance triggered inactivation curves for both bacteria. Especially the 

obtained curve parameters from the distance triggered trials at 2 kV were very similar to the voltage 

triggered trials (Tables 3, 4 and 5). 
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Table 3 Weibull parameters (± SE) obtained from dose response-curves for L. innocua DSM 20649. The fluence 

was adjusted by varying the distance or the number of successive light flashes (1 Hz) at a given voltage. 

 Fluence triggered by distance (1 pulse) Fluence triggered by pulse number (10 cm) 

voltage δ1 p2 R2
adj3 RMSE4 4D5 δ1 p2 R2

adj3 RMSE4 4D5 

1 186±5a 3.81±0.70a 0.89 0.18 n.r 400±25a 1.59±0.09a 0.95 0.45 964 

1.25 241±13b* 3.25±0.51a 0.91 0.31 n.r 290±24b* 1.53±0.10a 0.96 0.49 720 

1.5 223±14ab* 2.32±0.19a       0.93 0.49 409 240±36b* 1.49±0.19a 0.87 0.73 612 

1.75 231±11b* 2.39±0.13a 0.97 0.43 416 237±27b* 1.53±0.15a 0.95 0.49 588 

2 254±16b 2.22±0.16a 0.95 0.45 476 143±18c 1.24±0.10c 0.95 0.47 440 

Parameter values with the same letters within one column are not significantly different 

δ values indicated by * within one row are not significantly different 

n.r. not reached at maximum dose applied 

1 scale parameter, fluence (mJ/cm²) for the first decimal reduction 

2 shape parameter 

3 adjusted Regression Coefficient  

4 Root Mean Square Error 

5 Required fluence (mJ/cm²) for a reduction by 4 log  

Table 4 Weibull parameters (± SE) obtained from dose response-curves for E. coli DSM 498. The fluence was 

adjusted by varying the distance or the number of successive light flashes (1 Hz) at a given voltage. 

 Fluence triggered by distance (1 pulse) Fluence triggered by pulse number (10 cm) 

voltage δ1 p2 R2
adj3 RMSE4 4D5 δ1 p2 R2

adj3 RMSE4 4D5 

1 212±3a 7.03±1.61a 0.85 0.11 n.r 387±28a 1.45±0.09a 0.96 0.37 1016 

1.25 286±7b* 4.38±0.70ab 0.90 0.22 n.r 269±34ab* 1.18±0.11abc 0.93 0.48 874 

1.5 253±13b* 2.66±0.20bc 0.94 0.41 428 218±25b* 1.27±0.09ab 0.94 0.57 652 

1.75 266±16b 2.60±0.22bc 0.93 0.52 458 151±29bc 0.94±0.09bc 0.90 0.71 662 

2 270±17b 2.16±0.17c 0.95 0.40 515 96±21c 0.82±0.08c 0.94 0.61 519 

Parameter values with the same letters within one column are not significantly different 

δ values indicated by * within one row are not significantly different 

n.r. not reached at maximum dose applied 

1 scale parameter, fluence (mJ/cm²) for the first decimal reduction 

2 shape parameter 

3 adjusted Regression Coefficient  

4 Root Mean Square Error 

5 Required fluence (mJ/cm²) for a reduction by 4 log  

When the fluence was adjusted by the number of successively applied light flashes, the inactivation 

efficiency depended on the voltage. The 4D values as well as the p values linearly (p<0.05) increased 

with decreasing voltage, which shows that a high number of light flashes at low voltage was less 

effective than applying a low number of light flashes at high voltages, although the total fluence was 

equal. When few light flashes of high energy were applied, no colony count data was available for low 

fluences. Therefore, the curves exhibited an immediate decrease, making it impossible to take into 

account a potential shoulder (Rowan et al. 2015). This had impact on the shape parameters and led to 

lower values for δ and p. In case of 2 kV, where two successive light flashes already caused count 

reductions close or equal to the detection limit, the lowest values for δ and p were therefore obtained for 

both bacteria respectively.  

The data in Tables 3 and 4 also reveal that the efficiency of PL was negatively affected when the total 

fluence was delivered in more than one light flash, even when the respective voltage was equal. 

Applying single light flashes of higher energy and adjusting the fluence by the distance led to lower 4D 

values than applying several successive light flashes of lower energy at a fixed distance. A 4 log 

reduction of E. coli was achieved at 428 (1.5 kV) and 458 mJ/cm² (1.75 kV) when the energy was 

triggered by the distance, but fluences of 652 (1.5 kV) and 662 mJ/cm² (1.75 kV) were necessary to 

obtain the same level of reduction when several light flashes (in this case 4 and 3 respectively) were 



Results - Chapter 3.1 

68 

Impact of treatment parameters on pulsed light inactivation of microorganisms on a food simulant surface 

applied at a frequency of 1 Hz and at a distance of 10 cm. This trend was likewise found for L. innocua 

(Table 3). For all applied voltages, the shape parameter p was considerably higher when the fluence was 

triggered by the distance compared to the fluence triggered by the pulse number (tables 3 and 4). 

However, no distinct differences in 4D values were found at 2 kV, which may be attributable to the fact 

that only one light flash at a distance of 10 cm already caused a colony count reduction by 4 log for L. 

innocua and 3.5 log for E. coli. A potential impact of splitting up the total fluence in several light flashes 

was therefore not given in this case. Differences of δ values between distance or pulse number triggered 

fluence were furthermore insignificant when medium voltages were applied (Tables 3 and 4). 

Regarding the impact of the pulsing frequency on bacterial colony count reduction, no significant 

differences in the numbers of survivors were observed between a fluence applied at 1 Hz or 5 Hz for 

both voltages (1 kV and 1.25 kV) and both bacteria (Figure 2). 
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Figure 2 Impact of the frequency on inactivation of E. coli and L. innocua on gelrite. Treatments were done at 

voltages of 1 and 1.25 kV at a frequency of either 1 Hz or 5 Hz. White bars: untreated references; light grey bars: 

frequency of 1 Hz; dark grey bars: frequency of 5 Hz. The horizontal line indicates the detection limit. In cases 

where the lower error bar is missing, it reaches down to the base line. 

3.2 PL sensitivity of different test microorganisms  

The sensitivity of different bacteria, mold spores and bacterial endospores was investigated by variation 

of the applied voltage (100-1000 mJ/cm²) at a fixed distance (10 cm) using only single light flashes. The 

obtained dose-response curves were fitted to the described Weibull model, the respective curve 

parameters are shown in table 5. It was found that there are differences in the sensitivity of the 

investigated vegetative bacteria, conidiospores and endospores. As expected, spores were most resistant 

which is why a 4 log reduction was not reached at the maximum voltage of 3 kV (corresponding to 1000 

mJ/ cm²). In average, conidiospores of A. brasiliensis and A. niger were more resistant (δ values of 800 

and 682 mJ/ cm²) than bacterial endospores of B. subtilis or B. atrophaeus (δ values of 577 and 648 

mJ/cm² respectively). There was no gram-staining dependent trend regarding the sensitivity of bacteria 
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and differences were found on species and strain level. 4D values ranged between 273 and 882 mJ/ cm². 

S. aureus DSM 1104 was the most sensitive bacteria while P. aeruginosa showed different Weibull 

parameters compared to all other bacteria. It was the only test strain which exhibited an upward 

concavity (p<1) of the inactivation curve and it also showed the weakest goodness of fit (R2
adj. of 0.79). 

The viable count decreased at low fluence, reaching a 1 log reduction at approximately 65 mJ/ cm² while 

a comparatively high fluence of 882 mJ/ cm² was necessary to cause a reduction by 4 log. 

Table 5 Weibull Parameters (± SE) obtained from dose-response curves for different test strains. The fluence was 

adjusted by variation of the voltage at a fixed distance of 10 cm. Only single light flashes were applied. 

Fluence triggered by discharge voltage 

Microorganism  δ1 P2 R2
adj3 RMSE4 4D5 

E. coli DSM 498 246±13 2.11±0.13 0.94 0.52 476 

E.coli DSM 1576 188±17 1.72±0.14 0.94 0.60 423 

E. coli DSM 1103 160±15 1.88±0.14 0.93 0.67 344 

S. enterica BAA 1045 130±12 1.60±0.11 0.94 0.62 311 

S. enterica DSM 17058 127±25 1,23±0.15 0.87 0.87 394 

P. aeruginosa DSM 50071 65±25 0.53±0.07 0.79 0.62 882 

P. fluorescens DSM 50091 129±18 1.35±0.14 0.94 0.47 365 

L. innocua DSM 20649 241±13 2.12±0.13 0.93 0.53 470 

L. monocytogenes DSM 15675 193±21 1.51±0.12 0.93 0.63 483 

L. monocytogenes DSM 20600 151±12 1.83±0.16 0.96 0.40 323 

S. aureus DSM 346 182±9 2.69±0.19 0.95 0.48 305 

S. aureus DSM 1104 109±13 1.52±0.15 0.93 0.57 273 

E. faecium DSM 6177 312±24 2.21±0.21 0.94 0.54 588 

B. subtilis DSM 4181 205±18 1.33±0.10 0.96 0.30 588 

B. atrophaeus DSM 675 126±9 1.41±0.08 0.98 0.26 338 

B. subtilis DSM 4181 (spores) 577±21 1.91±0.13 0.98 0.13 n.r 

B. atrophaeus DSM 675 (spores) 648±13 2.86±0.16 0.99 0.11 n.r 

A. brasiliensis DSM 1988 (spores) 800±15 5.30±0.73 0.94 0.19 n.r 

A. niger DSM 1957 (spores) 682±15 4.43±0.34 0.98 0.20 n.r 

n.r.: not reached at maximum dose applied 

1 scale parameter; fluence (mJ/cm²) for the first decimal reduction 

2 shape parameter 

3 adjusted Regression Coefficient  

4 Root Mean Square Error 

5 Required fluence for a reduction by 4 log (mJ/cm²) 

 

4. DISCUSSION 

4.1 Impact of process parameters on inactivation efficiency 

Although several studies have been performed to elucidate the impact of process parameters in PL 

treatments, there is no direct comparison of the three major ways of energy dosage so far. Regarding a 

potential application of PL for inactivation of microorganisms on e.g. food surfaces, it is however crucial 

to know about the impact of key process parameters. For this purpose, challenge tests on a food simulant 

surface are most suitable as the impact of complex food matrices is avoided. To our knowledge, PL 

inactivation of bacteria on a moist surface other than nutrient agar has not been studied so far. A major 

drawback of using agar plates in PL inactivation studies is that the maximum colony count is usually 

limited to about 300 cfu per plate, unless the cells/ spores are recovered from the agar surface after PL 
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exposure and further diluted before plating, incubation and colony count determination. However, when 

inoculated agar plates are incubated directly after PL exposure for colony count determination, detection 

of inactivation levels over several orders of magnitude are impossible. Using differently inoculated 

plates might have impact on the results and therefore seems inappropriate. Inoculation of vegetative 

bacterial cells on dry surfaces like metal, plastics or glass usually leads to desiccation of vegetative cells, 

causing initial recovery losses by often up to 90 % (Woodling and Moraru 2005, Ringus and Moraru 

2013). To avoid these limitations, the heat stable anionic polysaccharide gelrite was used in this study. 

Bacterial suspensions were inoculated and dried on the surface, which enables to maintain vegetative 

bacteria in a viable state as well as their detachment and resuspension directly after PL exposure. When 

spot inoculation at high cell densities is applied, the potential formation of agglomerates and multilayers 

of cells might distort the results due to pronounced shadow effects. Therefore the inoculation density of 

bacterial cells was adjusted to about 107 cfu/ cm² so that in theory only a single cell layer should be 

present when assuming an average surface of 3 µm2 per bacterial cell. The homogeneity of distribution 

of microorganisms on the gel surface was checked microscopically. However, the occurrence of 

sporadic agglomerates cannot be completely excluded. It is also important to consider that the 

inactivation data, which was fitted to the Weibull model was derived from several independent trials, 

thereby taking all the possible forms of fluctuation into account. This caused significant variation of the 

results, especially when high inactivation levels with low numbers of survivors were detected. This trend 

has already been reported by Aguirre et al. (2014) for PL inactivation trials. A high amount of data was 

therefore used for modeling in order to counterbalance the variation. Most obtained dose response curves 

exhibited an initial shoulder, causing p values >1, which has already been found by other researchers 

for PL inactivation curves (Farrell et al. 2009, Farrell et al. 2010, Lasagabaster and de Marañón 2013, 

Artíguez and de Marañón 2014). It may be attributable to the multi-target nature of the microbial 

inactivation by PL where the damage initially occurring in microbial cells at low fluences is not enough 

to render them unculturable, until a threshold is reached where cells are unable to recover and finally 

lose the capability to divide (Rowan et al. 2015). The Weibull model can fit shoulders, although not 

explicitly (Geeraerd et al. 2005), and was applied in various studies to describe PL inactivation data. 

Nevertheless, regarding the treatment of food surfaces, mostly no shoulders were observed and curves 

usually exhibited an upward concavity with p<1 when data was fitted to the Weibull model (Rowan et 

al. 2015). Therefore it seems likely that the matrix in which the microorganisms are embedded may not 

only have impact on the occurring cellular damage (Kramer and Muranyi 2014), but also on the shape 

of inactivation curves (Rowan et al. 2015). In a previous study we did not find shoulders in inactivation 

curves of PL treated mung bean sprouts or endive salad but instead a pronounced tailing, which is often 

observed in case of PL treated food surfaces (Kramer et al. 2015). In this study, a potential tailing effect 

was not taken into account since only data derived from fluences causing count reductions equal to or 

higher than the detection limit were used for modeling. At high fluences, the viable count was either 

above or below the detection limit, which makes it impossible to draw a conclusion on the potential 

presence of a tailing effect due to methodological limitations (Rowan et al. 2015). A comprehensive 

overview of modelling aspects regarding dose-response curves obtained from PL inactivation trials has 

recently been published by Rowan et al. (2015). 

It is now well accepted that PL inactivation of microbial cells is affected by several process parameters 

such as the distance between the lamp and the microorganisms, the number of applied light flashes as 

well as the discharge voltage (Gómez-López et al. 2007, Farrell et al. 2010). All these parameters have 

an impact on the applied total fluence and therefore determine the achievable inactivation effect. 

Consistent with our results, Lasagabaster and de Marañón (2013) showed that increasing the fluence by 

lowering the distance to the lamp or increasing the pulse energy likewise leads to a similarly pronounced 
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inactivation of L. innocua. Higher discharge voltages provide higher fluences and due to a shift of the 

spectrum to lower wavelengths with increasing voltage it is furthermore assumed that the inactivation 

efficiency also increases with the voltage (Luksiene et al. 2007, Gómez-López and Bolton 2016). Such 

a trend was also observed by Levy et al. (2012) who have shown that the input voltage affects the 

inactivation of B. subtilis spores on agar although the total fluence was the same (Levy et al. 2012). 

However, we found that when only single light flashes under variation of the distance were applied at 

1.5 kV, 1.75 kV or 2 kV respectively, the parameters δ and p of the Weibull curves were not significantly 

different and the 4D values were likewise in a similar range for both bacteria E. coli and L. innocua 

respectively (table 3 and 4). This independence of the inactivation efficiency from the applied voltage 

is in accordance with the findings reported by Artíguez and de Marañón (2014), who treated L. innocua 

in a buffer system and found that the total fluence determines the inactivation of L. innocua and may be 

likewise regulated by the applied discharge voltage as well as the distance to the sample. Similar results 

were also reported by Lasagabaster and de Marañón (2013). On the other hand, we found that the total 

fluence required for a 4 log reduction (4D) increased with decreasing voltage when the fluence was 

delivered with several successive light flashes (table 3 and 4). Many sequently applied light flashes of 

low voltage (with low fluence) were less effective than a low number of light flashes of high voltage 

(with high fluence). In this case, a potential impact of the spectral shift due to the variation of the voltage 

has still to be kept in mind as higher voltages provide higher UV proportions. However, differences 

were also evident between the observed inactivation curves at the same voltages but under variation of 

the distance and the number of light flashes. This clearly indicates that a fractional delivery of the total 

fluence negatively affects the inactivation efficiency. The frequency of successively applied light flashes 

was thereby found to have no impact on the extent of microbial reduction within 1-5 Hz, which was 

likewise reported by Luksiene et al. (2007). Levy et al. (2012) also investigated the impact of the fluence 

delivery by variation of the voltage and the number of light flashes. They reported that there was no 

difference in observed count reductions of vegetative cells or spores of B. subtilis and B. cereus on agar 

when the fluence was delivered in one flash or in several flashes but on the other hand, distinct 

differences were found in case of A. niger on polystyrene when the target fluence was divided in several 

flashes (Levy et al. 2012). The reported findings on this topic are therefore ambiguous. 

4.2 Validity of the reciprocity law in UV or PL disinfection 

The reciprocity law asserts that for the effectiveness of radiation it does not matter whether the fluence 

is delivered with high fluence rate and short exposure time or with low fluence rate and long exposure 

time (Gómez-López et al. 2007). Gómez-López et al. (2007) already discussed the validity of the 

Bunsen-Roscoe reciprocity law regarding PL or continuous UV inactivation, but based on the scarce 

and inconsistent literature available, a definitive conclusion could not be drawn. Our results indicate that 

differences in the inactivation efficiency arise, when the fluence is delivered by either one light pulse of 

high energy or several light flashes of lower energy even when identical voltages and consequently 

identical emission spectra are used. This contradicts the assumption of the reciprocity law whereupon 

the same photo-response should be observed when repeatedly switching a light source on-and-off or 

delivering a high radiant flux for a short period of time (Martin et al. 2003). As one of the scarce studies 

where the peak power dependence of continuous UV inactivation was explicitly investigated, Rice and 

Ewell (2001) reported that there was no clear difference in spore survival when B. subtilis spores were 

treated with a high peak power UV laser or a low-power continuous lamp. They concluded that the peak 

power in the delivery of photon energy is not an important factor and that only the shorter treatments 

times of high peak power sources gives an advantage. Similarly, Berney et al. (2006) confirmed the 

validity of the reciprocity law for stationary E. coli cells, which were irradiated with sunlight or artificial 
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sunlight. The fluence rate was therefore assumed to play a minor role for the efficiency of solar 

disinfection, which was also supported by the findings of Giannakis et al. (2015) who suggested a 

compliance with the reciprocity law in solar disinfection of E. coli. The validity of the Bunsen-Roscoe 

reciprocity law moreover has been confirmed for different viruses which were inactivated by UV-C 

irradiation when present in either aerosols (Tseng and Li 2005) or on surfaces (Tseng and Li 2007).  

Hence, it has been assumed that viruses or spores usually follow the Bunsen Roscoe law since they are 

unable to use repair enzyme systems while on the other hand, repair processes in vegetative organisms 

during low UV irradiance or intermittent exposure may lead to violations of the reciprocity law (Sommer 

et al. 1996). For instance, Bowker et al. (2011) found a higher reduction of E. coli with low-pressure 

mercury lamps compared to 255 nm UV-LEDs although they emitted very similar wavelengths. The 

unexpected differences were attributed to the lower irradiance of the 255 nm LED with lower photon 

absorption during longer time of exposure compared to the low pressure mercury lamp with higher 

photon absorption during shorter exposure time. As Bowker et al. (2011) found deviations of the 

reciprocity law for E. coli but not in case of phages, they assumed that differences might arise due to 

microbial repair mechanisms. In another study, Sommer et al. (1996) did not find differences in 

inactivation rates by variation of intensities and exposure times for bacteria and viruses, so the principle 

of Bunsen-Roscoe could not be rejected. However, in case of different S. cerevisiae strains they found 

a clear violation of the reciprocity law. The same authors also reported about higher inactivation of E. 

coli strains by use of high irradiance compared to low irradiance at the same total UV doses while on 

the other hand, in case of phages and spores the reciprocity law proved to be valid. They assumed that 

damage to repair enzymes at high irradiance, which do not occur at low irradiance, may lead to 

deviations from the reciprocity law (Sommer et al. 1998). These assumptions may in part also serve as 

an explanation for the results obtained in this study. Since we used vegetative bacteria, the fractional 

delivery of fluence with multiple absorptions of photons may in sum have caused less damage than only 

one intense photon absorption. However, the discussed repair mechansims might, if at all, play only a 

minor role since total treatment times (at a frequency of 1 Hz) were much shorter compared to the 

referred studies where continuous UV irradiation was applied. Regarding the UV-treatment of fungal 

spores, Taylor-Edmonds et al. (2015) recently reported about a clear violation of the Bunsen-Roscoe 

principle in case of A. niger which were treated with low pressure UV-C lamps at low (0.022 mW/ cm²) 

or high (0.11 mW/ cm²) irradiance. Reductions by 1 and 2 log units were obtained respectively although 

the same fluence of 250 mJ/ cm² was applied in each case. Failure of the reciprocity law at high 

irradiation intensities was furthermore found by Bosshard et al. (2009) for solar disinfection of Sh. 

flexneri. Only at low intensities, corresponding to natural sunlight exposure, the reciprocity law was 

valid. 

In addition, a number of studies have been performed where the efficiency of continuous UV lamps was 

compared to PL in order to elucidate the importance of peak power in microbial inactivation. However, 

since the mostly used Xenon lamps in PL studies and common mercury vapor UV lamps or UV-LEDs 

usually exhibit different emission spectra, a reasonable quantitative comparison seems hardly possible. 

Especially the emission spectra in the UV-C range determines the inactivation effect, so their 

characteristics may often be more important than the applied total fluence, which also includes longer 

wavelengths without any microbicidal properties (Gómez-López and Bolton 2016). Mercury UV-lamps 

exhibit an emission peak at 254 nm but also several other main spectral lines at higher wavelengths. PL 

has been shown to strongly depend on the emission spectra, being 270 nm the most decisive wavelength, 

while almost no inactivation is observed above 300 nm (Wang et al. 2005). Nevertheless, several studies 

concluded that PL is more efficient than continuous UV light due to its high peak power. McDonald et 
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al. (2000) reported that PL was more effective in inactivation of B. subtilis spores than treatments with 

continuous UV light while Cheigh et al. (2013) confirmed a more rapid and effective inactivation of L. 

monocytogenes by PL compared to UV-C. The inactivation of phages as well as E. coli has been shown 

to be more effective with PL compared to continuous low pressure and medium pressure UV lamps. 

These findings were attributed to potential differences in the mechanisms of inactivation since 

wavelength other than UV-C may have caused additional damage (Bohrerova et al. 2008). On the other 

hand, Wang et al. (2005) concluded from their investigations that the germicidal efficiencies of 

continuous and pulsed UV sources are similar, which was likewise stated by Otaki et al. (2003) when 

comparing a low-pressure UV lamp emitting at 254 nm and a broad-spectrum flash lamp. All in all, the 

literature on this topic seems ambiguous and since the experimental setups and instrumentation between 

studies are hardly comparable, explicit studies are still needed in order to clarify under which conditions 

a violation of the reciprocity law takes place in microbial inactivation based on UV irradiation or PL.  

4.3 Sensitivity of microorganisms to PL 

Regarding the sensitivity of microorganisms to PL, our results showed that bacterial endospores were 

more resistant than vegetative bacteria while the dark pigmented conidiospores of A. niger and A. 

brasiliensis were slightly more resistant than the endospores. This is in line with the findings made by 

Gómez-López et al. (2005) who also found a higher resistance of mold spores compared to bacterial 

endospores. A higher degree of light absorption by pigments may provide protection of the cell interior 

and hence higher resistance. Esbelin et al. (2013) discussed the importance of mold pigmentation in PL 

inactivation, while Anderson et al. (2000) have already stated earlier that intense UV-light absorbing 

pigmentation provokes higher resistance of mold spores. Vegetative forms of B. atrophaeus DSM 675 

as well as B. subtilis DSM 4181 were much more sensitive compared to their spore forms. Furthermore, 

an opposite trend in resistance was found for spores and vegetative cells. B. atrophaeus DSM 675 were 

significantly more resistant than B. subtilis DSM 4181 in case of vegetative cells but the opposite trend 

was found for spores. There was in general no clear pattern of bacterial resistance, distinct variations 

occurred even on strain level. L. innocua DSM 20649 proved to be just as resistant as L. monocytogenes 

DSM 15675 but L. monocytogenes DSM 20600 was by contrast much more sensitive. This is not in 

agreement with the results of Lasagabaster and de Marañón (2012) who reported about similar 

resistances of various L. monocytogenes isolates. Differences in the sensitivity on strain level were 

likewise observed for the tested E. coli as well as S. enterica strains. It is likely that this variability is 

due to the evolution of protective and repair mechanisms (Anderson et al. 2000). P. aeruginosa exhibited 

a distinctively different dose response curve compared to all other bacteria, showing an upward 

concavity without shoulder but a tailing. The first decimal reduction was achieved at relatively low 

fluence (65 J/cm²) compared to the other test bacteria but a 4D reduction required much higher energy 

(882 mJ/cm²). P. aeruginosa was therefore comparably sensitive at low fluence but a high degree of 

inactivation required very high energy doses. This may be attributable to the strong exopolysaccharide 

formation causing particular matrix effects, which provide protection for embedded bacteria. 

Exopolysaccharides were also found to be an important factor for the PL susceptibility of P. aeruginosa 

by Farrell et al. (2010). These authors likewise reported about a relatively high resistance of 

Enterococcus spp. to PL, which was also found in this study. However, their statement of a clear pattern 

where gram-positive bacteria were more resistant than gram-negatives could not be confirmed in this 

study. Our results on the other hand support the findings of Gómez-López et al. (2005) who did not 

observe a distinct trend regarding the PL sensitivity of bacteria.   
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5. CONCLUSION 

In summary, our results suggest that a fractional delivery of the total applied fluence adversely affects 

the efficiency of microbial inactivation by PL, while it seems irrelevant if the fluence is controlled by 

the voltage or the distance as long as only single light flashes are applied. The frequency has no impact 

on the microbicidal effect within 1-5 Hz. This study gives rise to the assumption that the reciprocity law 

is not valid for PL inactivation of bacteria. Regarding the sensitivity of different microorganisms, it was 

shown that variability in resistance occurs on species and strain level without a distinct trend regarding 

the gram staining behavior. Bacterial spores were more resistant than vegetative cells while dark 

pigmented mold spores were slightly more resistant than bacterial endospores.  
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Chapter 3 - Results 

3.2 Impact of Pulsed Light exposure on cellular properties of 

bacteria 

The following chapter comprises three articles appearing in Journal of Applied Microbiology as well as 

one article published in Systematic and Applied Microbiology. The different studies were performed in 

order to investigate the impact of pulsed light on physiological properties and occurring structural 

damage of bacterial cells. The mechanisms of the bactericidal action of pulsed light had not been 

clarified in detail yet and regarding a potential photothermal effect of pulsed light, variable results have 

been reported previously. This chapter therefore intends to provide deeper insight in the bactericidal 

action of pulsed light and to examine whether photothermal effects significantly contribute to the 

inactivation of bacteria. For this purpose, a series of culture independent methods was applied in order 

to assess the vitality of pulsed light treated bacteria and to detect functional and structural cellular 

changes arising from pulsed light treatments on a gel surface. The application of flow cytometry in 

combination with several fluorescent stains played a major role from methodical point of view. 

Parameters which were assessed include the membrane integrity, membrane potential, pump activity, 

esterase activity as well as glucose uptake, ATP levels and respiration activity. This multi-method 

approach intended to give a comprehensive overview about the impact of pulsed light on key functions 

of cellular viability. Photochemical alterations of nucleic acids as a result of exposure to energy-rich 

UV light are known to play a crucial role in pulsed light inactivation. However, the qualitative as well 

as quantitative assessment of nucleic acid defects based on PCR has been shown for the first time. The 

occurrence of photoreactivation as a marker for DNA-damage as well as sublethally damaged bacteria 

has been studied as well. The impact of pulsed light on gene expression was investigated on the basis of 

transformed bacteria containing a GFP-encoding plasmid (pGLO) at which transcription was inducible 

by the addition of arabinose and the extent of protein synthesis detectable by flow cytometry. Finally, 

the ability of pulsed light exposed bacteria to newly synthesize ATP was investigated separately.  

The outcome of the experimental series revealed that the selected bacteria are not immediately 

inactivated completely by pulsed light, indicating residual activity of non-growing cells. Even though 

all investigated viability parameters were affected in a dose dependent manner, significant cellular 

activity regarding e.g. respiration and ATP synthesis of unculturable cells was still measurable. A major 

contribution of photothermal effects in form of extensive direct damage to membranes, leading to 

impaired cellular integrity, were not confirmed. On the other hand, the loss of culturability was directly 

linked to the occurrence of DNA modifications and impaired protein synthesis. Therefore, 

photochemical changes to the DNA proved to be directly responsible for blockage of cell replication 

and transcription. It was also verified that photoreactivation plays a significant role, which confirmed 

the occurrence of DNA damage as well as sublethal damages. 
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Publication 3 

Effect of Pulsed Light on structural and physiological properties of Listeria 

innocua and Escherichia coli 

The following article was published in Journal of Applied Microbiology in 2014. The first author Bernd 

Kramer was responsible for the planning and execution of all laboratory trials as well as writing of the 

manuscript. Dr.-Ing. Peter Muranyi contributed to the elaboration of the scientific strategy and the 

composition of the manuscript. The front page of the printed version is shown on the next page, followed 

by the whole original article which was accepted for publication. 

The objective of this study was the fundamental investigation of the cellular impact of a pulsed light 

treatment on Listeria innocua and Escherichia coli. Flow cytometry in combination with different 

fluorescent stains, conventional plate count technique and a viability assay for measueremet of bacteria 

respiration were applied in order to investigate the effects of a pulsed light treatment on the physiological 

properties of L. innocua and E. coli. The results showed that loss of cultivability occurred at considerably 

lower fluences than the shutdown of cellular functions like the depolarization of cell membranes, the 

loss of metabolic, esterase and pump activities or the occurrence of membrane damage. Therefore, a 

considerable proportion of cells appeared to have entered the viable but non-culturable (VBNC) state 

after the pulsed light treatment. A high percentage of L. innocua was able to maintain certain cellular 

vitality functions after storage overnight whereas a further decrease of vitality was observed in case of 

E. coli. The loss of culturability was on the other hand directly accompanied by the formation of reactive 

oxygen species (ROS) and DNA damages, which were assessed by the ROS-sensitive probe DCFH-DA 

and RAPD-PCR respectively. A significant discrepancy between conventional plate counts and different 

viability staining parameters was observed, which shows that a pulsed light treatment does not cause an 

immediate shutdown of vitality functions, even when the decadic logarithm of the number of colony 

forming units already decreased by more than 6. Damage to the DNA molecule showed to be directly 

responsible for the loss of cultivability due to pulsed light rather than a direct rupture of cell membranes 

or inactivation of intracellular enzymes. The presented results suggest an UV-light induced 

photochemical rather than a photothermal or photophysical inactivation of bacterial cells by pulsed light 

under the applied experimental conditions. Flow cytometry in combination with different viability stains 

proved to be a suitable technique to gain deeper insight into the cellular response of bacteria to 

inactivation processes like a pulsed light treatment. 

 



Results - Chapter 3.2 

79 

Effect of Pulsed Light on structural and physiological properties of Listeria innocua and Escherichia coli 

 



Results - Chapter 3.2 

80 

Effect of Pulsed Light on structural and physiological properties of Listeria innocua and Escherichia coli 

Effect of Pulsed Light on structural and physiological properties of Listeria 

innocua and Escherichia coli 

B. Kramer, P. Muranyi  

Fraunhofer Institute for Process Engineering and Packaging IVV, Freising, Germany 

 

Correspondence to: Bernd Kramer, Department Retention of Food Quality, Fraunhofer Institute for 

Process Engineering and Packaging (IVV), Giggenhauser Str. 35, D-85354 Freising, Germany.  

Email: bernd.kramer@ivv.fraunhofer.de, Phone: +49(0)8161-491471, Fax: +49(0)8161-491-666 

 

ABSTRACT 

Aims: The application of broad spectrum intense light pulses is an innovative non-thermal technology 

for the decontamination of packaging materials, liquids or foodstuffs. The objective of this study was 

the fundamental investigation of the cellular impact of a pulsed light treatment on Listeria innocua and 

Escherichia coli. 

Methods and results: Flow cytometry in combination with different fluorescent stains, conventional 

plate count technique and a viability assay were applied in order to investigate the effects of a pulsed 

light treatment on the physiological properties of L. innocua and E. coli. The results showed that loss of 

cultivability occurred at considerably lower fluences than the shutdown of cellular functions like the 

depolarization of cell membranes, the loss of metabolic, esterase and pump activities or the occurrence 

of membrane damage. Therefore a considerable proportion of cells appeared to have entered the viable 

but non-culturable (VBNC) state after the pulsed light treatment. A high percentage of L. innocua was 

able to maintain certain cellular vitality functions after storage overnight whereas a further decrease of 

vitality was observed in case of E. coli. The loss of culturability was on the other hand directly 

accompanied by the formation of reactive oxygen species (ROS) and DNA damages, which were 

assessed by the ROS-sensitive probe DCFH-DA and RAPD-PCR respectively.  

Conclusions: A significant discrepancy between conventional plate counts and different viability 

staining parameters was observed, which shows that a pulsed light treatment does not cause an 

immediate shutdown of vitality functions even when the number of colony forming units already 

decreased for more than 6 log10 sample-1. Oxidative stress with concomitant damage to the DNA 

molecule showed to be directly responsible for the loss of cultivability due to pulsed light rather than a 

direct rupture of cell membranes or inactivation of intracellular enzymes.   

Significance and impact of the study: The presented results suggest an UV-light induced 

photochemical rather than a photothermal or photophysical inactivation of bacterial cells by pulsed light 

under the applied experimental conditions. Flow cytometry in combination with different viability stains 

proved to be a suitable technique to gain deeper insight into the cellular response of bacteria to 

inactivation processes like a pulsed light treatment. 

Keywords: pulsed light, flow cytometry, decontamination process, viability staining, reactive oxygen 

species, RAPD-PCR, DNA-damage 
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INTRODUCTION 

Recent developments among consumers regarding the demand for fresh, minimally processed foods 

with a preferably long shelf life have prompted the research for new and innovative technologies to 

ensure an appropriate preservation and safety of foodstuffs. The trend towards ready-to-eat products like 

fresh-cut fruits or salads is accompanied by a rising public health threat due to foodborne diseases. An 

increasing number of listeriosis incidents in Germany during the last years may be attributable to this 

development (RKI 2010). Severe outbreaks of foodborne diseases are frequently associated with 

contaminated raw vegetables or fruits, examples are the EHEC outbreak 2011 in Germany which was 

most likely attributable to sprouts (RKI 2011) or a multistate listeriosis outbreak  in 2011 in the USA 

due to contaminated cantaloupe (CDC 2011).  

Fresh-cut produce usually cannot be decontaminated by conventional heating treatments and washing 

or sanitizing methods usually do not provide a sufficient reduction of microbial load (Sapers 2001). 

Therefore non-thermal decontamination processes are needed in order to guarantee an adequate safety 

of fresh produce. Among various innovative strategies to inactivate microorganisms like the application 

of high pressure, gas-plasma or pulsed electric fields, the pulsed light technology is an emerging 

technique for the decontamination of surfaces, for example packaging material or food products (Oms-

Oliu et al. 2010). A pulsed light treatment is a rather non-thermal process that involves short duration 

light pulses of high-power with a broad emission spectrum between 200 and 1100 nm (Elmnasser et al. 

2007). Besides its advantages to be very fast and cost effective, there are no residual compounds that 

have to be removed from foodstuff (Gomez-Lopez et al. 2007). This technique has already been proven 

to be an efficient way for inactivating various pathogens and spoilage microorganisms in or on different 

matrices (Rowan et al. 1999, Anderson et al. 2000, Gomez-Lopez et al. 2005, Woodling and Moraru 

2007, Farrell et al. 2009, Levy et al. 2012). The loss of culturability is thereby typically taken as single 

criteria for cell death so usually no deeper insight into the physiology of pulsed light treated microbial 

cells is obtained. However, flow cytometric investigations combined with certain fluorescent probes 

represent a suitable approach to gain useful information about different structural or functional 

properties of microorganisms (Tracy et al. 2010, Müller and Nebe-von-Caron 2010, Sträuber and Müller 

2010, Díaz et al. 2010). This technique can be used to study the cellular response of microorganisms to 

stress situations like inactivation processes such as a pulsed light treatment (Nocker et al. 2011, Kennedy 

et al. 2011). In this way flow cytometry may contribute to elucidate the mode of action of chemical or 

physical decontamination processes.  

Only few studies have been dealing with the underlying inactivation mechanisms of pulsed light so far 

(Takeshita et al. 2003, Farrell et al. 2011, Cheigh et al. 2012). It is assumed that the UV component is 

the most important wavelength region for the bactericidal effect of pulsed light, as it is known that UV 

radiation affects the genome integrity. On the other hand several studies also report on the disruption of 

microbial cells by pulsed light, so that it is believed to be a multi-target inactivation process with 

photochemical but also photothermal or photophysical effects being involved (Wekhof 2000, Takeshita 

et al. 2003, Krishnamurty et al. 2010, Farrell et al. 2011, Cheigh et al. 2012). In this study, the cellular 

response of Listeria innocua and Escherichia coli on a pulsed light treatment was investigated. 

Therefore, the impact of pulsed light on the cultivability, metabolic activity, esterase activity, membrane 

potential, efflux pump activity and membrane integrity was studied as well as the formation of reactive 

oxygen species and the occurrence of DNA-damages.  
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MATERIAL AND METHODS 

Bacterial strains, growth conditions and preparation of inoculums 

The Gram-positive bacterium Listeria innocua DSM 20649, which is often used as a non-pathogenic 

surrogate for Listeria monocytogenes, was used as a model organism in this study, as well as the Gram-

negative bacterium Escherichia coli DSM 498. Both test strains were obtained from the German 

National Resource Center (DSMZ, Braunschweig, Germany). The bacteria were initially grown in 100 

ml tryptic soy broth (Oxoid, Hampshire, UK) at 37°C for 16-18 h in a shaking bath. Tryptic soy agar 

(Oxoid, Hampshire, UK) was subsequently inoculated with the bacterial suspension by use of an 

inoculating loop, incubated for 24 h at 37°C and stored at 5°C. Working cultures were made by 

inoculating 100 ml of tryptic soy broth with cell material from the agar surface and following incubation 

for 16-18 h at 37 °C in a shaking bath until early stationary phase. 20 ml of the cell culture were 

subsequently centrifuged at 9000 g for 10 min and washed twice with sterile deionized water. The cell 

count was determined in a counting chamber by microscopic methods and finally adjusted to 

approximately 2*108 cells ml-1.  

The pulsed light treatments were conducted on the surface of the gellan gum Gelrite (Roth, Karlsruhe, 

Germany). It is an anionic heteropolysaccharide that forms clear and heat stable gels in the presence of 

soluble salts. Therefore, 1 % Gelrite with 0.1 % CaCl2*2 H20 (VWR, Darmstadt, Germany) were boiled 

in sterile deionized water until complete solvation. 15 ml were then immediately poured into petri dishes. 

After solidification, discs with a diameter of 1.5 cm and a thickness of 2-3 mm were cut out and placed 

on glass slides. Three discs were used for each sample. The gel surface of each disc was inoculated with 

50 µl of the prepared cell suspension and dried for 1.5 - 2 h in a safety cabinet at room temperature 

before treating the samples in the pulsed light chamber. The resulting cell density on the gel surface was 

about 3*106 - 1*107 cells cm-2. 

Pulsed light set-up and treatment conditions 

The prepared samples were treated in a pulsed light chamber (Claranor, Avignon, France), which was 

equipped with a three Xenon tubes reflector. The lamp is connected to a capacitor and emits broad 

spectrum intense light flashes between 200 - 1100 nm. The applied voltages ranged from 1 to 3 kV 

which corresponded to fluences between 0.10 and 1.08 J cm-2 at a distance of 10 cm from the reflector. 

The total energy input was determined with a Solo2 Power and Energy Meter (Gentec, Quebec City, 

Canada). The UV-contents of pulsed light at different voltages were determined by measuring the 

fluence on top of the detector head without and with a FGL400S longpass filter (Thorlabs, Newton, 

USA) transmitting wavelengths over 400 nm only. The differences of the determined values gives 

approximately the respective UV-content, the results are given in table 1 expressed as percentages. Each 

sample was individually exposed to one single pulse, except when energy doses of more than 1.08 J cm-

2 were applied. In this case up to five pulses with a fluence of 1.08 J cm-2 were applied at a frequency of 

1 Hz. Immediately after the treatment, the gel discs were transferred to polystyrene tubes (Greiner-Bio-

one) containing 5 ml of phosphate buffered saline (PBS, pH 7.2, Gibco, Carlsbad, USA) that was 

previously filtered through a 0.22 µm pore size filter. Control samples were handled the same way but 

without pulsed light treatments. The samples were agitated on a shaking device at 400 rpm for 15 min 

in order to detach the bacteria from the gel surface. The total cell count of the sample suspension was 

then approximately 3*106-1*107 cells ml-1.  
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Determination of colony forming units (cfu)  

The culturability of the PL-treated bacteria was determined by measuring the number of colony forming 

units of each sample. 50 µl of appropriate dilutions in ringer solution (Oxoid, Hampshire, UK) or 

undiluted sample suspension were spread onto tryptic soy agar with an Eddy-Jet spiral plater (IUL 

instruments, Königswinter, Germany). Additionally, 1 ml of undiluted sample suspension was also 

investigated by the pour-plating method using tryptic soy agar. The plates were subsequently incubated 

for 24 h at 37°C and the number of colony forming units per sample determined with the Countermat 

Flash and Grow (IUL instruments, Königswinter, Germany). All samples were analyzed immediately 

after the pulsed light treatment and again after a storage period of 24 h at 5°C. All samples were 

investigated in triplicates.  

Determination of metabolic activity  

The metabolic activity of L. innocua and E. coli after the pulsed light treatment was determined with the 

Microbial Viability Assay kit (Dojindo Molecular Technologies, Kumamoto, Japan). This kit contains 

the tetrazolium salt WST-8 and the electron mediator 2-methyl-1.4-naphthoquinone. WST-8 is cleaved 

to a water soluble formazan dye by active dehydrogenases, indicating metabolic activity of microbial 

cells. This reaction leads to the formation of a yellow color at which the intensity is proportional to the 

number of viable cells (Tsukatani et al. 2008). 100 µl of the sample suspensions were transferred to a 

96-well microplate and mixed with 100 µl two-fold concentrated mueller hinton broth. 10 µl of a 1:10 

(for E. coli) or 1:80 (for L. innocua) mixture of the electron mediator and WST-8 was added 

immediately. Each sample was measured in triplicates and blanks (PBS) as well as untreated controls 

were included in every assay. The absorption was measured at 450 nm and recorded every minute in a 

microplate reader (Spectramax 190, Molecular Devices, Sunnyvale, USA) for one hour at 30 °C. Within 

this timeframe a linear increase in absorption could be observed. The relative metabolic activity after 

the pulsed light treatment was determined by calculating the ratio of absorbance between the treated 

samples and the untreated controls after 60 min. All samples were analysed immediately after the pulsed 

light treatment and again after a storage period of 24 h at 5°C. 

Investigation of membrane integrity, membrane potential, esterase activity and pump activity by 

flow cytometry  

The impact of the pulsed light treatment on the cells membrane integrity was investigated on the basis 

of their staining characteristics using the fluorescent dye propidium iodide (PI, Dojindo Molecular 

Technologies, Kumamoto, Japan). Propidium iodide is a widely used indicator for membrane damages 

as it is a red fluorescent double-charged cationic molecule that intercalates in double-stranded DNA of 

compromised cells, but is usually excluded from cells with intact membranes (Sträuber and Müller, 

2010, Tracy et al. 2010). Permeabilized cells are normally classified as dead because they are unable to 

maintain their intracellular environment (Hammes et al., 2011). An aliquot of 500 µl of each sample 

was incubated with 30 µmol l-1 PI for 10 min at room temperature in the dark before the flow cytometric 

analysis.  

Depolarization of cell membranes was assessed with Bis (1,3-dibutylbarbituric acid) trimethine oxonol, 

sodium salt (DIBAC4, Dojindo Molecular Technologies, Kumamoto, Japan). This anionic lipophilic 

fluorescent dye accumulates in depolarized cells but is excluded from cells that are able to maintain a 

transmembrane potential gradient. By investigating the membrane potential it is possible to analyze the 
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energetic state of a cell as it plays a key role in cell physiological processes (Sträuber and Müller 2010, 

Tracy et al. 2010). Cells without membrane potential cannot retain an intracellular environment that 

enables the functioning of metabolic processes, so membrane potential is in theory a good discriminator 

between living and dead cells (Hammes et al. 2011). 500 µl of each sample were incubated with 2 µmol 

l-1 (L. innocua) or 5 µmol l-1 (E. coli) DIBAC4 and 5 g l-1 Glucose for 15 min at room temperature in the 

dark before the flow cytometric analysis.         

Bacteria contain a number of mechanisms that protect them against toxic compounds for example 

antibiotics. One of the active and energy dependant mechanisms is the expression of efflux pumps 

(Müller and Nebe-von Caron 2010). The efflux pump activity of pulsed light treated bacteria was 

investigated with 3.8-Diamino-5-ethyl-6-phenylphenanthridinium bromide (EB, Sigma-Aldrich, St. 

Louis, USA). This fluorescent dye is actively extruded by several bacteria via efflux pumps, so this 

property can be considered as another energy dependent vitality parameter (Hammes et al. 2011). 

Preliminary tests revealed that L. innocua does not show any efflux pump activity for this fluorescent 

dye, so the efflux capacity was only investigated for E. coli. 500 µl of sample suspension was incubated 

with 30 µmol l-1 EB and 5 g l-1 Glucose for 15 min at 37°C in the dark before the flow cytometric 

analysis.   

The esterase activity of pulsed light treated bacteria was assessed with 5(6)-Carboxyfluorescein 

diacetate (CFDA, Dojindo Molecular Technologies, Kumamoto, Japan). CFDA is an uncharged non-

fluorescent lipophilic substrate that is hydrolized to fluorescent carboxyfluorescein (CF) by unspecific 

esterases in the cytoplasm. The actual cleavage is energy independent hence the detection of enzyme 

activity is not necessarily equivalent to cell viability (Hammes et al. 2011). 500 µl of the sample 

suspension were incubated with 100 µmol l-1 CFDA for 15 min at 37°C in the dark. In case of E. coli, 1 

mmol l-1 EDTA was added during the incubation period in order to facilitate the uptake of CFDA into 

the cells. The bacterial suspensions were subsequently centrifuged at 10000 g for 5 min and the cell 

pellets were resuspended in PBS before the flow cytometric analysis.  

The flow cytometric analyses were performed on a FACSCalibur flow cytometer (Becton Dickinson, 

San Jose, USA), which is equipped with a 488 nm Argon laser. Bacteria were gated on the basis of the 

forward (FSC) and side scatter (SSC) signals. A total of 10000 cells of each sample were analysed at a 

flow rate of 12 µl min-1. The fluorescent signals of the cells were detected in the red channel FL3 (>670 

nm) for PI or EB and in the green channel FL1 (515-545 nm) for CF or DIBAC4. Heat treated cells 

(85°C, 10 min) served as negative controls for CFDA and positive controls for DIBAC4, EB and PI 

staining. The data was recorded and analysed with Cellquest pro software (Becton Dickinson, San Jose, 

USA). All samples were analysed within 2 h after the pulsed light treatment and again after a storage 

period of 24 h at 5°C. 

Detection of reactive oxygen species (ROS) 

In order to investigate an enhanced formation of reactive oxygen species in L. innocua due to a pulsed 

light treatment, the oxidative-stress-sensitive probes 2′.7′-Dichlorofluorescin diacetate (DCFH-DA) was 

used (Tracy et al. 2010, Farrell et al. 2011). DCFH-DA was obtained from Sigma Aldrich (St. Louis, 

USA) and dissolved in dimethylsulfoxide (DMSO, VWR, Darmstadt, Germany). The acetyl groups of 

DCFH-DA are removed by cellular esterase to form 2`.7`-dichlorodihydrofluorescein (DCFH). DCFH 

is non-fluorescent but is highly fluorescent when oxidised to 2`.7`-dichlorofluorescein (DCF) by ROS 

(Farrell et al. 2011, Wang et al. 2012). Immediately after the PL treatment, the samples were incubated 
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with 25 µmol l-1 DCFH-DA for 1 h at 37°C in the dark. Subsequently the mean values of the fluorescent 

signals of 10000 bacterial cells were recorded with a FACSCalibur flow cytometer at an excitation 

wavelength of 488 nm and a green emission filter FL1 (515-545 nm). The relative increase of 

fluorescence was determined by calculating the mean fluorescence ratio of treated samples to untreated 

references. 

Detection of DNA-damages by RAPD-PCR 

In order to evaluate DNA damages with L. innocua caused by pulsed light, 2 ml of each sample 

suspension was initially centrifuged at 9000 g for 10 min. The cell pellet was resuspended in 180 µl 

lysis buffer (2 mmol l-1 EDTA, 20 mg ml-1 Lysozyme, 20 mmol l-1 Tris pH 8, 1 % Tween 80) and 

incubated for 30 min at room temperature. The genomic DNA was then extracted and purified with a 

DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer instructions. 

RAPD-PCR was performed using the illustra Ready-To-Go RAPD Analysis Kit (GE Healthcare, 

Buckinghamshire, UK) according to the manufacturer instructions. Three different primers (2, 5 and 6) 

were used to randomly amplify genomic DNA sequences of L. innocua (Table 2). Each RAPD Analysis 

bead was mixed with 15 µl water, 5 µl primer (25 pmol) and 5 µl of extracted DNA. PCR was performed 

in a Rotor-Gene real-time PCR cycler (Qiagen, Hilden, Germany) using the following profile: 1 cycle: 

95°C for 5 min; 45 cycles: 95°C for 1 min; 36°C for 1 min; 72°C for 2 min. Separation of DNA fragments 

was done with a Qiaxcel capillary gel electrophoresis equipped with a DNA High Resolution Gel 

Cartridge (Qiagen, Hilden, Germany). In order to obtain a specific banding pattern, the method OM 500 

was used in combination with a 15-5000 bp Alignment Marker and an Intensity Calibration Marker. A 

DNA Size Marker ranging from 100 to 3000 bp was used to determine the sizes of DNA fragments. The 

generated DNA fingerprints of samples with different fluencies were compared to the band pattern of 

untreated cells for the three primers that were used. The total amount of DNA that was amplified by 

RAPD-PCR was determined with the software BioCalculator (Qiagen, Hilden, Germany) on the basis 

of the band intensities. The ratios of the samples and the corresponding untreated controls were 

calculated and the average relative amount of amplified DNA was determined on the basis of the data 

from the three primers.  

Table 1 Fluences in dependence from the applied voltage at a distance of 10 cm from the reflector with 

corresponding UV percentages 

Voltage [kV] Total fluence [J cm-2] UV-content [%] 

1.0 0.10 5.8 

1.5 0.27 9.8 

2.0 0.50 12.3 

2.5 0.78 14.3 

3.0 1.08 17.5 

Table 2 Primers that were used for RAPD-PCR 

Primer  Sequence 

2 5`-d[GTTTCGCTCC]-3` 

5 5`-d[AACGCGCAAC]-3` 

6 5`-d[CCCGTCAGCA]-3` 
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Statistical analyses 

Each test was performed on the basis of three replicate samples for each treatment condition from the 

same cell culture. Mean values and standard deviations were calculated. All tests were performed at 

least twice in the same way at different days with fresh cell cultures. Presented data are results from one 

representative trial. Statistically significant differences between treated samples and untreated controls 

were identified by one way ANOVA using Sigmaplot 12.3 (Systat Software Inc., San Jose, USA)  with 

the Holm-Sidak method at a significance level of p<0.05. 

RESULTS 

Impact of pulsed light on colony count and metabolic activity  

The impact of a pulsed light treatment on the cells ability to form colonies on tryptic soy agar and their 

metabolic activity were assessed by conventional plate count technique and a viability assay 

respectively. The following conclusions and statistical statements refer to both replicated cultures. No 

differences concerning their susceptibility to pulsed light could be observed between the two test 

bacteria L. innocua and E. coli by conventional plate counts. At fluences of more than 0.10 J cm-2 a log-

linear decrease of the viable cell count could be observed for both bacteria and an inactivation of more 

than 6 log10 cfu sample-1 was achieved by one single light pulse at a voltage of 3 kV, which corresponded 

to a fluence of 1.08 J cm-2. After the samples were stored for 24 h at 5°C and analyzed again, almost the 

same results were obtained, so no recovery or progressive cell death could be observed in this case 

(Figure 1). The reduction of WST-8 to a yellow formazan dye is indicative for microbial metabolism 

and therefore serves as a parameter for cellular viability. Despite a strong dose dependant drop of the 

colony count due to the pulsed light treatment, the metabolic activity of L. innocua and E. coli decreased 

considerably slower (Figure 2). At 0.10 J cm-2 the metabolic activity of both bacteria was only 

marginally reduced, which is in accordance with the determined plate counts, where no statistically 

significant inactivation effect was evident at this fluence. With rising energy doses, the colony count 

decreased rapidly, however statistically significant metabolic activity was still measurable up to an 

applied fluence of 1.08 J cm-2 with both bacteria. Relative metabolic activities of about 30 - 40 % were 

determined after applying a fluence of 0.78 J cm-2. This corresponds to an energy dose which caused a 

drop of the colony count for more than 99.99 % so there was no direct correlation between these two 

parameters in this case. When untreated references were two-fold diluted, the relative metabolic activity 

was reduced to about 45 % (Figure 2), which shows that the colour development of the applied assay 

correlates very well to the number of respiring cells within the applied time frame of 60 min. These 

findings indicate that a considerable number of bacterial cells may still be metabolically active 

immediately after a pulsed light treatment although they have lost their capability to reproduce on a 

nutrient agar surface. In case of L. innocua the metabolic activity also remained on a similar level after 

24 h, whereas the relative metabolic activity of E. coli considerably decreased after the same storage 

time.  
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Figure 1 Inactivation kinetics of L. innocua and E. coli determined by plate count method immediately after the 

treatment and after sample storage for 24 h at 5°C. The data represent mean values and standard deviations of 

triplicates. Samples: (●) L. innocua 0h, (○) L. innocua 24 h, (▲) E. coli 0h, (△) E. coli 24 h. 
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Figure 2 Relative metabolic activity of L. innocua and E. coli determined by WST-8 reduction assay immediately 

after the treatment and after sample storage for 24 h at 5°C. The data represent mean values and standard deviations 

of triplicates. Samples: (●) L. innocua 0h, (○) L. innocua 24 h, (▲) E. coli 0h, (△) E. coli 24 h, (◊) E. coli untreated 

reference half diluted, (♦) L. innocua untreated reference half diluted. 
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Effect of pulsed light on cell physiology investigated by flow cytometry  

In order to investigate the impact of a pulsed light treatment on functional and structural features of L. 

innocua and E. coli on a single cell level, flow cytometric analyses combined with several fluorescent 

dyes were performed immediately after the treatment and again after a storage period of 24 h at 5°C. 

The outcome of these investigations showed that there is no direct correlation between the results 

obtained by conventional plate count technique and those obtained by culture-independent viability 

staining methods. On the other hand, the obtained results of energy dependant parameters like membrane 

potential and efflux activity were in good agreement with the determined levels of metabolic activity 

for both bacteria. The decrease of metabolic activity was accordingly accompanied by the cessation of 

efflux pump activity and an increasing proportion of depolarized cells. The results for L. innocua and 

E. coli are summarized in Figure 3 to Figure 5 and are representative for each replicated culture.  

The uptake of PI, which is indicative for compromised cell membranes, was statistically significantly 

enhanced only at high fluencies of more than 3.24 J cm-2 with both test bacteria immediately after the 

treatment (Figure 3 and 4). After storage of the samples, about 10 % of the untreated L. innocua 

population lost their membrane integrity and also a slightly higher percentage of E.  coli cells were 

permeable for PI but apart from that, the overall trend for this parameter did not change considerably. 

Membrane rupture could therefore not be identified as an immediate effect of the pulsed light treatment.  
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Figure 3 Impact of pulsed light on the physiological state of L. innocua investigated by fluorescence staining and 

flow cytometry immediately after the treatment and after sample storage for 24 h at 5°C. The data represent mean 

values and standard deviations of triplicates. Samples: (●) membrane integrity (PI) 0 h, (○) membrane integrity 

(PI) 24 h, (■) esterase activity (CFDA) 0 h, (□) esterase activity (CFDA) 24 h, (▲) membrane potential (DIBAC4) 

0 h, (△) membrane potential (DIBAC4) 24 h. 
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Figure 4 Impact of pulsed light on the physiological state of E.coli investigated by fluorescence staining and flow 

cytometry immediately after the treatment and after sample storage for 24 h at 5°C. The data represent mean values 

and standard deviations of triplicates. Samples: (●) membrane integrity (PI) 0 h, (○) membrane integrity (PI) 24 

h, (■) esterase activity (CFDA) 0 h, (□) esterase activity (CFDA) 24 h. 

 

Active esterase was initially detectable in more than 90 % of untreated L. innocua (Figure 3). This 

percentage did not significantly change up to an applied fluence of 3.24 J cm-2, only at the two highest 

energy doses a decrease in CF positive cells was observed. Similar results were obtained after storage. 

The staining pattern of E. coli with CF was considerably different from L. innocua (Figure 4). In this 

case, an increase in stained cells occurred up to a fluence of 1.08 J cm-2, which might be attributable to 

a gradual loss of pump activity as it is known that CF can be actively extruded from some bacteria (Díaz 

et al. 2010). A drop of CF positive cells occurred similar to L. innocua only at high energy levels of 3.24 

J cm-2 or more. These findings showed that the bactericidal effect of pulsed light is not directly linked 

to the inactivation of enzymes like esterases as high percentages of stained cells could still be detected 

when other viability parameters like cultivability or metabolic activity were already absent and indicated 

cell death.  

The uptake of DIBAC4, which is indicative for depolarized cells, was detectable immediately after the 

treatment among a statistically significant fraction of L. innocua cells at a fluence of 1.08 J cm-2 or higher 

(Figure 3). About 10 % of untreated L. innocua were also depolarized after storage and this is in line 

with the above mentioned 10 % of cells that showed damaged membranes. An increase to about 20 % 

of stained cells after storage was already detectable at 0.78 J cm-2 so a slight reduction in activity of L. 

innocua overnight could be observed.  

With regard to E. coli, a statistically significant increase of cells (about 15 %) stained with DIBAC4 

could be detected at an energy dose of 0.78 J cm-2 immediately after the treatment (Figure 5). After 

storage an enhanced depolarization was evident with E. coli. About 40 % of cells were already 

depolarized at 0.27 J cm-2.This shows that a progressive loss of vitality occurred during storage in case 
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of E. coli. The same trend was observed for the efflux pump activity of E. coli (Figure 5) but the loss of 

pump activity occurred before the depolarization of the cells, which can be explained by the dependence 

of efflux activity from the transmembrane electrochemical gradient (Hammes et al. 2011). A strong 

increase of EB stained cells (more than 70%) was evident even at a relatively low energy dose of 

0.27 J cm-2 after storage. 
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Figure 5 Impact of pulsed light on the physiological state of E.coli investigated by fluorescence staining and flow 

cytometry immediately after the treatment and after sample storage for 24 h at 5°C. The data represent mean values 

and standard deviations of triplicates. Samples: (▲) efflux activity (EB) 0 h, (△) efflux activity (EB) 24 h, (●) 

membrane potential (DIBAC4) 0 h, (○) membrane potential (DIBAC4) 24 h. 

 

Altogether, the flow cytometric data revealed that cellular functions like esterase activity, membrane 

integrity, membrane potential or efflux activity were still measurable in a considerable number of 

bacteria at energy doses that led to an almost complete loss of cultivability. Therefore, it was evident 

that substantial fractions of both L. innocua and E. coli populations enter the viable but nonculturable 

state after a pulsed light treatment. Vitality of L. innocua was only slightly further reduced after the 

samples were stored for 24 h at 5°C whereas in case of E. coli, a clear drop of activity was evident with 

regard to efflux activity or depolarization of cells. Esterase activity does not seem to be directly affected 

by pulsed light as well as membrane integrity. In both cases altered staining pattern were only obvious 

at high energy doses and no considerable further change in the staining behaviour was observed for both 

bacteria after storage.    

Detection of reactive oxygen species 

The formation of ROS as a consequence of pulsed light treatments was investigated by using the 

oxidative stress sensitive probe DCFH-DA (Chow et al. 2011, Farrell et al. 2011). A statistically 

significant increase in DCF could be observed at a fluence of 0.50 J cm-2 for both replicated cultures, 
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which shows that an enhanced formation of reactive oxygen species in L. innocua is induced at energy 

doses where an onset of increasing cultivability loss occurs (Figure 9).  

Detection of DNA damages by RAPD-PCR  

Alterations of the banding patterns that were generated from isolated genomic DNA of L. innocua after 

pulsed light treatments by RAPD-PCR with subsequent capillary electrophoresis revealed the 

occurrence of noticeable DNA-damages. A considerable shift in the DNA-fingerprints was observable 

with all 3 primers that were used. The magnitude of alterations in the DNA band patterns intensified 

with increasing fluence (Figures 6 to 8). At 0.10 J cm-2 no significant changes were obvious with all 3 

primers, but beginning at a fluence of 0.27 J cm-2 it can be seen from the gel images that the intensities 

of DNA bands with molecular weights of more than 1000 bp decrease with increasing energy input and 

in part disappear entirely. The intensity of the band at 1250 bp with primer 2 was considerably reduced 

at a fluence of 0.27 J cm-2 and disappeared completely at 1.08 J cm-2 (Figure 6). A similar progress was 

noticed with regard to the band at 1900 bp using primer 6 (Figure 8). The appearance of a weak band 

with a molecular weight of more than 3000 could be observed with primer 6 for the references at a 

fluence of 0.10 Jcm-2 but this band was already absent at a fluence of 0.27 J cm-2. The amplification of 

smaller DNA fragments showed in contrast to be much less affected by pulsed light. This is especially 

evident when the band at 330 bp using primer 5 is considered where almost no change in band intensity 

was seen with increasing fluence (Figure 7). Overall there is a general trend observable, which indicates 

that the smaller the DNA-fragments, the less affected are their PCR products. On the other hand it is 

obvious that several, mostly weak bands of lower molecular weight, appear with increasing fluence. It 

is also evident that the overall quantity of DNA that was formed by RAPD-PCR decreases with 

increasing fluence. At 0.27 J cm-2 (Figure 9) only about 80 % of total DNA was formed relative to the 

untreated controls. This fluence corresponds to the energy dose where an onset of increased cultivability 

loss occurred.  

 

Figure 6 Pulsed light induced damage to genomic DNA of L. innocua determined by RAPD-PCR using Primer 2. 

Applied fluences: 0.10 - 1.08 J cm-2. Each fluence is represented by two independent replicates 1 and 2.  
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Figure 7 Pulsed light induced damage to genomic DNA of L. innocua determined by RAPD-PCR using Primer 5. 

Applied fluences: 0.10 - 1.08 J cm-2. Each fluence is represented by two independent replicates 1 and 2. 

 

Figure 8 Pulsed light induced damage to genomic DNA of L. innocua determined by RAPD-PCR using Primer 6. 

Applied fluences: 0.10 - 1.08 J cm-2. Each fluence is represented by two independent replicates 1 and 2. 
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Figure 9 Impact of pulsed light on the amount of amplified genomic DNA of L. innocua by RAPD-PCR (□) and 

formation of reactive oxygen species (ROS) (●). Values are normalized to the untreated controls. The data 

represent mean values and standard deviations of triplicates. 

 

DISCUSSION 

This study has shown that bacterial populations of L. innocua and E. coli can be inactivated on a heat 

stable polysaccharide gel surface by 6 log10 with only one single intense light pulse. Similar efficiencies 

of pulsed light treatments were demonstrated in different other studies whereby most inactivation tests 

were performed in suspension or on nutrient agar, with varying instrumental setup, different equipment 

and also diverse microorganisms (Rowan et al. 1999, Anderson et al. 2000, Wang et al. 2005, Gomez-

Lopez et al. 2005, Farrell et al. 2009, Nicorescu et al. 2013). Most of these studies report the microbial 

inactivation efficiency on the basis of colony-count reduction tests. In this study conventional plate 

count technique revealed a strong and increasing inactivation of both test bacteria with only one single 

light flash at an energy dose of more than 0.10 J cm-2. The inactivation kinetics exhibited a log-linear 

trend with an initial plateau at low energy doses, which is most likely due to an injury phase up to a 

threshold level of energy (Gómez-López et al. 2007). No difference in sensitivity between E. coli and 

L. innocua was observed by plate count, although other researchers observed a higher resistance of 

gram-positive bacteria compared to gram-negatives (Anderson et al. 2000, Farrell et al. 2009). However, 

on the basis of plate counts alone it is not possible to uncover the impact of such a stress on vital or 

structural functions of a bacterial cell. Here it is shown that a more comprehensive image of the cellular 

response to pulsed light is gained, when multiple methodologies are applied at once. Flow cytometric 

investigations in combination with different fluorescence probes provide insight in physiological states 

and are a suitable way to gain further information about the impact of chemical or physical 

decontamination processes on microorganisms (Nocker et al. 2011, Kennedy et al. 2011). Berney et al. 

investigated for example the impact of solar disinfection on vital cellular functions in E. coli by flow 

cytometry and concluded that a combination of various culture independent assays give a detailed 

picture on the lethal effects of sunlight (Berney et al. 2006). Within this work it was shown that 
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statistically significant levels of metabolic activity of L. innocua and E. coli can be still detected after a 

pulsed light treatment even when the colony count dropped already to the detection limit. However, with 

rising energy input a gradual shutdown of cellular functions was evident. Similar to the study of Berney 

et al. (2006) active transport systems of stressed cells ceased first, then cytoplasmic membranes 

depolarized before permeabilization occured (Berney et al. 2006). Immediately after applying a fluence 

of 0.78 J cm-2 high fractions of both bacterial populations were still able to maintain polarized cell 

membranes and the level of the metabolic activity was thereby still at more than 30 % of the untreated 

references. At the same time, active esterase was detectable in more than 90 % of the cells and less than 

2 % showed damaged cell membranes. However, the colony count was already reduced by more than 

99.99 % in each case. These results show that the inability of bacteria to reproduce on non-selective 

media does not necessarily mean that the cells are immediately inactive. It is generally accepted that 

bacteria may still show several vital functions although they are unable to grow and reproduce in or on 

nutrient media. This condition is often referred to as viable but non-cultivable (VBNC) and can be 

induced by various chemical or environmental stress factors. Several pathogenic bacteria are known to 

be able to enter the VBNC state as a survival strategy, among them also E. coli and L. monocytogenes 

(Oliver 2010). Flow cytometric analyses can, among other methods, be used as a tool to detect the 

existence of this special state of bacteria (Khan et al. 2010). Wang et al. (2010) detected a considerable 

number of E. coli in the VBNC state when the effects of chemically and electrochemically dosed 

chlorine were assessed by flow cytometry. Numerous other studies have reported that processes that are 

normally assumed to be bactericidal may result in cells which are in the VBNC state (Oliver 2005). This 

could lead to erroneous conclusions when evaluating the outcome of inactivation processes because 

human pathogenic bacteria in the VBNC state may be still infectious or able to retain their virulence 

after resuscitation (Oliver 2010). Said et al. (2012) reported the occurrence of VBNC bacteria after 

pulsed UV-light treatments by investigating phage susceptibilities of Salmonella typhi. Infectivity of the 

host bacteria was still detectable and indicated viability although cultivability was lost (Said et al. 2012). 

Furthermore Wuytack et al. (2003) found that Salmonella enterica subjected to pulsed light may result 

in sublethally injured cells, which was shown by plating on different selective media. Otaki et al. (2003) 

as well as Gómez-López et al. (2005) showed the existence of photoreactivation after pulsed light 

treatments, which is also indicative for the occurrence of the VBNC state (Otaki et al. 2003, Gómez-

López et al. 2005). However, it should also be kept in mind that a lethal stress may lead to cell death in 

a time dependent manner, so that vitality functions are still measurable for some time after the cells were 

subjected to an inactivation process (Hammes et al. 2011). In this study, all assays were conducted 

within 3 h after the treatments and additionally after 24 h storage at 5 °C. According to the results, it can 

be excluded that the pulsed light treatment leads to an immediate shutdown of metabolic activity, 

inactivation of intracellular esterase or membrane disruption. L. innocua was furthermore able to 

maintain their vitality functions almost at the same level after storage for 24 h at 5 °C whereas the 

energetic state of E. coli was distinctively reduced after storage. It is therefore likely that considerable 

time dependent differences in the ability of bacteria to maintain certain energy levels after a pulsed light 

treatment exist, although identical inactivation kinetics by plate count are obtained. Bosshard et al. 

(2009) also observed a continued deterioration of the physiological state of Salmonella typhimurium and 

Shigella flexneri after solar disinfection and subsequent dark storage so apparently the cells were unable 

to repair damage caused by radiation. Similar to the present study, no recovery of irradiated bacteria 

was evident (Bosshard et al. 2009).  

The measurement of intracellular esterase activity proved to be a weak parameter to investigate cell 

viability because high levels of CF stained bacteria could be detected even when cells were already non-

culturable and de-energized. The detection of enzyme activity does therefore not necessarily suggest 
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cell viability (Hammes et al 2011). The exclusion of PI is often taken as criteria for life bacteria but in 

this study this parameter could also not be seen as a suitable marker for viability because high levels of 

cells with intact membranes were detected after treatment at lethal energy doses, the interpretation of 

membrane integrity analysis should therefore be taken with care (Hammes et al. 2011). Similar results 

were obtained by Schenk et al. (2011) who investigated the effect of a UV-C treatment on L. innocua 

by flow cytometry using CFDA and PI in a double staining assay. They observed that after a treatment 

for two minutes only 9.4 % of the detected cells showed damaged membranes and absent metabolic 

activity although the plate count was reduced by 3.6 log10. Therefore it was evident that the inactivation 

mechanism of L. innocua by UV-C is not primarily related to membrane damages or inactivation of 

intracellular enzymes like esterases, but predominantly caused by the breakdown of the DNA molecules 

(Schenk et al. 2011). Fröhling et al. (2012) investigated the effect of an atmospheric pressure plasma 

treatment on L. innocua and E. coli by flow cytometry using also CFDA and PI. The treatment was 

conducted on the same gel carrier that was applied in this study. They observed that the permeability of 

L. innocua for PI was only slightly increased with increasing treatment time and concluded that this may 

be explained by the higher strength and rigidity of Gram-positive bacteria. Like in the present study, 

cell lysis of L. innocua occurred only after high operating powers, so that it seemed most likely that 

RNA and DNA were directly affected by the plasma treatment (Fröhling et al. 2012). Ferrario et al. 

(2013) analyzed pulsed light-induced damages on Saccharomyces cerevisiae in peptone water by flow 

cytometry using PI and CFDA as well. Similar to the present study, they observed the occurrence of 

stressed cells that lost their ability to grow in agar but still showed metabolic activity. They also stated 

that much more log reductions of viable cells by the cfu method were obtained in comparison with the 

log increase in permeabilized cells (Ferrario et al. 2013).  

It is generally assumed that the UV region is the most important part in the spectrum of pulsed light 

(Gómez-López et al. 2007) causing a variety of mutagenic and cytotoxic DNA lesions (Rastogi et al. 

2010) that lead to microbial inactivation. Wang et al. (2005) showed that the maximum inactivation of 

E. coli by pulsed light is obtained at 270 nm, a wavelength which is highly absorbed by DNA. Rowan 

et al. (1999) found that light pulses of high UV content are more efficient than flashes with a low UV 

content for the inactivation of food-related microorganisms and Woodling and Moraru (2007) observed 

that no inactivation of L. innocua by pulsed light can be obtained when cells are exposed only to visible 

or near infrared light (Woodling and Moraru 2007). However, there is evidence that not only 

photochemical effects due to UV light are responsible for the bactericidal action of pulsed light. It is 

believed that besides photochemical effects, also photothermal or photophysical mechanisms may play 

some role in the lethal action of pulsed light and that microbial inactivation is not equivalent to 

continuous UV irradiation (Wekhof 2000, Gomez-Lopez et al. 2007, Elmnasser et al. 2007, Farrell et 

al. 2011, Oms-oliu et al. 2010). Several authors have reported the rupture of microbial cells by pulsed 

light as an additional inactivation mechanism. Microscopic observations by Krishnamurthy et al. (2008) 

indicated severe cellular damages with Staphylococcus aureus after a 5-s pulsed UV light treatment 

although no temperature increase was measurable. The cell wall damage, cytoplasmic membrane 

shrinkage, cell content leakage and mesosome rupture where therefore attributed to the pulsing effect 

(Krishnamurthy et al. 2008). Takeshita et al. (2003) investigated the effect of pulsed light on yeast cells 

and compared it to continuous UV light. They found distinct membrane damages of yeast cells only 

when the cells were treated with pulsed light but on the other hand slightly higher DNA damage with 

continuous UV light. It was therefore concluded that differences in the mode of inactivation between 

UV light and pulsed light are existent (Takeshita et al. 2003). Wekhof (2000) proposed that a momentous 

overheating of cellular constituents by the absorption of all UV light from a flash lamp might lead to the 

vaporization of water and result in the disruption of bacterial cells (Wekhof 2000). However in this 
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study, membrane damages of L. innocua and E. coli were only detected far beyond cultivability loss at 

fluencies of 3.24 J cm-2 or higher and also not among the whole populations. Therefore in this case, 

membrane disruption due to a temporary overheating does not seem to be a primary cause of microbial 

inactivation. Enzymes like esterases are in general heat sensitive, this was observed with the heat treated 

negative controls of L. innocua and E. coli (85°C, 10 min), where active esterase was completely absent. 

In the present study, a decrease in esterase activity could also only be observed at high fluencies of more 

than 3.24 J cm-2 which shows, that there is no direct correlation between the loss of cultivability and an 

inactivation of those enzymes. This decrease was furthermore accompanied by an increased uptake of 

PI, so it might also be possible that the drop in esterase activity at high fluencies is attributable to the 

occurrence of compromised membranes. A decrease in fluorescent bacteria may therefore be a result of 

CF leakage from the cells and not caused by inactivated enzymes due to pulsed light (Tracy et al. 2010). 

The observed low percentage of CF stained E. coli cells at low fluencies is most likely attributable to 

active efflux of this dye and is therefore also indicative for vitality (Díaz et al. 2010). Anderson et al. 

(2000) stated that the inactivation of microorganism could not be attributed to a photothermal action, as 

temperature rise in the treated agar was negligible (Anderson et al. 2000). Nicorescu et al. (2013) did 

not observe any disruption of B. subtilis when the cells were exposed to pulsed light in suspension, but 

SEM images revealed damaged cells when they were inoculated on different spices. They concluded 

that different inactivation mechanisms may be involved when pulsed light is applied in dry state or in 

liquid (Nicorescu et al. 2013). Levy et al. (2012) did not observe any structural alterations of B. subtilis 

or A. niger spores when exposed to pulsed light on polystyrene (Levy et al. 2012). Based on transmission 

electron micrographs of pulsed light-treated S. cerevisiae cells, Ferrario et al. (2013) stated that various 

cell structures other than plasma membranes were altered or and/or destroyed in a different degree 

depending on exposure time and type of medium (Ferrario et al. 2013). It has furthermore been reported 

that microorganisms differ in their sensitivity to pulsed light and this may be related to their cell wall 

composition as well as to their protective and repair mechanisms (Anderson et al. 2000, Oms-oliu et al. 

2010). Endospores and conidiospores have in general shown to be more resistant to pulsed light than 

vegetative cells (Anderson et al. 2000). Due to these variable results that were obtained in different 

studies concerning a potential rupture of microorganisms by high intensity light flashes, it seems likely 

that the occurrence of photothermal or photophysical inactivation mechanisms are to some extent 

dependent on the characteristics of the particular microorganisms like their size, cellular structure and 

UV light absorption properties. Among different studies, the cells were either treated in suspension, on 

nutrient agar or on dry surfaces so that the particular matrix in which the microorganisms are embedded 

could also have an impact on the magnitude of occurring cellular damage. The used equipment and 

experimental setup may also interfere with the outcome of such investigations, because one unique 

energy dose can be applied by continuous light, many light flashes or only one single light flash. This 

has raised the debate about a possible peak power dependence of microbial inactivation efficiency 

(Gómez-López et al. 2007), which needs further investigations.    

In order to elucidate possible photochemical effects of pulsed light and to detect cellular damages that 

directly account for the loss of cultivability of L. innocua, the intracellular formation of reactive oxygen 

species (ROS) was investigated with the ROS-sensitive probe DCFH-DA and the occurrence of possible 

DNA-damages were investigated by RAPD-PCR. It is well known that UV light induces the formation 

of ROS in bacteria, which can cause oxidative damages of lipids, proteins and DNA (Kumar et al. 2004, 

Rastogi et al. 2010, Rastogi et al., 2011, Santos et al. 2012, Santos et al. 2013). Intense pulsed light 

flashes include all UV regions and it was reported that microbial inactivation efficiency is highest with 

UV-C and lowest with UV-A radiation (Santos et al. 2013). UV-A is known to enhance the production 

of ROS, whereas UVB and UVC photons also cause direct DNA damages by inducing the formation of 
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photoproducts causing adverse effects of the genome stability (Santos et al. 2013). The formation of 

mutagenic and cytotoxic DNA lesions such as cyclobutane-pyrimidine dimers (CPDs), 6-4 

photoproducts (6-4 PPs) and their Dewar valence isomers as well as DNA single or double strand breaks 

are induced. These lesions can block the movement of DNA polymerase on DNA template and hamper 

DNA replication and transcription which may ultimately lead to cell death. In order to cope with such 

damages, organisms have developed a number of repair mechanisms such as photoreactivation, 

nucleotide excision repair, base excision repair or mismatch repair (Kumari et al. 2008, Rastogi et al. 

2010, Rastogi et al. 2011, Beauchamp and Lacroix 2012). Statistically significant levels of ROS were 

detected at 0.50 J cm-2, which corresponds to an energy dose where an increasing loss of cultivability 

occurred. This indicates that oxidative stress is directly linked to the killing effect of pulsed light. Farrell 

et al. (2011) also investigated the formation of ROS after treating Candida albicans with pulsed light 

and furthermore detected DNA damages by using comet assay (Farrell et al. 2011). Damage to genomic 

DNA of L. innocua due to pulsed light could be detected in this study by RAPD-PCR as well. This 

technique has been successfully employed in various studies to investigate DNA damages in bacteria 

caused by genotoxic agents or radiation (Atienzar et al. 2002, Kumar et al. 2004, Muranyi et al. 2010, 

Rastogi et al. 2011). It is based on the amplification of genomic DNA with single primers of arbitrary 

nucleotide sequence which anneal to multiple regions of the DNA. The PCR reaction generates a number 

of amplicons of variable length which can be separated by electrophoresis in order to generate a DNA 

fingerprint (Atienzar et al. 2002). Alterations in the band pattern account for DNA adducts, breaks and 

mutations and this may lead to decreased intensities, complete loss or even to appearance of new bands 

when genetic rearrangements take place that create new annealing sites for oligonucleotide primers 

(Atienzar and Jha 2006). Amplicons of higher molecular weight are usually more affected than smaller 

segments as it is statistically more likely that damage occurs between two primers that encompass longer 

DNA sequences (Atienzar et al. 2002, Muranyi et al. 2010). This tendency was observed with all three 

primers that were used in this study. A pronounced disappearance of bands of higher molecular weight 

was also observed by Kumar et al. (2004) who investigated UV-B induced DNA damages in 

Cyanobacteria. Furthermore, they also found a distinctive DNA band of 400 bp that was almost not 

affected and concluded that this might be attributable to DNA regions that are resistant to UV-B 

radiation (Kumar et al. 2004). The appearance of such a band was also found in this study with primer 

5, where the intensity of the band at 330 bp was not affected irrespective of the applied fluence. Overall, 

noticeable alterations in the band patterns occurred beginning at 0.27 Jcm-2 so it can be concluded that 

the loss of cultivability was directly linked to the formation of ROS and DNA damages. However it 

remains unclear, which kind of damage is actually responsible for the changes of the band patterns. It is 

most likely that different photoproducts like CPDs and 6-4PPs are formed because these types of lesions 

are commonly found as a result of UV light (Beauchamp and Lacroix 2012). Cheigh et al. (2012) 

reported the occurrence of double-strand breaks, single-strand breaks and CPDs with a similar pattern 

when E. coli and L. monocytogenes were either treated with pulsed light or continuous UV-C (Cheigh 

et al. 2012). Besides damages to DNA, microbial inactivation by pulsed light could also be linked to 

alterations of proteins and lipids. The occurrence of lipid peroxides and carbonylated proteins can be a 

consequence of UV light disinfection (Santos et al. 2012, Santos et al, 2013) and lipid hydroperoxidation 

was found in the cell membrane of pulsed light treated yeast (Farrell et al. 2011). However, the 

contribution of these kinds of cellular lesions on bacterial inactivation by pulsed light has not been 

shown yet.   

It this study it was shown that pulsed light has proven to be an efficient way to inactivate L. innocua and 

E. coli on the surface of a heat-stable polysaccharide gel. However, differing results were obtained when 

the inactivation efficiency was evaluated by traditional plate count technique or on the basis of various 
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viability staining approaches. Considerable percentages of bacterial populations still showed active 

esterases, polarized membranes, metabolic activity and intact membranes at fluencies where 

cultivability was already completely lost. A higher energy dose is required to induce an immediate and 

complete shutdown of cellular vital functions and to prevent the occurrence of viable but non-cultivable 

bacteria. The loss of reproducibility of L. innocua was directly accompanied by the formation of 

intracellular ROS and damages to DNA. The inactivation process of bacteria by intense light pulses 

seems in this case primarily to be attributable to photochemical rather than photothermal or 

photophysical effects. Further research is however needed to elucidate the impact of pulsed light on 

other kinds of food spoilage microorganisms like yeast or moulds, to identify further possible cellular 

lesions that lead to microbial inactivation and to investigate the response of microorganisms to pulsed 

light on foodstuff. 
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Publication 4 

Pulsed light induced damages in Listeria innocua and Escherichia coli 

The following article was published in Journal of Applied Microbiology in 2015. The first author Bernd 

Kramer was responsible for the planning and execution of all laboratory trials as well as writing of the 

manuscript. Dr.-Ing. Peter Muranyi as well as Joachim Wunderlich contributed to the elaboration of the 

scientific strategy and the composition of the manuscript. The front page of the printed version is shown 

on the next page, followed by the whole original article which was accepted for publication. 

The objective of this study was to further investigate the extent of cellular damage of Listeria innocua 

and Escherichia coli caused by pulsed light when the bacteria were treated on a polysaccharide surface. 

The results of this study complement previously published findings (Kramer and Muranyi 2014, 

Publication 3). The impact of PL on the cellular ATP level was investigated as well as the ability of 

bacteria to take up fluorescently labeled glucose (2-NBDG). Furthermore, the extent of DNA damage 

was assessed by qPCR. The ability of L. innocua and E. coli to photorepair DNA lesions under artificial 

daylight exposure was quantified. Finally, the induction of reactive oxygen species (ROS) and lipid 

peroxidation were studied by fluorometric detection of ROS and thiobarbituric acid reactive substances 

(TBARS).  

It was shown that intracellular ATP levels and the glucose uptake ability do not correlate with the 

immediate loss of bacterial reproducibility, which indicated that cellular activity and energy remain 

significant, although growth on tryptic soy agar was not observable. Sequence specific investigation of 

pulsed light induced DNA damages by qPCR revealed distinct differences between L. innocua and E. 

coli although the observed inactivation efficacy of pulsed light by the culture based method was similar. 

Photoreactivation was found in case of both bacteria, a higher recovery rate of up 100-fold was observed 

in case of E. coli. Intracellular ROS and lipid peroxides were both detectable at relatively high fluencies 

with E. coli which showed that the contribution of oxidative damage to microbial inactivation of pulsed 

light cannot be excluded. 

The results of this study support the previously published findings that bacteria are not immediately 

inactive after exposure to intense light pulses. Both bacteria, E.coli as well as L. innocua, have proven 

to maintain residual cellular activity after exposure to pulsed light, even when they are not able to 

reproduce any more. DNA was identified as the primary target of pulsed light, leading to photoproducts 

which may be repaired during light exposure. The occurring photoreactivation also evidenced the 

incidence of sublethal damage.  
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ABSTRACT 

Aims: Pulsed light (PL) is an upcoming non-thermal decontamination technology mainly for surface 

sterilization. The objective of this study was to investigate the extent of cellular damage caused by PL 

treatments of Listeria innocua and Escherichia coli on a polysaccharide surface in order to gain 

knowledge about the main inactivation pathways. 

Methods and Results: The impact of PL on the cellular ATP level was investigated as well as the 

bacterial ability to take up fluorescently labeled glucose (2-NBDG). Furthermore, the extent of DNA 

damages were assessed by qPCR. The ability of L. innocua and E. coli to photorepair under artificial 

daylight exposure was quantified. Finally, the induction of reactive oxygen species (ROS) and lipid 

peroxidation were studied by fluorometric detection of ROS and thiobarbituric acid reactive substances 

(TBARS). It is shown that intracellular ATP levels and Glucose uptake ability do not correlate with the 

immediate loss of bacterial reproducibility, which indicates that cellular activity and energy may remain 

on a relatively high level, although growth on tryptic soy agar is not observable. Sequence specific 

investigation of PL induced DNA damages by qPCR revealed distinct differences between L. innocua 

and E. coli although the observed inactivation efficacy of PL by the culture based method was similar. 

Photoreactivation has been observed for both bacteria, a higher recovery rate of up to 2 log was seen in 

case of E. coli. Intracellular ROS and lipid peroxides were both detectable at relatively high fluencies 

with E. coli so the contribution of oxidative damage to microbial inactivation of PL cannot be excluded. 

Conclusions: E.coli as well as L. innocua cells have proven to maintain residual cellular activity after 

having been exposed to PL even when they are not able to reproduce any more. High proportions of 

sublethal damages were also obvious with regard to occurring photoreactivation. The destruction of 

bacterial DNA seems to be the primary mechanism of inactivation of PL but the involvement of other 

factors like oxidative stress cannot be excluded.   

Significance and impact of the study: The observed data underline that bacteria are not immediately 

inactivated after exposure to PL as different indicators of cellular energy are still detectable even when 

cells do not reproduce on solid media any more. DNA is the primary target of PL but as the extent of 

damage among different bacteria may not reveal their actual sensitivity, other destructive effects should 

also be considered. 

Keywords: pulsed light, surface decontamination, reactive oxygen species, cellular damages, DNA-

damage, Photoreactivation, oxidation 
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INTRODUCTION 

The application of intense light pulses of a broad spectrum has attracted the attention as a promising 

non-thermal surface decontamination technology. Pulsed light (PL) comprises short duration light 

pulses of high-power with a broad emission spectrum between 200 and 1100 nm (Elmnasser et al. 2007). 

This technique has already been proven to be an efficient approach to inactivate various pathogens and 

spoilage microorganisms in and on different matrices respectively (Rowan et al. 1999, Anderson et al. 

2000, Gómez-López et al. 2005, Woodling and Moraru 2007, Farrell et al. 2009, Levy et al. 2012). The 

UV- content of PL seems to be exclusively responsible for its bactericidal effect (Woodling and Moraru 

2007) and besides photochemical also photothermal or photophysical mechanisms of inactivation are in 

discussion, although differing results were obtained so far (Elmnasser et al. 2007, Gómez-López et al. 

2007, Oms-oliu et al. 2010, Kramer and Muranyi 2014). There is evidence that PL is more efficient and 

acts differently from continuous UV irradiation, which may be attributable to the high peak power and 

short treatment duration of PL (Takeshita et al. 2003, Gómez-López et al. 2007, Cheigh et al. 2012). PL 

is currently applied for sterilization of packaging material on industrial scale, however its efficacy for 

food decontamination is still under investigation (Oms-oliu et al. 2010, Kramer et al. 2015) and the 

impact on food quality as well as potential toxicological issues have yet to be clarified.  

Within most studies dedicated to investigate the microbial inactivation capacity of PL treatments, 

survivors were enumerated by conventional plate counts. This approach takes into account all cells that 

cannot reproduce on nutrient media any more, stressed cells or injured cells are therefore automatically 

seen as dead. However, there is evidence that microorganisms may still possess certain cellular activity 

after PL exposure even when they are no more culturable (Rowan et al. 2015). This has recently been 

shown by applying different approaches to quantify bacterial vitality beyond culturability (Kramer and 

Muranyi, 2014). Within this study, we wanted to further elucidate this question and get deeper insight 

in cellular properties, occurring damage and the reasons for bacterial inactivation. Different aspects like 

the Glucose uptake ability, ATP content, quantification of DNA-damage, oxidative damage or the extent 

of photo-reactivation where taken into account.  

 

MATERIAL AND METHODS 

Bacterial strains, growth conditions and preparation of inoculums 

The Gram-positive bacterium L. innocua DSM 20649, which is often used as a non-pathogenic surrogate 

for Listeria monocytogenes, as well as the Gram-negative bacterium E. coli DSM 498 were used as 

model organisms in this study. Both test strains were obtained from the German National Resource 

Center (DSMZ, Braunschweig, Germany). The bacteria were initially grown in 100 ml tryptic soy broth 

(Oxoid, Hampshire, UK) at 37°C for 16-18 h in a shaking bath. Tryptic soy agar (Oxoid, Hampshire, 

UK) was subsequently inoculated with the bacterial suspension by use of an inoculating loop, incubated 

for 24 h at 37°C and stored at 5°C. Working cultures were made by inoculating 100 ml of tryptic soy 

broth with cell material from the agar surface and following incubation for 16-18 h at 37 °C in a shaking 

bath until early stationary phase. 20 ml of the cell culture were subsequently centrifuged at 9000 g for 

10 min and washed twice with sterile deionized water. The cell count was determined in a counting 

chamber by microscopic methods and finally adjusted to approximately 2*108 cells ml-1.  

The test bacteria E. coli and L. innocua were PL treated on Gelrite (Roth, Karlsruhe, Germany), a heat 

stable anionic polysaccharide gel which forms clear and heat stable gels in the presence of soluble salts. 

Viability loss due to desiccation is thereby prevented by the residual moisture of the gel matrix and the 

test bacteria were amenable to further biochemical and molecular biological investigations after PL 
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exposure. Therefore, 1 % Gelrite with 0.1 % CaCl2*2 H20 (VWR, Darmstadt, Germany) were boiled in 

sterile deionized water until complete solvation. Finally, 15 ml were immediately poured into petri 

dishes. After solidification, discs with a diameter of 1.5 cm and a thickness of 2-3 mm were cut out and 

placed on glass slides. Three discs were used for each sample. The gel surface of each disc was spot 

inoculated with 50 µl of the prepared cell suspension and dried for 1 h in a safety cabinet at room 

temperature before treating the samples in the PL chamber. The resulting cell density on the gel surface 

was about 1*107 cells cm-2. 

 

Pulsed light set-up, treatment conditions and sample handling 

The prepared samples were treated in a PL chamber (Claranor, Avignon, France), which was equipped 

with a three Xenon tubes reflector. The lamp is connected to a capacitor and emits broad spectrum 

intense light flashes between 200 - 1100 nm. The applied voltages ranged from 1 to 3 kV, which 

corresponded to fluencies between 0.10 and 1 J cm-2 at a distance of 10 cm from the reflector. The 

applied fluence was determined with a Solo2 Power and Energy Meter (Gentec, Quebec City, Canada). 

The UV-contents of PL at different voltages were determined by measuring on top of the detector head 

the fluence without and with a FGL400S longpass filter (Thorlabs, Newton, USA) transmitting 

wavelengths over 400 nm only. The differences of the determined values gives approximately the 

respective amount of UV radiation. UV proportions ranged between 16.3 and 25.5 % depending on the 

applied voltage. Each sample was individually exposed to one single pulse, except when energy doses 

of more than 1 J cm-2 were applied. In this case up to five pulses with a fluence of 1 J cm-2 were applied 

at a frequency of 1 Hz. Immediately after the treatment, the gel discs were transferred to polystyrene 

tubes containing 5 ml of phosphate buffered saline (PBS, pH 7.2, Gibco, Carlsbad, USA) that was 

previously filtered through a 0.22 µm pore size filter. Control samples were handled the same way but 

without PL treatments. The samples were agitated on a shaking device at 400 rpm for 15 min in order 

to detach the bacteria from the gel surface. The total cell count of the sample suspension was then 

approximately 3*106-1*107 cells ml-1.  

 

Determination of colony forming units (cfu), cellular ATP content and Glucose uptake 

The culturability of the PL-treated bacteria was assessed by determining the number of colony forming 

units of each sample. 50 µl of appropriate dilutions in ringer solution (Oxoid, Hampshire, UK) or 

undiluted sample suspension were spread onto tryptic soy agar with an Eddy-Jet spiral plater (IUL 

instruments, Königswinter, Germany). Additionally, 1 ml of undiluted sample suspension was also 

investigated by the pour-plating method using tryptic soy agar. The plates were subsequently incubated 

for 24 h at 37°C and the number of colony forming units per sample determined with the Countermat 

Flash and Grow (IUL instruments, Königswinter, Germany). All samples were investigated in triplicates 

(n=3).  

The total amount of intracellular ATP was assessed by use of the Bac Titer–glow Microbial cell viability 

assay (Promega, Madison, USA) according to the manufacturer instructions. Quantification of the total 

amount per cell was based on a standard curve using a dilution series of pure ATP (Biothema, Handen, 

Sweden) in PBS. The absence of extracellular ATP was checked by the use of the microbial ATP Kit 

HS (Biothema, Handen, Sweden), omitting the ATP removal and cell extraction step. Extracellular ATP 

was at least 3 orders of magnitude lower than intracellular ATP. 100 µl of sample suspension or standard 

solution was used for every assay. Luminescence signals of all samples or standards were determined 

by triplicate measurements (integration time of 1 s) in white flat bottom 96 well microplates (Greiner-

Bio-One, Kremsmünster, Austria) on a Tecan Infinite 200 Pro multimode reader (Tecan, Männedorf, 
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Switzerland). The trials were performed with three individual samples for each treatment condition on 

two different days. All samples were analyzed within 1 h after the PL treatment and again after 24h of 

storage at 5°C in the dark. Results are presented as mean values of absolute amount of ATP cell-1 ± 

standard deviation of one representative trial. Total cell counts were measured by flow cytometry using 

BD liquid counting beads (Becton Dickinson, San Jose, USA). 

Glucose uptake of L. innocua or E. coli cells was investigated according to the method reported by 

Berney et al. (2006) with modifications. The fluorescently labeled glucose analog 2-NBDG (2-[N-(7-

nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose) (Life Technologies, Carlsbad, USA) was 

used as substrate. NBDG is a moderately hydrophilic compound which is, like unlabeled glucose, 

specifically taken up by the phosphoenolpyruvate phosphotransferase system PEP-PTS (Sträuber and 

Müller 2010). The mean values of the fluorescent signals of 10000 bacterial cells were recorded with a 

FACSCalibur flow cytometer (Becton Dickinson, San Jose, USA) at an excitation wavelength of 488 

nm and a green emission filter FL1 (515-545 nm). Bacteria were separated from the background noise 

by regulation of Forward scatter (FSC) and Side scatter (SSC) amplification. Uptake kinetics over a 

period of 15 min were initially recorded in duplicate (data not shown). An incubation period of two 

minutes was then chosen for both bacteria in order to ensure linear increase of the fluorescent signal 

within all uptake assays. Fluorescence of the cells was measured directly after adjustment of 5 µmol l-1 

2-NBDG in the sample suspension and again after 2 min. The data was recorded and analysed with 

Cellquest pro software (Becton Dickinson, San Jose, USA). All samples were analysed within 2 h after 

the PL treatment and again after a storage period of 24 h at 5°C. The trials were performed with three 

individual samples for each treatment condition on two different days (n=6). Results are presented as 

relative uptake rate by calculating the ratio of relative fluorescence units (RFU) of each sample and the 

mean RFU of all untreated reference samples. Mean values and standard deviations were calculated. 

 

Determination of DNA damages by qPCR 

In order to quantify damages to the 16S rDNA of L. innocua or E. coli caused by PL exposure, 2 ml of 

each sample suspension were initially centrifuged at 9000 g for 10 min. The cell pellet was resuspended 

in 180 µl lysis buffer (2 mmol l-1 EDTA, 20 mg ml-1 Lysozyme, 20 mmol l-1 Tris pH 8, 1 % Tween 80) 

and incubated for 30 min at room temperature. The genomic DNA was then extracted and purified with 

a DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany) according to the manufacturer instructions. 

For each bacterium, three different primer pairs with varying amplicon sizes were used in order to take 

into account the impact of the template length on the sensitivity of the assay. All primers were designed 

with primer 3 software and synthesized by Metabion (Martinsried, Germany) (Table 1). qPCR was 

performed in volumes of 20 µl (10 µl GoTaq qPCR Mastermix (Promega, Madison, USA), 2 µl Primer 

Mix (200 nM each), 3 µl H2O and 5 µl extracted DNA) on a Rotor-Gene real-time PCR cycler (Qiagen, 

Hilden, Germany) using the following profile: 1 cycle: 95°C for 5 min; 45 cycles: 95°C for 15 s; 55°C 

for 15 s; 72°C for 45 s. Absolute quantification was done by standard curves of a dilution series of 

genomic DNA obtained from a cell suspension of known concentration. A range of six orders of 

magnitude was applied. All samples and standards were analyzed in duplicate. No template controls 

were included as well as melting curve analysis in order to exclude primer dimmers or unspecific 

bindings. All assays were performed with two individual samples on three or four different days (n ≥ 6). 

Results are presented as relative number of intact templates by calculating the ratio of the template 

number of each sample and the mean template number of all untreated reference samples for every 

primer pair. Mean values and standard deviations were calculated. 
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Table 1 Primer pairs used for qPCR. 

 Primer 

pairs 
Sequence Amplicon size [bp] 

Escherichia 

coli  
a 

5'-TCC AGG TGT AGC GGT GAA AT-3' 
236 

5'-TGA GTT TTA ACC TTG CGG CC-3' 

b 
5'-TGT CTG GGA AAC TGC CTG AT-3' 

574 
5'-TCA CCG CTA CAC CTG GAA TT-3' 

c 
5'-GCA GGC GGT TTG TTA AGT CA-3' 

851 
5'-TTT TGC AAC CCA CTC CCA TG-3' 

Listeria 

innocua  
a 

5'-AGC AAC GCG AAG AAC CTT AC-3' 
233 

5'-ATT TGA CGT CAT CCC CAC CT-3 

b 
5'-CTG GAA GAC TCG AGT GCA GA-3' 

555 
5'-ATT TGA CGT CAT CCC CAC CT-3' 

c 
5'-GAG GCA GCA GTA GGG AAT CT-3' 

968 
5'-GCA GCC TAC AAT CCG AAC TG-3' 

 

Investigation of recovery under artificial daylight illumination 

In order to investigate the impact of photoreactivation, PL treated populations of E. coli or L. innocua 

were spread on tryptic soy agar and then exposed to daylight emitting neon tubes Lumilux L30 W/865 

(Osram, München, Germany) at a distance of 40 cm for 24 h at 37°C. Illumination intensity was 

measured with a calibrated Compact Array Spectrometer CAS 140 CT_156 (Instrument Systems, 

München, Germany) and ranged from 3.3 – 4.1 W m-2 depending on the exact position under the neon 

tube. To minimize the time offset between PL treatments and light exposure on the agar surface, the 

bacteria were PL treated in 96 well quartz microplates in 350µl phosphate buffered saline (PBS, pH 7.2, 

Life Technologies, Carlsbad, USA). The cell suspensions were prepared as previously described but 

PBS was used instead of deionized water and the cell count was adjusted to 1*107 cfu ml-1 and verified 

in every assay. 100 µl of each sample (diluted in ringer solution or undiluted) were spread plated 

immediately after PL exposure in triplicates. The agar plates were then immediately positioned under 

the daylight neon tubes in an incubator. The results were compared to reference plates, which were 

treated the same way but stored in the dark at 37°C for 24h. Three different fluencies (0.45 J cm-², 0.7 J 

cm-² and 1 J cm-²) were applied by one single light flash of variable input voltage (2 kV, 2.5 kV, 3.0 kV) 

at a distance of 10 cm between the surface of the quartz microplate and the flash lamp. Each trial was 

performed with four individual samples on four different days (n=16). Results are presented as mean 

cfu ml-1 ± standard deviation. 

 

Detection of reactive oxygen species (ROS) and lipid peroxides 

In order to detect the formation of intracellular reactive oxygen species as a consequence of PL exposure, 

the oxidative-stress-sensitive probe 2′.7′-Dichlorofluorescin diacetate (DCFH-DA) was used (He and 

Häder 2002, Farrell et al. 2011). DCFH-DA was obtained from Sigma Aldrich (St. Louis, USA) and 

dissolved in dimethylsulfoxide (DMSO, VWR, Darmstadt, Germany). The acetyl groups of DCFH-DA 

are removed by cellular esterase to form 2`.7`-dichlorodihydrofluorescein (DCFH). DCFH is non-

fluorescent but is highly fluorescent when oxidised to 2`.7`-dichlorofluorescein (DCF) by ROS (Farrell 

et al. 2011, Wang et al. 2012). Immediately after the PL treatment, the samples were incubated with 25 

µmol l-1 DCFH-DA for 1 h at 37°C in the dark. Subsequently the mean values of the fluorescent signals 

of 10000 bacterial cells were recorded with a FACSCalibur flow cytometer at an excitation wavelength 

of 488 nm and a green emission filter FL1 (515-545 nm). Test were performed with three individual 
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samples on three different days (n=9). Results are presented as relative fluorescence by calculating the 

ratio of RFU of each sample to the mean RFU of all untreated reference samples. Mean values and 

standard deviations were calculated. 

Lipid peroxides were determined with the TBARS Assay Kit (Cayman Chemical, Ann Arbor, USA) 

according to the manufacturer instructions. Preliminary tests showed that at least 109 cells are necessary 

to obtain a signal within the range of the standard curve, so the cell density on the gel discs was 

accordingly raised to about 1*109 cells cm-² for these trials. Fluorescence signals were recorded by 

triplicate measurements with a Tecan Infinite 200 Pro multimode microplate reader using automated 

optimisation. Tests were performed with three individual samples for each treatment condition on four 

different days (n=12). Results are presented as relative increase in malondialdehyde (MDA) by 

calculating the ratio of MDA of each sample and the mean MDA of all untreated reference samples. 

Mean values and standard deviations were calculated. 

 

Statistical analyses 

Data was analyzed with MS Excel 2010 and results are presented as mean values and standard deviations 

from the indicated number of samples. Statistically significant differences between treated samples and 

untreated controls were identified by one way ANOVA using Sigmaplot 12.3 (Systat Software Inc., San 

Jose, USA) with the Holm-Sidak method at a significance level of p<0.05. 

 

RESULTS 

Impact of pulsed light on culturability, cellular ATP levels and Glucose uptake rate 

Conventional plate counts revealed that the two strains L. innocua (DSM 20649) and E. coli (DSM 498) 

exhibit similar sensitivity towards PL treatments on the polysaccharide gel discs. The inactivation curve 

exhibits an initial shoulder at low energy doses followed by a strong log-linear decrease of the colony 

count at energy levels higher than 0.27 J cm-² (Fig1 ). A reduction of almost 3-4 log units was observed 

at a fluence of 0.45 J cm-² and a reduction by more than 6 log units down to the detection limit was seen 

at energy doses higher than 0.7 J cm-². In contrast, no significant decrease in ATP levels of E. coli was 

observable up to energy doses of 0.45 J cm-² (Fig. 1). Only at high fluencies of more than 0.7 J cm-² the 

intracellular ATP concentration decreased from 2*10-18 mol cell-1 down to 5*10-19 mol cell-1. In case of 

Listeria innocua, the ATP content was less affected by PL, dropping from 7*10-19 mol cell-1 in the 

references down to a minimum of 5*10-19 mol cell-1. Although the total amount of intracellular ATP 

decreased during storage at 5°C in the dark with both bacteria, the overall trend remained the same after 

24 h. This shows that non-replicating cells still contain high levels of ATP and no progressive decrease 

of ATP levels takes place in PL exposed bacteria compared to untreated cells. 
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Figure 1 Impact of PL exposure on intracellular ATP levels and culturability. ATP content of E. coli 1 h after the 

treatment (●); ATP content of E. coli 24 h after the treatment (▲); ATP content of L. innocua 1 h after the treatment 

(○); ATP content of L. innocua 24 h after the treatment (△); inactivation curve of E. coli (■); inactivation curve 

of L. innocua (□); The reference line marks the detection limit of cfu. 

With regard to the investigated uptake kinetics of 2-NBDG, a fluorescently labelled Glucose analog, it 

was seen that the relative uptake rate decreases with rising energy dose (Fig.2 and Fig. 3). However, 

uptake rates of 2-NBDG were still at more than 80% when reproducibility of bacteria was completely 

lost. After storage of the samples at 5°C for 24 h, the relative uptake rate further decreased down to 

about 65% at fluencies up to 1 J cm-² for L. innocua, while in case of E. coli only at high fluencies of 

more than 1 J cm-² a further decrease of the relative uptake rate was seen. 
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Figure 2 Impact of PL exposure on Glucose uptake activity investigated by flow cytometry using the fluorescently 

labeled glucose analog 2-NBDG. Relative uptake rate of E. coli related to untreated reference samples 1 h after 

the treatment (▲); Relative uptake rate of E. coli related to untreated reference samples 24 h after the treatment 

(□).  
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Figure 3 Impact of PL exposure on Glucose uptake activity investigated by flow cytometry using the fluorescently 

labeled glucose analog 2-NBDG. Relative uptake rate of L. innocua related to untreated reference samples 1 h 

after the treatment (▲); Relative uptake rate of L. innocua related to untreated reference samples 24 h after the 

treatment (□). 

 

Pulsed light induced damage to bacterial DNA 

The extent of damage to genomic DNA was quantified by qPCR for both bacterial test strains using 16S 

rDNA as template. Three different primer pairs were designed for each bacterium in order to elucidate 

the impact of the amplicon size on the assay sensitivity. As can be seen in Figure 4, the log reduction of 

target templates generally rises with amplicon size, which may be explained by the higher possibility of 

damage occurring between two primers that comprise a longer sequence compared to a shorter one (Rudi 

et al. 2010). It was also observed that log reductions of intact templates were in general lower for E. coli 

than for L. innocua with all primer pairs. A maximum reduction of almost 2 log units was seen for L. 

innocua whereas the maximum reduction was only about 1 log for E. coli for the largest amplicon 

respectively. Reduction of intact templates, indicating damages to the considered sequence, was 

significant with all primer pairs beginning at a fluence of 0.27 J cm-2 for L. innocua and 0.7 J cm-2 for E. 

coli.    
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Figure 4 Impact of PL exposure on the integrity of genomic DNA investigated by qPCR. Number of intact 

templates in L. innocua using primer a (amplicon size 233 bp) (●), primer b (amplicon size 555 bp) (▲) or primer 

c (amplicon size 968 bp) (■). Number of intact templates in E. coli using primer a (amplicon size 236 bp) (○), 

primer b (amplicon size 574 bp) (△) or primer c (amplicon size 851 bp) (□). 

 

Occurrence of photoreactivation after pulsed light 

Pronounced recovery on tryptic soy agar during illumination with a daylight neon tube at 37°C was 

found for both test bacteria. Figure 5 shows the number of cfu ml-1 for E. coli and L. innocua, which 

were treated at three different fluencies and finally incubated on tryptic soy agar under light exposure 

and in the dark respectively. Especially in case of E. coli, apparent different levels of inactivation up to 

2 log units were observed. The degree of relative recovery showed to be energy dependent, being highest 

at the medium applied fluence of 0.70 J cm-2. Except for the highest energy doses, colony counts 

calculated from illuminated or dark stored plates were significantly different. 
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Figure 5 Impact of illumination with artificial daylight post PL exposure for 24 h at 37°C on tryptic soy agar 

depending on the applied incident fluence (0.45 J cm-2, 0.7 J cm-2 and 1 J cm-2). Reference lines refer to initial 

colony counts of E. coli (dashed line) and L. innocua (solid line). White bars represent illuminated plates, grey 

bars represent dark stored plates. Asterisk mark significant differences (p<0.05) between illuminated and dark 

stored plates.  

 

Detection of reactive oxygen species and lipid peroxides 

Significant induction of intracellular reactive oxygen species due to PL exposure was found for E. coli 

at fluencies of 1 J cm-2 or more. Figure 6 shows the increase of the mean fluorescence of the bacterial 

population using the ROS sensitive probe DCFH-DA. The induction of ROS was accompanied by an 

increased level of lipid peroxides, which were detected fluorometrically by the occurrence of 

thiobarbituric acid reactive substances (TBARS). A significant increase of malondialdehyde was found 

at fluencies of 2 J cm-2 or more (Figure 6). Increased levels of TBARS were not found in case of L. 

innocua under the applied test conditions (data not shown). 
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Figure 6 Impact of PL exposure on the induction of reactive oxygen species (ROS) (●) and lipid peroxidation 

(grey bars) in E. coli. Asterisk mark significant increase (p<0.05) in MDA. 

 

DISCUSSION 

Objective of this study was a comprehensive investigation of the involvement of different potential 

cellular targets in bacterial inactivation by intense light pulses. Based on previously published results 

(Kramer and Muranyi 2014), we further investigated the energetic status of L. innocua and E. coli after 

exposure to PL by measuring the intracellular ATP content and the Glucose uptake rate, two parameters 

indicative for cellular activity. ATP is the universal energy molecule prevalent in all living organisms. 

Bacteria generate ATP by oxidative phosphorylation or substrate level phosphorylation and due to its 

rapid turnover, their intracellular ATP levels often respond to physiological states (Hammes et al. 2011). 

The uptake rates of 2-NBDG are an indicator for a functioning glucose-specific phosphoenolpyruvate-

phosphotransferase systems (PEP-PTS) (Natarajan and Srienc 1999, Berney et al. 2006). 

The ATP levels (5*10-19 - 2*10-18 mol cell-1) measured in this study are in the range of previously 

reported bacterial ATP contents (Hong and Brown 2009). Due to the approximately double cell volume 

of E. coli cells compared to L. innocua, it is not surprising that their ATP content is generally higher 

(Fig. 1). Regarding E. coli, ATP levels decreased significantly compared to untreated bacteria only when 

0.7 J cm-² or more energy was applied in PL exposure. This energy dose already caused a colony count 

reduction of more than 6 log units. At the highest applied doses and in comparison to the untreated 

reference, there was still around 20% of intracellular ATP existent although all cells were unculturable. 

The impact of PL on the ATP content of L. innocua was marginal. ATP levels at the highest energy 

doses were still at 70-80 % compared to the untreated references. This shows that uncultivable cells 

nearly contain the same amount of ATP as cultivable cells. With both bacteria, no enhanced decline of 

ATP due to the PL treatment was seen after 24 h of storage, which means that ATP levels similarly 

dropped in all samples, including the references. The determined uptake rates of 2-NBDG decreased 

with rising fluencies, but the PEP-PTS was only completely inactive at very high fluencies of 5 J cm-² 

with both test bacteria. This indicates that the PEP-PTS is not a direct target of PL because the glucose 

uptake system is to a high degree still active when cells are no more culturable. According to Yoshioka 

et al. (1996), 2-NBDG accumulates only in living cells and not in dead cells and is therefore a measure 

of cell viability. Berney et al. (2006) found a rapid decrease of ATP levels in E. coli K12 when 
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continuously exposed to UV-A, but similar to our findings, they also observed that a certain level of 

ATP was maintained even after prolonged irradiation. Contrary to our results, the reduction of glucose 

uptake rate correlated well with loss of membrane potential and culturability (Berney et al. 2006). 

Bosshard et al. (2008) found a similar trend when treating Shigella fexneri or Salmonella Thypimurium 

with artificial UV-A or sunlight. ATP levels deceased considerably earlier than other viability indicators. 

They concluded that the UV-A might inhibit the respiratory chain and cells eventually die from ATP 

exhaustion. However, loss of membrane potential and glucose uptake followed a different pattern than 

ATP depletion, being strongly reduced only after dark storage of the samples (Bosshard et al. 2008). 

Sassoubre et al. (2012) investigated the mechanisms of photoinactivation of Enterococcus fecalis and 

found that the levels of microbial ATP similarly decreased with time under oxic and anoxic conditions 

although the drop of culturability was not equal for both microcosms. The decrease of ATP levels was 

much lower in our study, although the drop of colony counts was higher showing that PL acts differently. 

Similar to our results, Sassoubre et al. (2012) concluded that the ATP content is not a good indicator for 

culturability of bacteria after exposure to sunlight as it is unclear, if ATP in nonculturable cells indicates 

that this population is viable or is in a transient state between viability and cell death. Garvey et al. 

(2013) reported that a PL inactivation of the enteroparasite Cryptosporidium parvum is considerably 

less effective when the ATP level was taken as criteria for viability compared to the determination of 

survivors by the in vitro cell culture qPCR assay which may suggest the occurrence of a viable but non-

infectious state. Overall, the effect of PL on bacteria, e.g. their ATPase and glucose uptake activity, 

seems to be different from continuous UV exposure. This may be explained by the fact that the light 

flashes are not only comprised of UV-A and UV-B but also high proportions of UV-C, which cause 

different damage to microorganisms respectively (Santos et al. 2013). Furthermore, the energy dose is 

applied in only parts of a second instead of continuous exposure to lower irradiation intensities, 

wherefore the question about the peak power dependence in UV inactivation is still going on (Gómez-

López et al. 2007). Our results show that PL exposed bacteria may still be able to actively take up 

Glucose via specific transport systems and maintain high levels of ATP although their ability to 

reproduce is hampered. The observed maintenance of ATP levels or glucose uptake rates after PL is in 

accordance with our previous results, showing that parameters indicative for the cells energy status like 

the membrane potential or the respiratory activity of E. coli and L. innocua are immediately disrupted 

only at very high fluencies far beyond the loss of colony count. It is therefore evident that PL exposed 

bacteria still show cellular activity even when they are not detectable with traditional microbiological 

culture methods any more (Kramer and Muranyi 2014). Supporting these findings, Zhang et al. (2015) 

recently reported about the occurrence of viable but nonculturable Escherichia coli and Pseudomonas 

aeruginosa cells after UV disinfection. It was found that these bacteria still express virulence genes and 

display pathogenicity although they were no more culturable (Zhang et al. 2015). Said et al. (2012) 

similarly found viable but nonculturable Salmonella typhi post PL treatments based on the infectivity 

rates using lytic phage as a bioindictaor. 

 

It is well known that UV light, especially UV-C, induces DNA lesions like cyclobutane pyrimidine 

dimers (CPDs) or 6-4 photoproducts (6-4 PPs) leading to cell death of microorganisms due to hampered 

cell replication and transcription (Rastogi et al., 2010). The occurrence of DNA damage caused by PL 

exposure has already been shown (Takeshita et al. 2003, Farrell et al. 2011, Cheigh et al. 2012, Kramer 

and Muranyi 2014) but no quantitative approach has been done so far. In this study, we investigated the 

occurrence of DNA lesions by quantifying the number of intact DNA templates of different sizes by 

qPCR using sequences of the 16S rDNA of E. coli and L. innocua as targets. This technique proved to 

be a sensitive method to detect PL- induced DNA lesions and as expected, a higher number of templates 

featuring defects that hamper the PCR reaction were found for longer sequences encompassed by the 
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primers (Süß et al. 2009, Rudi et al. 2010). This shows that detection of DNA damage by qPCR directly 

depends on the amplified sequence length. Chatzisymeon et al. (2011) used real time PCR in order to 

investigate the inactivation efficiency of UV-C against E. coli in wastewater. They concluded that 

realtime PCR is more reliable than culture methods in order to enumerate bacteria in aquatic samples 

and assumed the occurrence of “viable but not culturable bacteria”. In our study, the colony count and 

the number of intact DNA templates were also not reduced to the same extent, which can most likely be 

attributed to the fact that in theory only one DNA lesion may be enough to hamper cell replication and 

this defect does not necessarily have to be within the probed target sequence. However, the reduction of 

PCR products set in to be significant at relatively low energy doses of 0.27 J cm-2 (L. innocua) and 0.45 

J cm-2 (E. coli) causing at the same time log reductions in colony count of 0.8 and 3.8 respectively. The 

extent of intact template reduction was different for the two bacteria with all tested primer pairs, 

although the three target sequences almost had the same sizes and culture based inactivation curves were 

practically identical (data not shown). This variation in occurring damage indicates differences in the 

bacterial reaction to PL that eventually lead to cell death. Variable light absorption properties of the 

cells, structural differences as well as unequal magnitudes of repair mechanisms may be some possible 

reasons why E. coli exhibits a lower level of DNA damage but the same extent of culturability loss.  

 

A higher degree of recovery during illumination on tryptic soy agar was indeed found in case of E. coli 

and a higher potential to repair DNA lesions may explain the lower extent of DNA template destruction 

in E. coli compared to L. innocua. The extent of photoreactivation was furthermore dependent from the 

applied fluence, the proportion of recovery being highest at the medium applied energy dose. Repair of 

DNA damage under illumination has widely been reported in case of UV irradiated cells (Goosen and 

Moolenar 2008, Rastogi et al. 2010, Rastogi et al. 2011). The responsible highly conserved enzyme 

photolyase uses energy from visible/ blue light to reverse CPDs or 6-4PPs and to restore the original 

state of DNA (Häder and Sinha, 2005, Rastogi et al. 2010). Farrell et al. (2009) found only negligible 

photoreactivation of Pseudomonas aeruginosa when high energy was applied but some repair was 

evident at lower energy doses when PL treated cells were exposed to sunlight for 4 h after PL. Similar 

results were obtained by Gómez-López et al. (2005) with the same evaluation method. The extent of 

photoreactivation was higher in our study, reaching up to 2 log of recovery in case of E. coli. This may 

be attributable to different test methods as post PL illumination was standardized by use of daylight 

neon tubes in an incubator at 37°C for 24 h and time between PL treatment and illumination on the agar 

surface was limited to a maximum of 10 min. According to Lasagabaster and de Marañón (2014), the 

impact of time between PL treatment and illumination is crucial for photoreactivation as repair primarily 

takes place within the first 30 min and is strongly reduced by increasing time in darkness before 

illumination. Similar to our results, they found a 2.2 log higher culturability for L. innocua in the 

presence of daylight illumination compared to dark storage and the extent of photoreactivation was also 

dependent from the applied PL fluence (Lasagabaster and de Marañón 2014). Maclean et al. (2008) have 

also quantified the effect of photoreactivation after PL exposure and found recovery of 1.5 and 2.5 log 

for L. monocytogenes. Contrary to our results, Otaki et al. (2003) found low photoreactivation rates for 

E. coli after PL, but stronger photoreactivation after continuous UV irradiation. The differing results 

show that the assessment of photoreactivation needs further investigation and standardization in order 

to be able to quantify the effect for different kinds of microorganisms and to compare the outcome of 

different studies. The impact of photoreactivation also remains to be investigated in real food systems 

where its occurrence might influence the obtained degree of microbial inactivation. Moreover, the 

recovery under illumination is another indication for the occurrence of sublethally injured 

microorganisms, which may recover under the right circumstances after PL. This was also shown by 

Wuytack et al. (2003) in case of Salmonella enterica, where different recovery rates were observed on 
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selective or non-selctive media.  

 

It is known that UV irradiation, especially UV-A and UV-B may cause oxidative stress due to the 

formation of reactive oxygen species (ROS) contributing to its lethal effect on microorganisms by 

causing oxidative damages to lipids, proteins or DNA (He and Häder 2002, Häder and Sinha 2005, 

Santos et al. 2013). PL comprises a large spectrum between 200-1100 nm, therefore including all regions 

of UV wavelengths. It is therefore assumable, that oxidative stress may also be involved in destruction 

of microbial structures. Farrell et al. (2011) demonstrated the occurrence of lipid hydroperoxidation in 

the cell membrane of PL treated yeast cells (Farrell et al. 2011). In a previous study, we detected the 

formation of intracellular ROS in L. innocua after PL exposure (Kramer and Muranyi 2014), now we 

have confirmed the accumulation of ROS also in E. coli cells. In case of E. coli it was also possible to 

detect TBARS as an indicator for lipid peroxidation at high energy doses. No significant rise of TBARS 

due to PL exposure was found for L. innocua (data not shown). As this assay is not very sensitive for 

detecting lipid peroxides in bacteria, wherefore high cell numbers are necessary (Hong et al. 2012), it 

might however be possible that lipid peroxidation occurs even when no significant increase of TBARS 

can be detected. However, the difference in TBARS levels between E. coli and L. innocua, similar to 

the observed differences in compromised DNA, ATP levels, or photoreactivation, once more show that 

inactivation may be caused by several contributing factors with different target sites and the respective 

damage that causes cell death may vary among different microorganisms. Similar results were obtained 

by Santos et al. (2013) who showed that the preferential molecular target of UV radiation may differ 

among strains, which may be due to differing defense and repair strategies, structural differences or 

various ROS causing different kinds of damage (Santos et al.2013). As it is known that UV-induced 

ROS also compromise DNA, it might therefore be possible that the observed reduction of intact DNA 

templates is in part also attributable to oxidative damage and not only a result of direct photon 

absorption. He and Häder (2002) showed that UV-B and UV-A induce ROS, lipid peroxides and DNA 

strand breaks in the cyanobacterium Anabaena sp.. They found that antioxidants like ascorbic acid 

protect the bacteria from oxidative stress and cause a higher survival rate (He and Häder 2002). Other 

potential targets of ROS may be proteins, which are oxidized and therefore may lose their functionality. 

Krisko and Radman (2010) demonstrated that proteome carbonylation is the cause rather than the 

consequence of cell death in E. coli exposed to UV-C radiation. However, in case of PL protein damage 

does not seem to be a primary factor for cell death as it was observed that enzymes like esterase or 

dehydrogenases in the respiratory chain are still active after PL (Kramer and Muranyi 2014) as well as 

ATPase or the PEP-PTS as shown in this study. 

 

This study supports the findings that bacteria like E. coli or L. innocua are not immediately inactive 

after exposure to intense light pulses as it was observed that intracellular ATP content and active glucose 

uptake remain at relatively high levels even 24 h after the treatment, although the colony count was 

decreased down to the detection limit. This conclusion is supported by the occurrence of 

photoreactivation, which was found for both bacteria at different applied energy doses. DNA damage 

was detected by qPCR in both test bacteria, the extent of intact template reduction being higher in case 

of L. innocua compared to E. coli although both bacteria exhibit the same sensitivity to PL when treated 

on a gel surface and examined by plate counting. The formation of reactive oxygen species was 

confirmed for both bacteria, however significantly raised amounts of lipid peroxides were only detected 

in case of E. coli. Nevertheless, the relevance of oxidative damages during microbial inactivation cannot 

be ruled out and needs further investigation as well as the potential hazard of sublethally injured 

pathogens to human health. 
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Publication 5 

Impact of pulsed light on cellular activity of Salmonella enterica  

The following article was published in Journal of Applied Microbiology in 2016. The first author Bernd 

Kramer was responsible for the planning and execution of all laboratory trials as well as writing of the 

manuscript. Dr.-Ing. Peter Muranyi as well as Joachim Wunderlich contributed to the elaboration of the 

scientific strategy and the composition of the manuscript. The front page of the printed version is shown 

on the next page, followed by the whole original article which was accepted for publication. 

The objective of this study was a comprehensive characterization of physiological changes of 

Salmonella enterica induced by pulsed light. For this purpose, multiple viability parameters beyond 

culturability were assessed. The content of this publication is closely related to the previous publications 

Kramer and Muranyi 2014 (Publication 3) as well as Kramer et al. 2015 (Publication 4) which were 

dedicated to the impact of pulsed light on Escherichia coli and Listeria innocua.    

By applying flow cytometry, a luciferin-luciferase bioluminescence assay and a microplate assay to 

measure the current redox activity, the impact of pulsed light on the membrane potential, membrane 

integrity, esterase activity, efflux pump activity, expression of the green fluorescent protein (GFP), 

respiration activity and ATP-content of Salmonella enterica ATCC BAA-1045 was determined. These 

culture independent approaches for assessing the bacterial activity were compared to the ability to grow 

on tryptic soy agar. It has been found that this strain is rather sensitive to pulsed light considering colony 

count reductions. On the other hand, unculturable bacteria still exhibited significant cellular energetic 

functions, which had already previously been found for Escherichia coli and Listeria innocua. The 

residual activity after pulsed light exposure significantly decreased during sample storage in buffer for 

24 h. An important finding of this study was that the GFP expression of pulsed light treated cells, which 

had rendered unculturable, was likewise severely reduced. This showed that although not all cellular 

functions of Salmonella enterica are immediately shut down after pulsed light exposure, protein 

synthesis is affected to a similar extent as the culturability. The inability of non-growing, pathogenic 

bacteria like Salmonella enterica to express proteins is of great importance regarding their 

pathogenicity. 
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ABSTRACT 

Aims: The objective of this study was a comprehensive characterization of physiological changes of 

Salmonella enterica induced by intense broad spectrum pulsed light (PL). After exposing the bacteria 

to this non-thermal decontamination technology on a gel surface, multiple viability parameters beyond 

culturability were assessed.  

Methods and Results: By applying flow cytometry, a luciferin-luciferase bioluminescence assay and a 

microplate assay to measure the current redox activity, the impact of pulsed light on the membrane 

potential, membrane integrity, esterase activity, efflux pump activity, expression of the green fluorescent 

protein (GFP), respiration activity and ATP-content of Salmonella enterica ATCC BAA-1045 was 

determined. These culture independent methods for assessing the bacterial activity were compared to 

the ability to grow on tryptic soy agar. It is shown that this strain is rather sensitive to PL considering 

colony count reductions, while on the other hand unculturable bacteria still exhibit significant cellular 

energetic functions. However, this residual activity after PL exposure significantly decreases during 

sample storage in buffer for 24 h. This study also shows that the GFP expression of PL treated cells 

which have rendered unculturable is severely reduced. 

Conclusions: This study reveals that although not all cellular functions of Salmonella enterica are 

immediately shut down after PL exposure, the synthesis of new GFP is strongly reduced and affected to 

a similar extent as the culturability.  

Significance and impact of the study: It is shown for the first time, that even there is significant 

bacterial activity measurable after PL exposure, it is likely that non-growing pathogenic bacteria like 

Salmonella enterica are unable to express proteins, which is of great importance regarding their 

pathogenicity.  

Keywords: Pulsed light, bacteria, Salmonella, metabolic activity, flow cytometry, inactivation, green 

fluorescent protein, protein expression 
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INTRODUCTION 

The application of broad spectrum intense light pulses (PL) is an upcoming non-thermal 

decontamination technology and especially useful for fast surface sterilization. Its suitability to kill 

various microorganisms including bacteria, mould spores, bacterial endospores or viruses has already 

been shown in various studies (Oms-oliu et al. 2010).The high content of UV radiation, comprising up 

to about 25 % of the total applied energy, is primarily assumed to be responsible for its killing effect. In 

addition, treatment times are much lower compared to continuous UV-light treatments, which makes 

flash lamps a more efficient way of microbial inactivation (Gómez-López et al. 2007). Pulsed light 

technology is already industrially used for surface sterilization of packaging material (Levy et al. 2012) 

and currently widely studied for food applications (Oms oliu et al. 2010). To study the efficiency of PL 

induced microbial inactivation, classic culture dependent methods are the method of choice. Plate 

counting, although being a simple and common method for assessing microbial viability, does not 

provide further information about structural or physiological changes of bacterial cells, as the growth of 

bacteria is the only criteria for viability. Culture independent methods are on the other hand useful tools 

to complement the culture based approach and to elucidate the microbial response to various stressors 

like chemical or physical decontamination treatments (Berney et al. 2006, Wang et al. 2010, Kennedy 

et al. 2011). It has already been shown that Escherichia coli and Listeria innocua cells are not completely 

inactive after PL treatments and that certain energy dependent cellular parameters are still measurable, 

even when cells are unculturable (Kramer and Muranyi 2014; Kramer et al. 2015). It has been stated 

that microorganisms may enter a so called viable but non-culturable state (VBNC) after PL exposure, 

which is of high relevance for pathogenic bacteria as they might still pose some risk to human health 

(Rowan et al 2015). In this study we investigated the response of Salmonella enterica to PL by applying 

a multi method approach (Kramer and Thielmann 2016). In order to comprehensively assess the impact 

of PL exposure on bacterial cells, we performed various flow cytometric measurements in combination 

with fluorescent probes to reveal the physiological state of the cells. Furthermore, we determined the 

ATP content and the redox activity of treated cells and finally examined the potential of PL exposed 

cells to newly synthesize proteins by introducing a GFP encoding plasmid.     

MATERIAL AND METHODS 

Bacterial strains, growth conditions and preparation of inoculums 

Salmonella enterica ATCC BAA-1045, obtained from the American Type Culture Collection (ATCC, 

Mansassas, Virginia, US), was used as model organism in this study. The bacteria were initially grown 

in 100 ml tryptic soy broth (Oxoid, Hampshire, UK) at 37°C for 16-18 h in a shaking bath. Tryptic soy 

agar (Oxoid, Hampshire, UK) was subsequently inoculated with the bacterial suspension by use of an 

inoculating loop, incubated for 24 h at 37°C and stored at 5°C. Working cultures were made by 

inoculating 100 ml of tryptic soy broth with cell material from the agar surface and following incubation 

for 16-18 h at 37 °C in a shaking bath until early stationary phase. 20 ml of the cell culture were 

subsequently centrifuged at 9000 g for 10 min and washed twice with sterile deionized water in order to 

remove all solutes. The cell count was determined in a counting chamber by microscopic methods and 

finally adjusted to approximately 2*108 cells ml-1.  

The test bacterium Salmonella enterica was PL treated on Gelrite (Roth, Karlsruhe, Germany), an 

anionic polysaccharide gel, which forms clear and heat stable gels in the presence of soluble salts. 

Viability loss due to desiccation is prevented by the residual moisture of the gel matrix and the test 
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bacteria are amenable to further biochemical and molecular biological investigations after PL exposure. 

Therefore, 1 % Gelrite with 0.1 % CaCl2 x 2 H20 (VWR, Darmstadt, Germany) were boiled in sterile 

deionized water until complete solvation before 15 ml were immediately poured into sterile petri dishes. 

After solidification, discs with a diameter of 1.5 cm and a thickness of 2 - 3 mm were cut out and placed 

on glass slides. Three discs were used for each sample. The gel surface of each disc was spot inoculated 

with 50 µl of the prepared cell suspension and dried for 1 h in a safety cabinet at room temperature 

before treating the samples in the PL chamber. The resulting cell density on the gel surface was about 

1*107 cells cm-2. 

Pulsed light set-up, treatment conditions and sample handling 

The prepared samples were treated in a PL chamber (Claranor, Avignon, France), which was equipped 

with a three Xenon tubes reflector. The lamp is connected to a capacitor and emits broad spectrum 

intense light flashes between 200 - 1100 nm. The applied voltages ranged from 1 to 3 kV, which 

corresponded to fluencies between 0.10 and 1 J cm-2 at a distance of 10 cm from the reflector. The 

applied fluence was determined with a Solo2 Power and Energy Meter (Gentec, Quebec City, Canada). 

The UV-contents of PL at different voltages were determined by measuring the fluence on top of the 

detector head without and with a FGL400S longpass filter (Thorlabs, Newton, USA) transmitting 

wavelengths over 400 nm only. The difference between the determined values gives the respective 

amount of UV radiation. UV proportions ranged between 16.3 and 25.5 % depending on the applied 

voltage. Each sample was individually exposed to one single pulse, except when energy doses of more 

than 1 J cm-2 were applied. In this case up to five pulses with a fluence of 1 J cm-2 were applied at a 

frequency of 1 Hz. After the treatment, the gel discs were immediately transferred into polystyrene tubes 

containing 5 ml of sterile phosphate buffered saline (PBS, pH 7.2, Gibco, Carlsbad, USA) that was 

previously filtered through a 0.22 µm pore size filter. Control samples were handled the same way but 

without PL treatments. The samples were agitated on a shaking device at 400 rpm for 15 min in order 

to detach the bacteria from the gel surface. The total cell count of the sample suspension was then 

approximately 3*106-1*107 cells ml-1.  

Determination of colony forming units (cfu), cellular ATP content and respiration activity 

The culturability of the PL-treated bacteria was assessed by determining the number of colony forming 

units of each sample. 50 µl of appropriate dilutions in ringer solution (Oxoid, Hampshire, UK) or 

undiluted sample suspension were spread onto tryptic soy agar with an Eddy-Jet spiral plater (IUL 

instruments, Königswinter, Germany). Additionally, 1 ml of undiluted sample suspension was also 

investigated by the pour-plating method using tryptic soy agar. The plates were subsequently incubated 

for 24 h at 37°C and the number of colony forming units per sample was determined with the Countermat 

Flash and Grow (IUL instruments, Königswinter, Germany). The resulting data was fitted to a modified 

weibull model (Abert and Mafart 2005) by using the freeware Excel add-in GinaFit in order to obtain 

dose response curves (Geeraerd et al. 2005). The time was thereby replaced by the fluence (f).  

log10 (N) = log10  [(No − Nres) ∗  10
(−(

𝑓
𝛿

)
𝑝

)
+ Nres] 

The four degrees of freedom used are δ (fluence unit), p (–), log 10(No) and log 10(Nres) (Albert and Mafart 

2005). δ is a scale parameter and can be denoted as the time for the first decimal reduction, p is a shape 
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parameter. For p>1, convex curves are obtained, while for p<1, concave curves are described (Geeraerd 

et al. 2005). 

The total amount of intracellular ATP was assessed by using the Bac Titer-glow Microbial cell viability 

assay (Promega, Madison, USA) as described previously (Kramer et al. 2015). Quantification of the 

total amount per cell was based on a standard curve using a dilution series of pure ATP (Biothema, 

Handen, Sweden) in PBS. Extracellular ATP was determined by filtration of sample suspension through 

a 0.22 µm filter with subsequent ATP determination of the filtrate. The measured extracellular ATP was 

always at least three times beneath the lowest measured total ATP level. 100 µl of a sample suspension 

or standard solution was used for every assay. Luminescence signals of all samples or standards were 

determined by triplicate measurements (integration time of 1 s) in white flat bottom 96 well microplates 

(Greiner-Bio-One, Kremsmünster, Austria) with a Tecan Infinite 200 Pro multimode reader (Tecan, 

Männedorf, Switzerland). The trials were performed with three individual samples for each treatment 

condition on two different days (n=6). All samples were analyzed within 1 h after the PL treatment and 

again after 24 h of storage at 5 °C in the dark. Results are presented as mean values of absolute amount 

of ATP cell-1 ± standard deviation. Total cell counts were measured by flow cytometry using BD liquid 

counting beads (Becton Dickinson, San Jose, USA). 

The current metabolic activity of all test bacteria after the PL treatment was determined with the 

Microbial Viability Assay kit (Dojindo Molecular Technologies, Kumamoto, Japan) according to a 

method reported previously (Kramer and Muranyi,2014). This kit contains the tetrazolium salt WST-8 

and the electron mediator 2-methyl-1.4-naphthoquinone. WST-8 is cleaved to a water soluble formazan 

dye by active dehydrogenases, indicating metabolic activity of microbial cells. This reaction leads to the 

formation of a yellow color at which the intensity is proportional to the number of viable cells (Tsukatani 

et al. 2008). 100 µl of the sample suspensions were transferred to a 96-well microplate and mixed with 

100 µl two-fold concentrated mueller hinton broth. 10 µl of a 1:10 mixture of the electron mediator and 

WST-8 was added immediately. Each sample was measured in triplicates and blanks (only PBS) as well 

as untreated controls were included in every assay. The absorption was measured at 450 nm and recorded 

every minute in a microplate reader (Spectramax 190, Molecular Devices, Sunnyvale, USA) for 1 h at 

37 °C. Within this timeframe, a linear increase in absorption was observed. Using a dilution series of 

fresh bacterial culture, the OD450 after 1 h furthermore proved to be linearly correlated to the cell count. 

The relative metabolic activity after the PL treatments was determined by calculating the ratio of 

absorbance between the treated samples and the untreated controls after 1 h. 

Investigation of membrane integrity, membrane potential, esterase activity and pump activity by 

flow cytometry 

Sample preparations for flow cytometric investigations were performed according to the methods 

described elsewhere (Kramer and Muranyi 2014, Kramer and Thielmann 2016). The impact of PL 

treatments on the cell membrane integrity was investigated on the basis of their staining characteristics 

using the fluorescent dye propidium iodide (PI, Dojindo Molecular Technologies, Kumamoto, Japan). 

Samples were incubated with 30 µmol l-1 PI for 15 min at room temperature in the dark before the flow 

cytometric analysis.  

Depolarization of cell membranes was assessed with Bis (1.3-dibutylbarbituric acid) trimethine oxonol, 

sodium salt (DIBAC4, Dojindo Molecular Technologies, Kumamoto, Japan). Samples were incubated 

with 5 µmol l-1 DIBAC4 for 15 min at room temperature in the dark before the flow cytometric analysis.  
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The efflux pump activity of pulsed light treated bacteria was investigated with 3,8-diamino-5-ethyl-6-

phenylphenanthridinium bromide (EB; Sigma-Aldrich, St. Louis, USA). Samples were incubated with 

30 µmol l-1 EB for 15 min at room temperature in the dark before the flow cytometric analysis. 

The esterase activity of bacteria was assessed using 5(6)-Carboxyfluorescein diacetate (CFDA, Dojindo 

Molecular Technologies, Kumamoto, Japan). Samples were incubated with 100 µmol l-1 CFDA for 15 

min at 37°C in the dark. 1 mmol l-1 EDTA was added during the incubation period in order to facilitate 

the uptake of CFDA into the cells. The bacterial suspensions were subsequently centrifuged at 9000 g 

for 5 min and the cell pellets were resuspended in filtered PBS before the flow cytometric analysis.  

All flow cytometric analyses were performed with a FACSCalibur flow cytometer (Becton Dickinson, 

San Jose, USA), which is equipped with a 488 nm Argon laser. Bacteria were gated on the basis of the 

forward (FSC) and side scatter (SSC) signals. A total of 10000 cells of each sample were analyzed at a 

flow rate of 12 µl min-1. The fluorescent signals of the cells were detected in the red channel FL3 (>670 

nm) for PI and EB and in the green channel FL1 (515-545 nm) for CF and DIBAC4. Heat inactivated 

cells (85°C, 5 min) served as negative controls for CF and positive controls for DIBAC4, PI and EB 

staining. The data were recorded and analyzed with Cellquest pro software (Becton Dickinson, San Jose, 

USA). 

Determination of newly synthesized proteins by measuring GFP expression  

The plasmid pGLO (Bio-Rad Laboratories, Hercules, USA), containing a GFP-encoding gene regulated 

by an arabinose promoter as well as a ß-lactamase gene imparting resistance to ampicillin was 

introduced in S. enterica BAA-1045 with CaCl2 and a heat shock at 42°C for 50 s. The transformed 

strain was maintained on LB-Agar containing 1 g l-1 Ampicillin and 6 g l-1 Arabinose. Batch cultures 

were made by inoculation of 100 ml TSB containing 0.5 g l-1 Ampicillin with a single colony from the 

LB-Agar. After incubation at 37 °C for 16 - 18 h in a shaking bath, cells were harvested and PL treated 

as described above. The gel discs were subsequently suspended in PBS containing 20 g l-1 arabinose. 

The fluorescence of the bacteria was recorded immediately and then every hour with a FACSCalibur 

flow cytometer as described above using the FL1 (green) detector. Samples were stored at room 

temperature for up to 6 h. The relative expression of GFP was calculated by forming the ratio between 

the mean green fluorescence of the samples and the respective reference after 6 h, multiplied with the 

factor 100. 

Statistical analyses 

All trials were performed in triplicate at least twice on different days (n≥6). Mean values and standard 

deviations were calculated. Data were analyzed with MS Excel 2010 and results are presented as mean 

values and standard deviations from the indicated number of samples. Where indicated, statistically 

significant differences between treated samples and untreated controls were identified by one way 

ANOVA using Sigmaplot 12.3 (Systat Software Inc., San Jose, USA) with the Holm-Sidak method at a 

significance level of p<0.05. 
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RESULTS 

Impact of pulsed light on culturability, cellular ATP levels and respiration activity  

Figure 1 shows the dose response curve for PL exposed S. enterica. The obtained data was fitted to a 

modified Weibull model according to Albert and Mafart (2005) using the Excel add-in GinaFit 

(Geeraerd et al. 2005). The detection limit of the colony count was partly reached at energy doses of 0.6 

J cm-2 or higher which is why only colony count data up to 0.45 J cm-2 was used for modeling. The 

adjusted R-square was 0.969 and the RMSE was 0.46. A 4 log reduction was reached at 0.31 J cm-2. δ 

is 0.18 J cm-2 and p is 2.47. One single light flash of more than 0.6 J cm-2 resulted in reductions of the 

colony count by more than 7 log units.  
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Figure 1 Dose response curve of Salmonella enterica PL treated on gelrite. Colony forming units are plotted 

against the applied fluence and data (black dots) was fitted to a modified Weibull model according to Albert and 

Mafart (2005) (straight line). The dashed line refers to the detection limit. 

Intracellular ATP levels did not change significantly (p<0.05) up to an energy dose of 0.45 J cm-2 when 

immediately determined within 1 h after the treatment (Figure 2). However, higher fluencies resulted in 

progressive ATP depletion by up to 85% compared to untreated reference samples directly after PL 

exposure. After sample storage for 24 h at 5°C, the ATP content of the cells generally decreased. In case 

of untreated samples, the remaining ATP concentration accounted for about 67% of the initial amount. 

ATP levels decreased to about 15 % when cells had been exposed to PL fluencies up to 0.7 J cm-2 and 

down to 8 % or less when higher energy doses had been applied.  
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Figure 2 Impact of PL exposure on ATP-levels (circles) and respiration activity (squares) of Salmonella enterica. 
Black symbols stand for immediate measurement within 1 h after the treatment while open symbols refer to 

measurements after sample storage for 24 h at 5 °C. 

In comparison to the references, the lowest applied fluence of 0.1 J cm-2 resulted in a reduced respiration 

activity of about 67% immediately after the treatment. When fluencies between 0.27 and 1 J cm-2 were 

applied, the relative respiration activity dropped down to 32-50 % and further decreased to less than 20 

% at 2 and 3 J cm-2. After sample storage for 24 h, the lowest applied fluence of 0.1 J cm-2 resulted in a 

reduction to 49 % of relative respiration activity, while 15 % to 33 % were measured when fluencies 

between 0.27 and 1 J cm-2 had been applied and less than 10 % at 2 and 3 J cm-2. 

Impact of pulsed light on membrane potential, efflux pump activity and membrane integrity  

More than 90% of the S. enterica population maintained a sufficient membrane potential to exclude 

DIBAC4 within 1 h after the treatment when energy doses up to 0.7 J cm-2 were applied (Figure 3). 

Higher energy doses resulted in progressive depolarization comprising the whole cell population at 5 J 

cm-2. The pump activity after PL exposure was generally more affected than the membrane potential. A 

maximum of 30% of cells showed no more pump activity when energy doses of up to 0.7 J cm-2 were 

applied, fluencies higher than 1 J cm-2 resulted in a complete loss of pump activity (Figure 3). Only few 

cells showed compromised membranes after PL exposure. A maximum of about 18% of ruptured cells 

was recorded when the maximum fluency of 5 J cm-2 was applied. 
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Figure 3 Impact of PL exposure on efflux pump activity (circles), membrane potential (squares) and membrane 

integrity (triangles) of Salmonella enterica. Black symbols stand for immediate measurement within 1 h after the 

treatment while open symbols refer to measurements after sample storage for 24 h at 5 °C. 

Slightly more bacteria exhibited membrane damage after sample storage for 24 h at 5°C, reaching a 

maximum of about 22% at the highest fluency (Figure 3). However, a pronounced depolarization was 

observed after sample storage, leading to 40 – 60 % of cells stained with DIBAC4 when fluencies 

between 0.27 and 2 J cm-2 were applied. Untreated references showed a slight increase of depolarized 

cells (8 %) as well as non-pumping cells (13 %). The pump activity of treated bacteria strongly decreased 

during sample storage. Treatments at 0.1 J cm-2 resulted in 37 % of non-pumping cells while more than 

65 % of cells were non-pumping when fluencies higher or equal to 0.27 J cm-2 were applied. 

Impact of pulsed light on esterase activity  

The CF staining pattern of S. enterica after PL exposure is shown in Figure 4. Three regions in the 

histograms of flow cytometric measurements were defined: unstained cells (FL1<10), stained cells (FL1 

10-500) and intensively stained cells (FL1>500). Untreated references only showed very low 

proportions of CF positive or intensively stained cells, more than 86% of cells were unstained. PL 

exposure resulted in pronounced fluorescence of bacteria being highest at 2 J cm-2 with approximately 

85% of intensively stained cells and only 5% of unstained cells. Higher fluencies (2 - 5 J cm-2) resulted 

in a dose dependent slight decrease of intensively stained cells and increased proportions of medium 

stained cells as well as unstained cells.  
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Figure 4 Impact of PL exposure on esterase activity of Salmonella enterica. White bars refer to unstained cells, 

light gray bars refer to medium stained cells and dark grey bars refer to intensively stained cells. Open bars 

represent results of immediate measurement within 1h after the treatment, while striped bars represent results of 

measurements after storage for 24 h at 5°C.  

 

After sample storage for 24 h, the proportions of unstained cells were generally lower than the initial 

ones up to fluencies of 0.7 J cm-2. This trend changed at fluencies higher than 1 J cm-2, where the 

proportion of unstained and medium stained cells slightly increased after storage. 

Impact of pulsed light on GFP expression  

Newly synthesized GFP in transformed S. enterica was recorded over time by flow cytometric 

measurements of the green fluorescence of bacteria. Arabinose was added to the sample buffer in order 

to trigger the expression of GFP. The untreated references showed a strong increase in green 

fluorescence resulting in a more than 100 fold higher mean value after 6 h compared to the initial value. 

Figure 5 shows the relative GFP expression of bacterial populations after PL exposure, which was 

determined by the increase of green fluorescence after 6 h of incubation at room temperature related to 

the respective reference. PL exposed cells showed a strongly lowered increase of green fluorescence 

depending on the applied fluence. At 0.1 J cm² the relative expression of GFP was about 44 % while the 

number of colony forming units accounted for about 41 % related to the particular reference respectively 

(Figure 5). There was no significant difference (p<0.05) between the relative reduction of cfu and the 

relative GFP expression at this fluence. At higher fluencies, a significantly stronger decrease of the 

colony count was observed compared to the expression of GFP. At 0.45 J cm-2 the detection limit of 

GFP expression was reached while the colony count decreased by almost 6 log (Figure 1). These 

findings indicate that the two parameters are equally affected at low treatment intensities, but a slight 

discrepancy between GFP expression and colony count reduction occurs at higher energy levels of PL. 
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It has also to be kept in mind that the colony count is usually given on a logarithmic scale as its 

determination exhibits much lower detection limits compared to the determination of GFP expression, 

which in this case was limited to about 1% in relation to the reference.  
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Figure 5 Relative GFP-expression of Salmonella enterica within 6 h after PL exposure (black circles) compared 

to the relative reduction of colony forming units (white circles).  

 

DISCUSSION 

The test strain Salmonella enterica BAA-1045 has proven to be rather sensitive to PL exposure, a 

fluence of 0.27 J cm-2 resulted in colony count reductions by about 2 log. The dose response data was 

well described by the modified weibull model proposed by Albert and Mafart (2005). Luksiene et al. 

(2007) found a similar sensitivity of Salmonella thyphimurium towards PL in vitro. The shape of the 

obtained inactivation curve was sigmoid with an initial shoulder, followed by a strong decrease of the 

colony count and resulting in a tailing (Luksiene et al. 2007). The occurrence of a shoulder in 

inactivation curves of PL treatments of different microorganisms is in line with the findings of other 

studies (Farrell et al. 2009, Lasagabaster et al. 2013) and might be explained by an injury phase of cells 

where the photons striking the target are not enough to cause irreparable damage (Rowan et al. 2015). 

As shown in Figure 1, there are some variations in the outcome of these challenge tests, which might be 

attributable to shadow effects caused by small particles, cell aggregates or also variability in the 

biological material as the trials were performed at different days with new cultures respectively. The 

slight tailing effect indicated in the dose-response curve may to some extent be explained by these 

reasons as well as possible variability of resistance to PL within one population. However at a fluence 

of 0.6 J cm-2 or higher, the detection limit of 0.22 log cfu sample-1 was reached in several samples so 

only data up to 0.45 J cm-2 was used for modeling. It is therefore not possible to draw a distinct 

conclusion on the occurrence of a real tailing effect as in those cases the true count reduction may be 

even higher than can be determined due to methodical limitations (Rowan et al. 2015). 
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Flow cytometric analyses proved to be a suitable measure to determine microbial vitality and may be 

used to assess the impact of external stressors on bacteria (Sträuber and Müller 2010, Tracy et al. 2010). 

ATP is not present in non-viable cells, which makes it a suitable indicator for microbial viability (Rowan 

et al. 2015) serving as an adequate completion of flow cytometric viability staining (Berney et al. 2006, 

Bosshard et al. 2009, Hammes et al. 2011) just as the applied assay to assess the relative metabolic 

activity (Kramer and Thielmann 2016). Using all these methods at once, this study clearly shows that 

populations of S. enterica that were PL exposed on a gel surface are not immediately inactive even when 

culturability is lost. This is in line with the findings of Fiksdal and Tryland (1999) reporting that several 

energy dependent bacterial functions of E. coli are still detectable when cells were rendered unculturable 

by continuous UV-light. Zhang et al. (2015) likewise identified sublethal damage on E. coli and 

Pseudomonas aeruginosa cells after UV disinfection. For PL treatments, this phenomenon has also been 

shown previously for Listeria innocua and Escherichia coli (Kramer and Muranyi, 2014, Kramer et al. 

2015). The various energy dependent cellular parameters of S. enterica were assessed directly after the 

treatment and also after a storage time of 24 h, which allows the examination of any further loss of 

cellular activity or also recovery of cells. All tested parameters indicated a pronounced decrease of 

vitality functions during storage for 24 h after PL exposure, which may be attributable to a time-

dependent shutdown of cellular processes (Hammes et al. 2011). Such a time-dependent decay of the 

physiological state was reported for Salmonella thyphimurium when exposed to UV-A light and 

subsequently stored in the dark (Bosshard et al. 2009) or also for PL exposed L. innocua or E. coli 

(Kramer and Muranyi 2014). 

Comparing the different methods applied, it was obvious that the efflux pump activity is a rather 

sensitive parameter to depict the energetic state of PL exposed S. enterica. The fraction of non-pumping 

cells was always higher than the fraction of depolarized cells, which is in line with the assumption that 

polarized membranes are a requirement for efflux pump activity (Hammes et al. 2011) and has likewise 

been observed for UV-A exposed Salmonella thyphimurium (Bosshard et al. 2009). The increase of 

depolarized cells up to 46% directly after the treatment at 1 J cm-2 was accompanied by a drop of the 

ATP content of cells down to 15% (Figure 2 and 3), underlining that ATP generation is directly linked 

to the presence of a membrane potential (Hammes et al. 2011). On the other hand, the respiration activity 

already dropped down to 32 % at 0.45 J cm-2 but this reduced redox activity did not immediately affect 

the ATP content or the membrane potential of S. enterica (Figure 2 and 3). 

24 h after PL exposure, the pump activity was absent in about 65 % of cells at a fluence of 0.27 J cm-2 

while ATP levels likewise strongly decreased down to 15 % of the initial amount. Respiration activity 

dropped to approximately 20% at this fluence but about half of the cells still showed sufficient 

polarization of membranes to exclude the oxonol dye DIBAC4. Despite this loss of energetic functions, 

there was still a discrepancy between the colony count reduction and the measured vitality functions. If 

unculturable cells would not show any cellular activity, a colony count reduction by 2 log units should 

likewise result in a reduction of cellular activity by about 99 %. This was however not seen in this study 

within 24 h after PL exposure, indicating that residual activity is maintained for some time when UV-

induced DNA damage hampers the cell replication (Kramer and Muranyi 2014, Kramer et al. 2015).  

Flow cytometric analyses are also suitable to reveal the heterogeneity of PL exposed bacterial 

populations. Especially the staining pattern of S. enterica using CFDA as a substrate in order to detect 

active esterase provided insight in population dynamics regarding the impact of different fluencies as 

well as time dependent changes. As was already shown by Kramer and Thielmann (2016), the used 

Salmonella strain actively extrudes CF when cells are sufficiently energized, which is also an indicator 
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for activity (Tracy et al. 2010). This pump activity was similarly affected by PL as the efflux activity 

for EB, resulting in small fractions of less than 10% of unstained cells immediately after PL exposure 

at fluencies higher or equal to 1 J cm-2. High fractions (~86%) of unstained cells were found when cells 

were not exposed to PL, indicating their ability to extrude CF. This pump activity for CF also decreased 

after sample storage, resulting in increasing fractions of intensively stained cells up to 1 J cm-2. On the 

other hand, CF most likely leaks from compromised bacterial cells at high fluencies, which results in 

reduced fractions of intensively stained cells and an increase of medium- and unstained cells. This is in 

line with the assessed membrane integrity, using PI to stain compromised bacteria. Only up to 20% of 

bacteria exhibited red fluorescence at the highest energy dose of 5 J cm-2 which underlines, that under 

the applied conditions, membrane rupture is not a primary cause for microbial killing (Kramer and 

Muranyi 2014). The leakage of CF from bacteria has also been shown to correlate with PI uptake when 

bacteria are heat inactivated (Kramer and Thielmann 2016). This trend was more pronounced after 

sample storage, where the fraction of intensively CF stained cells continuously decreased with rising 

energy doses from 1 to 5 J cm-2 and the fraction of PI stained cells slightly increased. The observed 

impact of different factors on the CF staining pattern of S. enterica makes it however difficult to detect 

any immediate destruction of esterase by PL. Nevertheless, as the strongest staining of cells was 

observed at an energy dose of 1 J cm-2 where count reductions already exceeded 7 log, it seems that 

direct damage to this group of enzymes is not very pronounced and most likely not a direct cause for 

bacterial killing.  

Microbial pathogens may enter a so called viable-but-non-culturable state (VBNC), which represents a 

survival strategy in order to adapt to adverse environmental conditions. They cannot be cultured but 

may retain their virulence and it is assumed, that this state could be induced by PL exposure (Rowan et 

al. 2015). Those sublethally damaged microorganisms may not only be detected by culture independent 

microbiological methods but also by the occurrence of photoreactivation, which has been shown to play 

a role for PL exposed microorganisms (Otaki et al. 2003, Gómez-López et al. 2005, Kramer et al. 2015). 

Wuytack et al. (2003) reported about sublethal damage of Salmonella enterica by selective plating after 

exposure to non-thermal decontamination treatments among them also PL. Said et al. (2012) furthermore 

showed that loss of colony forming ability of Salmonella typhi due to PL did not affect its phage 

susceptibility, concluding that a VBNC state might have been induced. Applying a whole genome DNA 

microarray analysis, Uesugi et al. (2016) recently reported that various stress proteins, motility genes 

and transcription regulators are upregulated by UV light and PL. This shows once more the high 

complexity of the microbial response to PL as it is assumed to be a multi-target inactivation process 

(Rowan et al. 2015), including also oxidative stress (Farrell et al. 2011, Kramer and Muranyi 2014, 

Kramer et al. 2015). Regarding the potential hazard of expression of toxins or other virulence associated 

genes by pathogenic bacteria after PL treatment, it is yet crucial to verify that residual cellular activity 

of unculturable pathogenic bacteria does not imply the capability to newly synthesize proteins. In order 

to assess if PL exposed S. enterica are still able to newly synthesize GFP, the plasmid pGLO was 

introduced. Previous studies have shown that damage to genomic DNA leads to inhibition of cell 

replication, thereby causing the loss of culturability (Takeshita et al. 2003, Cheigh et al. 2012, Kramer 

and Muranyi 2014, Kramer et al. 2015). It is likely that the plasmid DNA is similarly affected by PL, 

resulting in the blockage of transcription of the GFP encoding target sequence and therefore making 

expression of GFP impossible. After the treatments, cells were resuspended in PBS containing arabinose 

for induction of gene expression. The subsequent record of green fluorescence over 6 h revealed that the 

colony count reduction is equal to the reduction of GFP expression at a low fluence of 0.1 J cm-2. More 

intense PL exposure revealed a slightly higher colony count reduction compared to the reduction of GFP 

expression, before the GFP expression was reduced down to the detection limit at 0.45 J cm-2 (Figure 
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5). The observed difference may be explained by the fact that the inhibition of cell replication, which 

provokes the colony count reduction, does not necessarily mean that all plasmids are likewise out of 

action. This study however proves for the first time that Salmonella which rendered unculturable after 

PL exposure, do not exhibit an immediate shutdown of cellular viability functions, but the synthesis of 

new proteins like plasmid encoded GFP is strongly reduced. As the absence of protein expression after 

PL treatment was only verified for the introduced GFP encoding plasmid, further studies are needed to 

confirm that also virulence associated genes may not be expressed when pathogens are transferred into 

a non-culturable state by PL exposure. 

ACKNOWLEDGEMENT 

This work was partly funded by the Federal Ministry for Education and Research (BMBF, project 

number 13N12427) within the programme Research for Civil Security. The authors would like to thank 

the company Claranor for providing the Pulsed Light device. 

CONFLICT OF INTEREST 

No conflict of interest declared. 

REFERENCES 

Albert, I., and Mafart, P. (2005). A modified Weibull model for bacterial inactivation. Int J Food 

Microbiol 100(1), 197-211. 

Berney, M., Weilenmann, H.-U. and Egli, T. (2006) Flow-cytometric study of vital cellular functions in 

Escherichia coli during solar disinfection (SODIS) Microbiology 152, 1719-1729. 

Bosshard, F., Berney, M., Scheifele, M., Weilenmann, H.-U. and Egli, T. (2009) Solar disifection 

(SODIS) and subsequent dark storage of Salmonella Typhimurium and Shigella flexneri monitored by 

flow cytometry. Microbiology 155, 1310-1317. 

Cheigh, C.-I., Park, M-H., Chung, M.-S., Shin, J.-K. and Park, Y.-S. (2012) Comparison of intense 

pulsed light- and ultraviolet (UVC)-induced cell damage in Listeria monocytogenes and Escherichia 

coli O157:H7. Food Contr 25, 654-659. 

Farrell, H.P., Garvey, M., Cormican, M., Laffey, J.G. and Rowan, N.J. (2009) Investigation of inter-

related factors affecting the efficacy of pulsed light for inactivating clinically relevant bacterial 

pathogens. J Appl Microbiol 108, 1494-1508.  

Farrell, H.P., Hayes, J., Laffey, J. and Rowan, N.J. (2011) Studies on the relationship between pulsed 

UV light irradiation and the simultaneous occurrence of molecular and cellular damage in clinically-

relevant Candida albicans. J Microbiol Methods 84, 317-326. 

Fiksdal, L., and Tryland, I. (1999). Effect of uv light irradiation, starvation and heat on Escherichia 

coliββ‐D‐galactosidase activity and other potential viability parameters. J Appl Microbiol 87(1), 62-71. 

Geeraerd, A. H., Valdramidis, V. P., and Van Impe, J. F. (2005). GInaFiT, a freeware tool to assess non-

log-linear microbial survivor curves. Int J Food Microbiol 102(1), 95-105. 



Results - Chapter 3.2 

138 

Impact of pulsed light on cellular activity of Salmonella enterica 

Gómez-López, V.M., Devlieghere, F., Bonduelle, V. and Debevere, J. (2005) Factors affecting the 

inactivation of micro-organisms by intense light pulses. J Appl Microbiol 99, 460-470. 

Gómez-López, V.M., Ragaert, P., Debevere, J. and Devlighere, F. (2007) Pulsed light for food 

decontamination: a review. Trends Food Sci Tech 18, 464-473. 

Hammes, F., Berney, M. and Egli, T. (2011) Cultivation-independent assessment of bacterial viability. 

Adv Biochem Engin/Biotechnol 124, 123-150. 

Kennedy, D., Cronin, U. P., and Wilkinson, M. G. (2011). Responses of Escherichia coli, Listeria 

monocytogenes, and Staphylococcus aureus to simulated food processing treatments, determined using 

fluorescence-activated cell sorting and plate counting. Appl Environ Microbiol 77(13), 4657-4668. 

Kramer, B. and Muranyi, P. (2014) Effect of pulsed light on structural and physiological properties of 

Listeria innocua and Escherichia coli. J Appl Microbiol 116 (3), 596-611. 

Kramer, B. and Thielmann, J. (2016). Monitoring the live to dead transition of bacteria during thermal 

stress by a multi-method approach. J Microbiol Methods 123, 24-30. 

Kramer, B., Wunderlich, J., and Muranyi, P. (2015). Pulsed light induced damages in Listeria innocua 

and Escherichia coli. J Appl Microbiol 119(4), 999-1010. 

Lasagabaster, A., and de Marañón, I. M. (2013). Impact of Process Parameters on Listeria innocua 

Inactivation Kinetics by Pulsed Light Technology. Food Bioprocess Technol 6(7), 1828-1836. 

Levy, C., Aubert, X., Lacour, B. and Carlin, F. (2012) Relevant factors affecting microbial surface 

decontamination by pulsed light. Int J Food Microbiol 152, 168-174. 

Luksiene, Z., Gudelis, V., Buchovec, I., and Raudeliuniene, J. (2007). Advanced high‐power pulsed 

light device to decontaminate food from pathogens: effects on Salmonella typhimurium viability in vitro. 

J Appl Microbiol, 103(5), 1545-1552. 

Oms-oliu, G., Martín-Belloso, O. and Soliva-Fortuny, R. (2010) Pulsed light treatments for food 

preservation. A review. Food Bioprocess Technol 3, 13-23. 

Otaki, M., Okuda, A., Tajima, K., Iwasaki, T., Kinoshita, S. and Ohgaki, S. (2003) Inactivation 

differences of microorganisms by low pressure UV and pulsed xenon lamps. Water Sci Technol 47, 185-

190. 

Rowan, N. J., Valdramidis, V. P. and Gómez-López, V. M. (2015) A review of quantitative methods to 

describe efficacy of pulsed light generated inactivation data that embraces the occurrence of viable but 

non culturable state microorganisms. Trends Food Sci Tech 44(1), 79-92. 

Said, M. B., Otaki, M. and Hassen, A. (2012) Use of lytic phage to control Salmonella typhi’s viability 

after irradiation by pulsed UV light. Ann Microbiol 62(1), 107-111. 

Sträuber, H. and Müller, S. (2010) Viability states of bacteria - specific mechanisms of selected probes. 

Cytometry Part A 77(7), 623-634. 

Takeshita, K., Shibato, J., Sameshima, T., Fukunaga, S., Isobe, S., Arihara, K. and Itoh, M. (2003) 

Damage of yeast cells induced by pulsed light irradiation. Int J Food Microbiol 85, 151-158. 



Results - Chapter 3.2 

139 

Impact of pulsed light on cellular activity of Salmonella enterica 

Tracy, B. P., Gaida, S. M., and Papoutsakis, E. T. (2010). Flow cytometry for bacteria: enabling 

metabolic engineering, synthetic biology and the elucidation of complex phenotypes. Curr Opin 

Biotechnol 21(1), 85-99. 

Uesugi, A. R., Hsu, L. C., Worobo, R. W., and Moraru, C. I. (2016). Gene expression analysis for 

Listeria monocytogenes following exposure to pulsed light and continuous ultraviolet light treatments. 

LWT Food Sci Technol 68, 579-588. 

Wang, Y., Claeys, L., van der Ha, D., Verstraete, W., and Boon, N. (2010). Effects of chemically and 

electrochemically dosed chlorine on Escherichia coli and Legionella beliardensis assessed by flow 

cytometry. Appl Microbiol Biotechnol 87(1), 331-341. 

Wuytack, E.Y., Thi Phuong, L.D., Aertsen, A., Reyns, K.M.F., Marquenie, D. and De Ketelaere, B. 

(2003) Comparison of sublethal injury induced in Salmonella enterica serovar Typhimurium by heat 

and by different nonthermal treatments. J Food Protect 66, 31–37. 

Zhang, S., Ye, C., Lin, H., Lv, L. and Yu, X. (2015). UV disinfection induces a VBNC state in 

Escherichia coli and Pseudomonas aeruginosa. Environ Sci Technol 49 (3), 1721-1728. 

 



Results - Chapter 3.2 

140 

 

Publication 6 

ATP-synthesis capacity of pulsed light exposed bacteria 

The following article was published in Journal of Applied Microbiology in 2017. The first author Bernd 

Kramer was responsible for the planning and execution of all laboratory trials as well as writing of the 

manuscript. Dr.-Ing. Peter Muranyi as well as Joachim Wunderlich contributed to the elaboration of the 

scientific strategy and the composition of the manuscript. The front page of the printed version is shown 

on the next page, followed by the whole original article which was accepted for publication. 

This study was dedicated to the assessment of the ATP formation ability of bacteria which had rendered 

unculturable upon pulsed light exposure. It can be seen as an addition to the previous publications of 

this chapter (publications 3-5) addressing a more specific issue. For this reason, the ability of four 

different bacteria to newly synthesize ATP upon exposure to different doses of pulsed light was 

investigated. The bacterial cells were pulsed light treated on a gel surface, resuspended in Phosphate 

Buffered Saline (PBS) and subsequently incubated in Tryptic Soy Broth (TSB) at 37°C. Cellular ATP 

levels were monitored during 2 h of incubation and compared to the respective colony count data. 

Although ATP production was affected in a dose dependent manner by pulsed light, the results showed 

that non-growing bacteria were still capable to generate significant amounts of ATP. E. coli and L. 

innocua proved to be more resistant to pulsed light than S. enterica and S. aureus, which was reflected 

likewise by the colony count data and the ATP synthesis capacity. The findings once more showed that 

bacteria which are undetectable by culture based methods may still show cellular activity and synthesize 

new ATP. The results are therefore in line with previously published findings of this chapter 

(publications 3-5). Furthermore, monitoring of bacterial ATP-synthesis capacity after stress exposure 

like pulsed light treatments under controlled conditions appeared to be a useful marker to illustrate 

bacterial activity beyond culturability.  
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Highlights 

 ATP is immediately depleted after transfer of PL exposed bacteria to nutrient broth 

 Non-replicating bacteria are able to generate new ATP upon PL exposure 

 ATP-synthesis capacity is a viable indicator for cellular activity 

Abstract 

The ability of four different bacteria to newly synthesize ATP upon exposure to different doses of pulsed 

light (PL) irradiation was investigated. Therefore, the bacterial cells were PL treated on a gel surface, 

resuspended in Phosphate Buffered Saline (PBS) and subsequently incubated in Tryptic Soy Broth 

(TSB) at 37°C. Cellular ATP levels were monitored during 2 h of incubation and compared to the 

respective colony count data. Although ATP production was affected in a dose dependent manner by 

PL, the results showed that bacteria, which had rendered unculturable after PL exposure, are still capable 

to generate significant amounts of ATP. E. coli and L. innocua proved to be more resistant to PL than 

S. enterica and S. aureus, which was reflected likewise by the colony count data and the ATP synthesis 

capacity. These findings underline that bacteria which are undetectable by culture based methods may 

still show cellular activity and synthesize new ATP. 

Keywords: ATP, pulsed light, bacterial activity, viability, luminescence 
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Introduction 

The application of intense light pulses (PL) of a broad spectrum currently gains attention as a promising 

non-thermal technology for food disinfection. It constitutes a fast and efficient way to inactivate various 

different kinds of microorganisms including bacteria, viruses, parasites, yeasts, moulds or conidiospores 

as well as endospores on surfaces or in clear liquids [16]. Although it is already applied on industrial 

scale for food packaging, it is not commercially used for food disinfection on large scale, even though 

the Food and Drug Administration (FDA) has already approved PL for food applications [8].  

The majority of current research activities dealing with PL are focused on its direct application on 

different food systems. Few studies have been dedicated to the elucidation of the cellular response of 

bacteria to PL and mostly only culture based microbiological methods have been applied to assess its 

inactivation efficiency. However, there is rise to the assumption that PL exposed bacteria may still 

exhibit fundamental cellular functions and enter a viable but non-culturable state [17]. It has been shown 

that significant cellular activity is still detectable when bacteria are incapable to reproduce, which is of 

concern regarding food safety [6; 7; 12; 13; 14]. This work was specifically focused on the investigation 

of the ability of bacteria to newly synthesize Adenosine Triphosphate (ATP). It constitutes the universal 

energy molecule necessary for life and may be generated by either oxidative phosphorylation or 

substrate level phosphorylation [10]. To our knowledge, there is no data on the ability of bacterial cells 

to generate ATP upon treatment with either PL or also UV-C. In this study, bacterial cells on a gel 

surface were exposed to different intensities of PL irradiation and subsequently incubated in nutrient 

broth. The cellular ATP levels and the colony count were subsequently monitored. In this way, the 

energetic status of different food relevant bacteria upon PL exposure was assessed.  

Material and Methods 

Bacterial strains, growth conditions and preparation of working cultures 

The bacterial test strains Escherichia coli DSM 498, Listeria innocua DSM 20649 as well as 

Staphylococcus aureus DSM 346 were obtained from the German National Resource Center (DSMZ, 

Germany) while Salmonella enterica ATCC BAA-1045 was obtained from the American Type Culture 

Collection (ATCC). Bacteria were initially grown in 100 ml Tryptic Soy Broth (Thermo Fisher, USA) 

at 37°C for 16–18 h in a shaking bath. Tryptic Soy Agar (Thermo Fisher, USA) was subsequently 

inoculated with the bacterial suspension using an inoculating loop, incubated for 24 h at 37 °C and stored 

at 5 °C. Working cultures were made by inoculating 100 ml of Tryptic Soy Broth with cell material from 

the agar surface and following incubation for 16–18 h at 37 °C in a shaking bath until early stationary 

phase. 20 ml of the cell culture were subsequently centrifuged at 9000 g for 10 min and washed twice 

with sterile deionized water. The cell count was determined in a counting chamber by microscopic 

methods and finally adjusted to approximately 2*108 cells/ ml. 

The test bacteria were PL treated on Gelrite (Roth, Germany), an anionic polysaccharide gel which 

forms clear and heat stable gels in the presence of soluble salts. Viability loss due to desiccation is 

prevented by the residual moisture in the gel matrix. 1 % Gelrite with 0.1 % CaCl2*2 H2O (VWR, 

Germany) were boiled in deionized water until complete solvation. 15 ml were subsequently poured into 

petri dishes and after solidification, discs with a diameter of 1.5 cm and a thickness of 2–3 mm were cut 

out and placed on glass slides under sterile conditions. Three discs were used for each sample. The gel 

surface of each disc was spot inoculated with 50 µl of the prepared cell suspension and dried for up to 
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1 h in a safety cabinet at room temperature. The resulting cell density on the gel surface was about 107 

cells/ cm2, which enables the formation of primarily monolayers of bacterial cells without occurrence 

of excessive aggregation or multiple cells layers. This was checked microscopically.  

PL treatments and sample handling after PL exposure 

The prepared samples were treated in a PL chamber, which was equipped with three Xenon-tubes 

(Claranor, France) at a distance of 10 cm between the lamps and the sample surface. The applied 

discharge voltages ranged between 1 and 3 kV, leading to fluencies between 0.1 and 1 J/cm². The applied 

fluence was determined with a Solo2 Power and Energy Meter (Gentec, Canada). Only single light 

flashes were applied except for an intense treatment which served as control. In this case three successive 

light flashes were applied at 1 Hz (see below). After PL exposure, the gel discs were transferred to 

polystyrene tubes filled with 5 ml sterile Phosphate Buffered Saline (PBS) and the bacteria were 

detached and resuspended during 15 min on an orbital shaker.  

The initial concentrations of total and extracellular ATP of the obtained PBS sample suspensions was 

determined for untreated references as well as after an intense treatment with 3 J/cm² (3 flashes at 3 kV) 

as described below. In case of all other samples, volumes of 1 ml of the PBS sample suspensions were 

subsequently combined with 1 ml of double concentrated Tryptic Soy Broth (TSB) in sterile vials. The 

number of colony forming units (cfu) as well as the ATP content of these sample suspensions was 

immediately determined before incubation at 37°C on an orbital shaker. After 1 and 2 h respectively, 

samples were drawn and the number of cfu/ml as well as the ATP concentration/ cell were determined 

again.  

Colony count determination 

The numbers of colony forming units of sample suspensions were determined by the pour-plate 

technique using appropriate sample dilutions in sterile ringer solution (Thermo Fisher, USA) and Tryptic 

Soy agar (TSA). Sample volumes of 100 µl (undiluted samples) or 1 ml (diluted samples) were plated 

in duplicates and incubated for 48 h at 37°C before the number of colonies was manually counted. The 

results are given as cfu/ml of sample suspension. Data is presented as mean values ± standard deviation 

obtained from three individual samples (n=3). 

ATP quantification 

The amount of ATP in each sample was quantified with the Bac Titer Glow microbial viability kit 

(Promega, USA) according to the instructions. Calibration curves were generated with rATP (Promega, 

USA) using concentrations between 10 mM and 0.625 mM. Standards were diluted with sterile 

deionized water, which was filtered through a 0.2 µm pore sized filter and included in every assay as 

well as appropriate blanks (only PBS or PBS/TSB mixture (1:1) containing not inoculated gel discs). 

Bioluminescence signals were recorded in white flat bottom 96-well microplates (Greiner Bio-One, 

Austria) with an Infinite 200 Pro (Tecan, Switzerland) using an integration time of 1 s. The correlation 

coefficient of calibration curves was always higher than 0.99. Extracellular ATP was determined after 

filtration of sample suspension through a 0.2 µm pores size filter. Total ATP concentrations were 

determined from unfiltered sample suspensions. Average ATP levels per cell were calculated by 

dividing the measured ATP concentration of each sample by the total cell count in the sample. The initial 

number of cfu/ ml prior to PL exposure was taken as total cell count when the determined number of 
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cfu/ ml was below the initial number of cfu/ ml per sample. In cases were replication led to increased 

numbers of cfu, the determined number of cfu/ ml was taken as total cell count respectively. The results 

are given as amount of ATP per cell unless otherwise stated. Data is presented as mean values ± standard 

deviation obtained from three individual samples. Where indicated, significant differences between 

treated samples and untreated controls were identified by t-tests using Sigmaplot 12.5 (Systat Software 

Inc., USA) at a significance level of P<0.05. 

Results and Discussion 

Table 1 shows the measured ATP levels of untreated bacteria and bacteria exposed to a high fluence of 

3 J/cm² after the test bacteria were detached from the gel surface and resuspended in PBS. The total and 

the extracellular ATP concentrations of samples are given as well as the resulting amount of intracellular 

ATP per cell. ATP levels in untreated bacteria initially ranged from 5.68*10-19 to 4.35 10-18 mol per cell, 

which corresponds to the typical magnitude for bacterial cells [4; 5; 11].The concentrations of 

extracellular ATP were always considerably lower than the total ATP concentrations, even after an 

intense PL exposure of 3 J/cm², which causes colony count reductions beneath the detection limit (data 

not shown). A pronounced release of ATP due to cell rupture upon PL exposure was therefore not 

observed. However, the percentage of extracellular ATP increased for all bacteria from 0.51-3.12% 

(untreated) to 2.64-13.2% (3 J/cm²) (Table1). Previous studies have already demonstrated that 

membrane damages due to PL exposure play a minor role for the cell death of E. coli, L. innocua or S. 

enterica [12, 14]. A significant reduction (P<0.05) of intracellular ATP (1.4 - 15.4-fold) was found for 

all bacteria upon PL exposure to 3 J/cm² (Table1). In former studies, we found that the ATP levels in 

PL exposed bacteria are maintained at relatively high levels. When fluences up to 0.7 J/cm² were applied, 

which cause colony count reductions by more than 6 log, the ATP levels only decreased by a maximum 

of 20-50 % compared to untreated bacteria [13, 14]. Only very high PL intensities lead to a stronger 

immediate decrease of intracellular ATP levels, which was likewise seen in this study when a high 

fluence of 3 J/cm² was applied (Table 1). Similarly, Garvey et al. [9] reported that PL exposed 

Cryptosporidium parvum oocysts exhibit significant levels of ATP although they were unable to invade 

human HCT-8 cells. Sassoubre et al. [18] likewise found higher ATP levels in sunlight treated water 

than expected according to the corresponding colony count data, which was attributed to significant 

amounts of ATP from non-culturable cells. This indicates that ATP generation of bacteria upon UV or 

PL exposure is still possible. However, there was no proof if the detected ATP is the result of ATP 

synthesis or simply still present in intact cell envelopes. To clarify this question, the ATP synthesis 

capacity was explicitly investigated in this study. 
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Table 1 Total, extracellular and intracellular ATP levels in PBS-samples. Data is exemplarily shown for untreated 

references and PL exposed bacteria at a high dose of 3 J/cm².  

  
total ATP 

[mol/ml]a 

extracellular 

ATP [mol/ml]b 

Intracellular 

ATP [mol/cell]a 

extracellular/ 

total ATP [%]b 

E. coli  Reference 9.57*10-13 4.96*10-15 1.90*10-18 0.51 

3 J/cm² 2.60*10-13* 6.82*10-15* 5.06*10-19 * 2.64* 

 L. innocua  Reference 2.93*10-13 9.15*10-15 5.68*10-19 3.12 

3 J/cm² 2.11*10-13* 6.77*10-15 4.09*10-19 * 3.20 

 S. enterica  Reference 9.01*10-13 1.08*10-14 1.78*10-18 1.20 

3 J/cm² 2.02*10-13* 1.11*10-14 3.83*10-19 * 5.51* 

 S. aureus  Reference 2.19*10-12 1.54*10-14 4.35*10-18 0.71 

3 J/cm² 1.62*10-13* 2.14*10-14* 2.83*10-19* 13.2* 

a: the corresponding standard deviations never exceeded 10 % of the mean values 

b: the corresponding standard deviations never exceeded 30 % of the mean values 

* indicates significant reductions in total ATP or intracellular ATP as well as significant increase of 

extracellular ATP concentrations or percentage of extracellular ATP after PL exposure (P<0.05) 

After transferring PL exposed or untreated bacteria from PBS to double concentrated Tryptic Soy Broth, 

the initial ATP levels in all test bacteria strongly decreased, irrespective if they were exposed to PL or 

not (Fig 1-4). With regard to the untreated reference samples, the amount of detected ATP dropped by 

a factor of 5.3 (E. coli), 2.4 (L. innocua), 5.0 (S. enetrica) and 9.1 (S. aureus) compared to the respective 

previous ATP levels in PBS. The sudden presence of nutrients therefore seemed to induce an immediate 

depletion of intracellular ATP. This ATP consumption depicts an immediate response of the bacteria to 

the changing environment after having been stressed by drying on the gel surface and resuspension in 

nutrient free PBS. The observed dose dependent colony count reduction after PL exposure (Fig 1-4) was 

thereby not reflected by the initially measured ATP concentrations, which were all in a similar range. In 

terms of culturability, E. coli and L. innocua were distinctively more resistant to PL compared to S. 

enterica and S. aureus. For the induction of slight (0-1 log), medium (~2 log) or high (> 6 log) colony 

count reductions, fluences between 0.24-0.7 J/cm² (E. coli and L. innocua) and 0.1-0.45 J/cm² (S. 

enterica and S. aureus) were applied (Fig 1-4). The immediate ATP consumption upon transfer from 

PBS to TSB was likewise seen in replicating as well as in non-replicating cells. However, the extent of 

sudden ATP depletion tended to be slightly more pronounced in untreated than in PL exposed bacteria, 

especially in case of the more sensitive test strains S. enterica and S. aureus (Fig 1-4). During the 

following incubation in TSB at 37°C for 2 h, intracellular ATP levels of all PL exposed bacteria 

significantly (P<0.05) increased, except for S. aureus at the highest fluence (0.45 J/cm²). Under these 

conditions, the total cell count only increased in untreated reference samples due to cell replication, with 

the exception of S. aureus. Contrarily, no growth of all PL exposed bacteria was detectable during 2 h 

of incubation, so the total number of cells remained almost constant. As the amount of ATP is given as 

average concentration per cell, it is evident that PL exposed bacteria are to some degree still able to 

synthesize ATP, although having rendered unculturable upon PL exposure. This was most evident for 

E. coli and L. innocua where an increase in ATP concentration by a factor of 3.2 and 2.8 was found 

although the colony count was reduced by more than 6 log after exposure to 0.7 J/cm² respectively. The 

ATP generation was yet higher when lower PL doses were applied, so the capacity to synthesize new 

ATP was indeed affected by PL for all bacteria. S. enterica and S. aureus were more susceptible to PL 

than E. coli and L. innocua. This was not only evident regarding the colony counts, which were reduced 
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to a similar extent but at lower fluences, but also with respect to the ability to accumulate new ATP. 

ATP synthesis was most affected in case of PL exposed S. aureus, where a distinct increase of ATP 

(4.5-fold) was only found when the lowest fluence of 0.1 J/cm² was applied. Higher fluences caused a 

negligible increase (0.24 J/cm²) or a complete loss of ATP synthesis capacity (0.45 J/cm²). Concerning 

S. enterica, ATP-levels considerably increased after PL exposure to 0.1 and 0.24 J/cm² (8.7 and 4.4-

fold) but only marginal (1.46-fold) after application of 0.45 J/cm². To our knowledge, the ATP synthesis 

capacity of bacteria, which were treated by pulsed light or also UV-C has not been investigated so far. 

However, Bosshard et al. [1, 2] reported about severe reduction of the ATP production in case of UV-

A exposed E. coli cells. As the energy metabolism was directly affected, they concluded that the 

respiratory chain is an immediate target of UV-A. As PL comprises a much broader emission spectrum, 

including high proportions of UV-C and treatment times of just a few microseconds, their findings point 

to an essentially different impact of UV-A on bacterial cellular functions compared to PL. The impact 

of PL on the respiration activity of bacteria has already been investigated in former studies [12, 13, 14] 

and the obtained results are in line with the outcome of the present study. PL exposure affects the extent 

of metabolic activity in a dose dependent manner, but unculturable bacteria still exhibit significant levels 

of cellular activity. Since the main mechanism of microbial destruction by PL is attributed to alterations 

of the DNA, which hampers cell replication and transcription [3, 13], cellular functions requiring the 

onset of transcription are presumably directly affected by PL. This has been shown in case of the 

expression of the green fluorescent protein (GFP) by S. enterica, which was strongly reduced after PL 

exposure and inhibited to a similar extent as the culturability [14]. Nevertheless, residual activity and 

the presence of intact enzymes in bacteria may lead to recovery, for instance under light exposure due 

to photoreactivation [15, 17]. The present results underline that PL exposed bacteria, although having 

rendered unable to reproduce due to DNA alterations, are to some degree still able to perform complex 

cellular functions like substrate uptake, respiration and maintenance of a proton motive force for ATP 

synthesis [12, 13, 14]. 
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Figure 1 ATP synthesis (continuous lines) and colony counts (dashed lines) of E. coli during incubation at 37°C 

in TSB for 2 h after PL exposure. black circle: untreated controls; white circles: 0.24 J/cm²; black triangle: 0.45 

J/cm²; white triangle: 0.7 J/cm². Data are means ± standard deviation of three independent samples. The upper 

dotted reference line depicts the initial total cell count, the lower dotted reference line depicts the detection limit 

of cfu/ml.   
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Figure 2 ATP synthesis (continuous lines) and colony counts (dashed lines) of L. innocua during incubation at 

37°C in TSB for 2 h after PL exposure. black circle: untreated controls; white circles: 0.24 J/cm²; black triangle: 

0.45 J/cm²; white triangle: 0.7 J/cm². Data are means ± standard deviation of three independent samples. The upper 

dotted reference line depicts the initial total cell count, the lower dotted reference line depicts the detection limit 

of cfu/ml.   
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Figure 3 ATP synthesis (continuous lines) and colony counts (dashed lines) of S. enterica during incubation at 

37°C in TSB for 2 h after PL exposure. black circle: untreated controls; white circles: 0.1 J/cm²; black triangle: 

0.24 J/cm²; white triangle: 0.45 J/cm². Data are means ± standard deviation of three independent samples. The 

upper dotted reference line depicts the initial total cell count, the lower dotted reference line depicts the detection 

limit of cfu/ml.  
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Figure 4 ATP synthesis (continuous lines) and colony counts (dashed lines) of S. aureus during incubation at 37°C 

in TSB for 2 h after PL exposure. black circle: untreated controls; white circles: 0.1 J/cm²; black triangle: 0.24 

J/cm²; white triangle: 0.45 J/cm². Data are means ± standard deviation of three independent samples. The upper 

dotted reference line depicts the initial total cell count, the lower dotted reference line depicts the detection limit 

of cfu/ml.   

 

Conclusion 

This study demonstrates that monitoring of bacterial ATP-synthesis capacity after stress exposure like 

PL treatments under controlled conditions seems to be a useful marker to illustrate bacterial activity 

beyond culturability. ATP of untreated and PL exposed bacteria was immediately depleted after transfer 

to full media (TSB), which had the character of a reset. During the following incubation at 37°C, also 

unculturable cells were able to newly synthesize ATP. However, ATP production capacity was affected 

by PL in a dose dependent manner. E. coli and L. innocua were more resistant to PL than S. enterica 

and S. aureus, which was evident regarding the colony count data as well as the ability to generate ATP.  
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Chapter 3 - Results  

3.3 Pulsed Light treatment of endive salad and mung bean sprouts 

This chapter comprises two articles published in Journal of Food Protection and Food Control 

respectively. The objective of the implemented experiments was the assessment of the practical 

applicability of pulsed light for surface disinfection of fresh produce, which is exemplarily shown for 

the two different products fresh-cut endive salad and mung bean sprouts at which two different modes 

of pulsed light treatments were investigated. The produce surfaces were either exposed to pulsed light 

during a simulated washing process or pulsed light was applied directly in dry state. The achievable 

microbicidal effect was quantified for the native microflora as well as for inoculated bacteria which 

served as a simulated contamination with pathogens using either Escherichia coli or Listeria innocua as 

surrogates. The impact of pulsed light on selected quality attributes like the color and the respiration 

activity as well as microbial loads was monitored during chilled storage under atmospheric conditions 

after pulsed light exposure. Optical bandpass filters were included in these test trials in order to elucidate 

the impact of different wavelengths of the pulsed light spectrum on the microbicidal effect and quality 

attributes. The efficiency of pulsed light during the washing of endive salad or mung bean sprouts was 

furthermore compared to the effect of washing in chlorine dioxide solutions and acidic electrolyzed 

water. The microbicidal efficiency of pulsed light on microbial loads in the wash water was quantified 

as well.  

The experiments have shown that maximum count reductions of the native microflora or inoculated 

bacteria by about 100 to 300-fold can be obtained in case of endive salad, irrespective whether the 

treatment was done in dry state or during a washing process. Microbial reductions on mung bean sprouts 

were slightly lower. A microbial reduction by the factor 40 was achieved when treatments were done in 

dry state and about 10-fold reduction of the colony count was possible by pulsed light exposure during 

the washing process. While a positive effect of pulsed light treatments on product quality of mung bean 

sprouts was observed throughout storage, significant discolorations were induced in case of endive 

salad. This negative impact on endive salad could be reduced by application of different optical bandpass 

filters, allowing a gentle treatment with only marginal impact on the microbicidal effect. Pulsed light 

applied during a washing process proved to be more efficient in the inactivation of microorganisms on 

the produce surface than using acidic electrolyzed water or chlorine dioxide. Furthermore, pulsed light 

proved to be a suitable measure to keep microbial loads in the wash water on a low level and may 

therefore serve as a viable approach to prevent cross contaminations or carryover of bacteria via the 

wash water without the need for unwanted sanitizers.
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Publication 7  

Pulsed Light decontamination of endive salad and mung bean sprouts and 

impact on color and respiration activity 

The following article was published in Journal of Food Protection in 2015. The first author Bernd 

Kramer was responsible for the planning and execution of all laboratory trials as well as writing of the 

manuscript. Dr.-Ing. Peter Muranyi as well as Joachim Wunderlich contributed to the elaboration of the 

scientific strategy and the composition of the manuscript. The front page of the printed version is shown 

on the next page, followed by the whole original article which was accepted for publication. 

The objective of this study was the determination of the efficiency of pulsed light treatments for the 

decontamination of endive salad and mung bean sprouts as well as the assessment of quality changes in 

relation to discoloration and alteration of respiration activity. Produce samples were artificially 

inoculated with two bacterial test strains Escherichia coli (DSM 498) and Listeria innocua (DSM 

20649) and exposed to pulsed light at different energy doses. The inactivation efficiency with regard to 

the naturally occurring microbiota was also investigated. Besides microbiological investigations, color 

changes were determined as well as the produce respiration during chilled storage. The results indicated 

that count reductions by more than 100-fold were possible with one light flash in case of fresh-cut salad, 

while the reduction on mung bean sprouts was limited to about 40-fold with one flash, irrespective if 

the natural flora or inoculated E. coli or L. innocua were considered. The UV-part of pulsed light proved 

to be exclusively responsible for the inactivation of microorganisms. Lower levels of microbial counts 

of treated compared to untreated samples were maintained for up to 6 days. In case of endive salad, a 

dose-dependent progressive discoloration and increase in respiration was diminished by applying optical 

bandpass filters, which only slightly affected the inactivation efficiency. In contrast, pulsed light 

treatments showed a positive effect on color and general appearance of mung bean sprouts while the 

respiration was almost unaffected. However, care must be taken with regard to efficiency limiting matrix 

effects and impact on food quality. These aspects have to be assessed for each treated product. This 

study showed that pulsed light treatments of endive salad or mung bean sprouts could be an innovative 

approach to improve safety of fresh-cut produce and sprouts by reducing the risk of surface 

contaminations with pathogenic bacteria. The integration of pulsed light in industrial food processing 

plants could be an alternative way to improve the microbial quality of fresh produce and therefore have 

a positive impact on public health. Decontamination can be achieved within parts of a second and no 

residuals have to be removed. However, it has to be kept in mind, that pulsed light is primarily suitable 

for decontamination of surfaces. The respective food product has to be treated from all sides and not in 

form of clusters but as single pieces, which could potentially be accomplished during automated sorting 

processes of fresh produce. Care has to be taken with regard to applied energy doses in order to avoid 

negative impact on product quality. An implementation of pulsed light in existing industrial processes 

remains to be evaluated from technical and economical point of view. 
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ABSTRACT 

The objective of this study was the determination of the efficiency of pulsed light (PL) treatments for 

the decontamination of endive salad and mung bean sprouts as well as the assessment of quality changes 

in relation to discoloration and alteration of respiration activity. Produce samples were artificially 

inoculated with two bacterial test strains Escherichia coli (DSM 498) and Listeria innocua (DSM 

20649) and exposed to pulsed light at different energy doses. The inactivation efficiency with regard to 

the naturally occurring microbiota was also investigated. Besides microbiological investigations, color 

changes were determined as well as the produce respiration during chilled storage. The results indicated 

that inactivation of more than 2 log10 was possible with one flash in case of fresh-cut salad, while the 

reduction on mung bean sprouts was limited to about 1.6 log10 with one flash, irrespective if the natural 

flora or inoculated E. coli or L. innocua were considered. The UV-part of the PL proved to be exclusively 

responsible for the inactivation of microorganisms. Significant lower levels of microbial counts of 

treated compared to untreated samples were maintained for up to 6 days. In case of endive salad, a dose-

dependent progressive discoloration and increase in respiration was diminished by applying optical 

bandpass filters, which only slightly affected the inactivation efficiency. In contrast, pulsed light 

treatments showed a positive effect on color and general appearance of mung bean sprouts while the 

respiration was almost unaffected. However, care must be taken with regard to efficiency limiting matrix 

effects and impact on food quality. These aspects have to be assessed for each treated product. The 

integration of PL in industrial food processing plants could be an alternative way to improve the 

microbial quality of fresh produce and therefore have a positive impact on public health by reducing the 

risk of contaminations with pathogenic bacteria.  

Kramer, B., Wunderlich, J., & Muranyi, P. (2015). Pulsed light decontamination of endive salad and 

mung bean sprouts and impact on color and respiration activity. Journal of Food Protection, 78(2), 

340-348. 
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Introduction 

Over the last decades, an ongoing trend towards fresh, healthy and convenient food has been rising 

among consumers. The demand for nutritive food of high quality accompanied by a nowadays 

pronounced lack of time for preparing meals, have led to an increased consumption of industrially 

processed ready-to-eat fruits and vegetables. Those minimally processed fresh-cut products are usually 

eaten raw and no further heating is applied that could potentially inactivate food associated pathogenic 

microorganisms. Fresh-cut produce and sprouts are very often associated with high microbial counts, 

among them often strains of Eschericha coli, Salmonella or Listeria monocytogenes (1). This 

development has led to a rising public health threat due to foodborne diseases that tend to occur more 

frequently in association with fresh-cut produce like salads or fruits (18). Between 1990 and 2005, 713 

outbreaks and 34.049 individual cases were linked to produce according to data from the Center for 

Science in the Public Interest (CSPI). The most common produce items associated with outbreaks being 

greens-based salads, lettuce, or unspecified fruits and sprouts (29). Washing processes do not result in 

a sufficient elimination of surface associated microbial loads on fresh produce (27) and traditional 

sanitizing procedures even with newer agents like chlorine dioxide, ozone or peroxyacetic acid usually 

provide limited microbial reductions of maximum 90-99% (4) but require a certain residence time and 

involve the drawback of residues removal or toxic byproducts (5). Therefore, novel strategies to combat 

the spread of foodborne pathogens are subject of current research. Non-thermal physical 

decontamination methods like high hydrostatic pressure, pulsed electric fields or low-temperature 

plasmas are discussed as alternative technologies to decontaminate food surfaces (31). An improvement 

of the public safety of fresh produce could potentially be obtained by the application of short duration 

intense light pulses of a broad spectrum. This innovative technology has been shown to be effective for 

the inactivation of various microorganisms in liquids or on different surfaces including packaging 

material and therefore also represents a promising approach for the inactivation of pathogenic or 

spoilage microorganisms on the surfaces of vegetables or fruits. Besides being a rapid disinfection 

method, it has the great advantage that no residual compounds have to be removed (14, 22). Pulsed light 

has been approved by the Food and Drug Administration (FDA) for the treatment of foodstuff with a 

maximum fluence of 12 Jcm-2, provided that the emission spectra is between 200 and 1100 nm and the 

pulse duration is no longer than 2 milliseconds (11). Concerning the decontamination efficiency of 

pulsed light on fresh produce, a limited number of studies has been conducted so far. However, it seems 

that foods rich in carbohydrates and with low fat and protein contents, such as fruits and vegetables, are 

the most suitable for this treatment (16). For example the application of pulsed light has shown to be 

effective to inactivate E. coli or S. enterica on blueberries (7), to reduce the native flora on fresh-cut 

mushrooms (23) or to inactivate microorganisms on carrots, white cabbage or iceberg lettuce (19). 

Besides the verification of decontamination efficiencies, it is also of great importance to consider 

possible quality changes of foodstuff like discoloration, the impact on nutritive values, sensory attributes 

or the formation of harmful by-products before such promising technologies can be converted to an 

industrial scale.  

The objective of this study was to evaluate the microbial inactivation efficiency of pulsed light 

treatments as well as their impact on fresh-cut salad and mung bean sprouts. For that purpose, fresh cut 

produce were artificially inoculated with two selected test strains of Escherichia coli and Listeria 

innocua in order to simulate contaminations with pathogenic bacteria. On the other hand, the effect on 

naturally occurring microorganisms on the produce surface was also determined. The impact of the 

treatment on quality attributes was investigated on the basis of color and respiration measurements. 
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Material and Methods 

Bacterial strains, growth conditions and preparation of inocula.  

The Gram-positive bacterium Listeria innocua DSM 20649, which is often used as a non-pathogenic 

surrogate for Listeria monocytogenes, was used as a model organism in this study as well as the Gram-

negative bacterium Escherichia coli DSM 498. Both test strains were obtained from the German 

National Resource Center (DSMZ, Braunschweig, Germany). The bacteria were initially grown in 100 

mL tryptic soy broth (Oxoid, Hampshire, UK) at 37°C for 16-18 h in a shaking bath. Tryptic soy agar 

slopes (Oxoid, Hampshire, UK) was subsequently inoculated with the bacterial suspension, incubated 

for 24 h at 37°C and stored at 5°C. Working cultures were made by inoculating 100 mL of tryptic soy 

broth with cell material from the agar slope and following incubation for 16-18 h at 37 °C in a shaking 

bath until early stationary phase. Twenty ml of the cell culture were subsequently centrifuged at 9000 g 

for 10 min and washed twice with sterile deionized water. The cell count was microscopically 

determined in a counting chamber and adjusted to approximately 106 cells/ mL in 1 L of sterile deionized 

water. The prepared cell suspensions were used immediately for dip inoculation of fresh produce.  

Sample preparation and inoculation of fresh produce.  

In order to investigate the decontamination efficacy of PL on fresh produce, endive salad and mung bean 

sprouts were used as model products. Both were obtained from local retailer and immediately used for 

the trials. The inner leaves of the endive salad heads were washed in tap water and cut into uniform 

pieces with a surface of 6-10 cm2. Only green leaves were used, stalks were removed. For the 

inoculation, the salad pieces and mung bean sprouts were dipped in the previously prepared cell 

suspension for 5 min at 20 °C under agitation. The produce was subsequently retrieved from the 

inoculation suspension and in case of the salad, residual suspension was removed with a conventional 

salad spinner, so that an overall increase in weight of about 10 % referred to the initial weight was 

obtained. The same procedure was performed in case of mung bean sprouts but excessive suspension 

was removed by gentle shaking. This approach led to a superficial cell density of approximately 1x105-

5x105 cfu/g produce. The inoculated salad or mung bean sprouts were subsequently stored for 2 h at 5 

°C in order to give time for settlement and attachment of bacteria. 4-6 pieces of endive salad were 

combined to samples of 1.5±0.1 g before the pulsed light treatments. With regard to mung bean sprouts, 

10 pieces were combined to samples of 3.5±0.2 g. When the inactivation efficiency of PL on naturally 

occurring microorganisms was studied, samples were prepared the same way as described above except 

for washing and inoculation procedures. 

Pulsed light set-up, optical filters and treatment conditions.  

The prepared samples were treated in a pulsed light chamber, which was equipped with a three Xenon 

tubes reflector (Claranor, Avignon, France). The lamp was connected to a capacitor and emits broad 

spectrum intense light flashes between 200-1100 nm. The applied voltages ranged from 1.0 to 3.0 kV 

(UV proportions between 17% and 25%), which corresponded to fluencies between 0.1 and 1.0 J/cm² at 

a distance of 10 cm from the lamp. The energy input was determined with a Solo2 Power and Energy 

Meter connected to a QE25LP-S-MB-D0 detector (Gentec, Quebec City, Canada). Samples were 

individually exposed to single light pulses from both sides, except when energy doses of more than 1.0 
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J/cm² were applied. In this case up to three pulses with a fluence of 1.0 J/cm² were applied at a frequency 

of 1 Hz.  

In order to investigate the impact of the spectral distribution of the light pulses on the inactivation 

efficiency as well as the quality loss due to product heating caused by infrared radiation, different optical 

filters were applied. A UG11 bandpass filter (transmittance: 275-375 nm), a UG5 bandpass filter 

(transmittance: 240-395 nm) and a FGL400 longpass filter (transmittance: >400 nm) were used to study 

the contribution of different fractions of the PL spectrum to microbial inactivation and also to investigate 

the impact of UV, visible light and near infrared radiation on quality attributes of fresh-cut endive salad. 

All filters were obtained from Thorlabs (Newton, USA). The optical filters were placed directly above 

the samples before PL treatments. The applied voltages and the distance of samples from the reflector 

were the same as without filters. The temperature of the produce surface was recorded with an infrared 

thermometer (Testo, Lenzkirch, Germany) within 3 s after the treatments. In order to investigate changes 

in microbial populations during storage after the PL treatments, treated samples as well as untreated 

controls were placed in sterile petri dishes, wrapped with parafilm and stored for several days at 5°C in 

the dark (> 90% RH).  

Microbiological determination of viable count 

The viable count on the surface of endive salad and mung bean sprouts was likewise determined for the 

inactivation and storage tests. The samples were transferred into sterile stomacher bags containing 

50 mL of buffered peptone water (Oxoid, Hampshire, UK) supplemented with 0.1% Tween 80 and 

subsequently homogenized in a stomacher 400 circulator (Seward, Worthing, UK) for 1 min at 260 rpm 

before the number of cfu/g sample was determined by the plate count method. Serial dilutions of the 

sample suspensions were made with sterile ringer solution and 1 ml of each dilution was plated by the 

pour-plating method in triplicate. For the determination of total mesophilic aerobic cell counts, tryptic 

soy agar (Oxoid, Hampshire, UK) was used. Plates were incubated at 30 °C and the number of colony-

forming units was determined after 72 h. Listeria selective agar (Merck, Darmstadt, Germnay) was used 

for the enumeration of viable L. innocua and Chromocult TBX (Merck, Darmstadt, Germany) for E. 

coli. In this case, plates were incubated at 37°C for 48 h before the number of colony-forming units was 

determined. 

Color measurements 

Discoloration of fresh-cut endive and mung bean sprouts after PL treatments were investigated by 

periodically measuring the color during storage at 5°C in the dark. Samples were prepared and treated 

the same way as within the inactivation tests and stored in sterile petri dishes wrapped with parafilm 

(>90% RH). L*, a* and b* values were periodically recorded with a DigiEye digital color imaging 

system (VerVide, Leicester, UK). 

Measurement of respiration activity 

Respiration activity of endive salad and mung bean sprouts was determined by periodically analyzing 

the headspace gas composition of O2 and CO2 in specially designed airtight stainless steel measuring 

cells. Therefore, 4±0.2 g of differently treated or untreated endive salad or mung bean sprouts was 

transferred into one measuring cell (300-mL volume). The cells were immediately sealed, flushed with 
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a gas mixture of 20% O2 and 80% N2 and subsequently stored at 5°C in the dark. O2 and CO2 percentages 

in the headspace were frequently determined with a gas analyzer CheckMate3 (Dansensor, Bendorf, 

Germany).  

Statistical analysis 

As long as not otherwise stated, all trials were performed with five independent samples. Reported data 

are mean values, error bars indicate standard deviations. Inactivation data was fitted to a mathematical 

model proposed by Geeraerd et al. (12) by using the freeware Excel-add in GInaFit (13). The applied 

model was designed to describe non-log linear survivor curves of microbial populations and includes 

the occurrence of an initial shoulder, followed by a log-linear decrease of the cell count and eventually 

results in a residual population in form of a tailing region. The model was developed to predict survivor 

curves as a function of time, in this case the time was substituted by the total fluence F (J/cm2). When 

applying this model to experimental data, the following format is used: 

log10 (N) = log10  [(10log10(N(0)) − 10log10(Nres)) ∗  e−kmaxF ∗ (
ekmaxS1

1 + (ekmaxS1 − 1) ∗ e−kmaxF
) + 10log10(Nres)] 

with log10(N(O)) (initial population density), log10(Nres) (residual population density), kmax (inactivation 

rate), and S1 (shoulder length) being the degrees of freedom for the parameter estimation (13). Where 

indicated, significant differences of mean values were identified by multiple comparison analysis using 

the Holm-Sidak method at a significance level of P<0.05. 

Results and discussion 

Pulsed light decontamination of fresh-cut produce 

Pulsed light treatments proved to be an effective method to significantly (P<0.05) reduce the viable 

count of L. innocua, E. coli or the native microbiota on fresh-cut endive salad and mung bean sprouts 

(Table1).  
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TABLE 1 Inactivation of L. innocua, E. coli or naturally occurring microorganisms on endive salad or mung bean 

sprouts. Curve fitting parameters were obtained from the log-linear and tail model proposed by Geeraerd et al. 

(12). 

Produce Treatment  

conditions 
Microorganism 

kmax 

(cm²/J) 

Log10 No 

(cfu/g) 

Log10 Nres 

(cfu/g) 

Log10 

reduction 

R2 

adj. 

Mung  

bean  

sprouts 

 

full spectrum 

E. coli 4.11 ± 0.13 4.67 ± 0.02 2.76 ± 0.03 1.91 0.998 

L. innocua 4.41 ± 0.67 5.29 ± 0.09 3.74 ± 0.09 1.55 0.957 

natural 

microbiota 
5.25 ± 0.42 8.37 ± 0.05 6.72 ± 0.05 1.65 0.987 

        

Endive  

salad 

 

full spectrum 

E. coli 5.07 ± 0.48 4.98 ± 0.09 2.64 ± 0.09 2.34 0.981 

L. innocua 7.72 ± 0.66 5.53 ± 0.09 2.99 ± 0.08 2.54 0.986 

natural 

micobiota 
5.06 ± 0.23 6,37 ± 0.05 3.91 ± 0.05 2.46 0.995 

        

Endive  

salad  

 

UG11 

bandpass 

filter 

(275-375 nm) 

E. coli 46.42 ± 7.13 5.16 ± 0.08 3.51 ± 0.10 1.65 0.961 

L. innocua 60.05 ± 5.35 5.29 ± 0.05 3.67 ± 0.05 1.62 0.988 

natural 

microbiota 
37.51 ± 3.96 6.30 ± 0.06 4.65 ± 0.07 1.65 0.982 

        

Endive  

salad 

 

UG5 

bandpass 

filter 

(240-395 nm) 

E. coli 16.38 ± 3.39 5.42 ± 0.18 3.31 ± 0.18 2.11 0.915 

L. innocua 14.61 ± 1.50 5.16 ± 0.07 3.35 ± 0.07 1.81 0.979 

natural 

microbiota 
15.73 ± 2.40 6.48 ± 0.14 4.29 ± 0.14 2.19 0.950 

The data obtained by dose-response studies were fitted to the mathematical model proposed by Geeraerd 

et al. (12). This model accurately described the obtained data with adjusted coefficients of determination 

between 0.915 and 0.998 (Table 1). Inactivation of 2.34 to 2.54 log10 was obtained for endive salad and 

1.55 to 1.91 log10 for mung bean sprouts (Table 1). No distinctive difference in sensitivity was found 

between the investigated bacterial test strains and the naturally occurring microflora, which is in 

accordance with the results presented by Gómez-López et al. (16), who did not observe any variations 

in sensitivity among different groups of microorganisms. However, other studies found Gram-positive 

bacteria to be more resistant than Gram-negative due to structural differences (14, 22). The inactivation 

efficiency showed to be dependent from the total fluence applied on the produce surfaces (Fig.1). A 

linear decrease of the cell count was observed up to an energy dose of about 1 J/cm2, which corresponds 

to one single light pulse at a voltage of 3.0 kV and a distance of 10 cm from the reflector lamps. The 

application of two or three flashes at a frequency of 1 hz did not cause further reductions of microbial 

populations on both tested produce surfaces, neither for inoculated bacteria nor in case of the total 

aerobic mesophilic count. The occurrence of a residual population of survivors was therefore obvious 

in form of a tailing within the inactivation kinetics. No initial shoulder was observed at low fluencies. 

The obtained inactivation levels have in general been shown to be considerably lower on produce 

surfaces compared to the in vitro studies on gel surfaces, where reductions of 7 log10 with one single 

light flash at a fluence of 1 J/cm² are possible (data not shown). These results are comparable to the 

outcome of other studies. Gómez-López et al. (15) determined inactivation up to 2.04 log10 when treating 

different minimally processed vegetables with 2700 pulses of 7 J. For Iceberg lettuce, they obtained a 

maximum microbial reduction of 2.04 log10, while 0.65 log10 were achieved in case of soybean sprouts. 
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Gómez et al. (17) found reductions of 2.25 and 1.70 log10 units for E. coli and L. innocua when treating 

inoculated cut apple with 221.1 J/cm². The occurrence of a residual population that cannot be inactivated 

even at higher fluencies is most likely due to matrix effects, which enable certain fractions of 

microorganisms to be protected from the radiation. This may be provoked by cavities, particles on the 

surface, tissue internalization or other structural properties of the tissue that cause shadow effects. In the 

present study, only one flash at the highest fluence (1 J/cm2) was sufficient to almost obtain the 

maximum inactivation. Fluorescent microscopic investigations revealed that the bulk of naturally 

occurring microorganisms on the produce surface is located in cavities between plant cells, which may 

provide some protection from the light flashes (not shown). Similar results were also presented by 

Izquier and Gómez-López (19) who fitted the pulsed light inactivation data of the natural microbiota on 

iceberg lettuce, cabbage and carrots to the Weibull and the log-linear and tail model, also by describing 

the viable cell count as a function of total fluence. Both models exhibited good fitting performance in 

case of lettuce and like in the present study, no shoulder but tailing was evident (19). In contrast to first 

order kinetics, the Weibull model proved to be suitable for the estimation of microbial inactivation on 

raspberries and strawberries with pulsed light. According to the authors, the found inactivation pattern 

may be attributable to the location of the microorganisms on the fruit surface (8). In this context, 

optimization of the process is needed in order to achieve a maximum possible effect and to avoid 

excessive energy input, which might cause product deterioration. Although the pulsed light technology 

may not be capable of completely removing plant-associated contaminations, the obtained reductions 

could; however, be useful to fall below regulated critical values for pathogenic bacteria on mixed salad 

and sprouts, which are specified to 102 and 103 cfu/g for L. monocytogenes and E. coli according to the 

guidelines of the German Society for Hygiene and Microbiology (DGHM) (11).  
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FIGURE 1 Pulsed light inactivation of E. coli (▲), L. innocua (●) and the aerobic mesophilic cell count (■). 

Applied voltages ranged from 1 kV to 3 kV. Data was fitted to the model proposed by Geeraerd et al. (12). 
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Impact of spectral range on pulsed light decontamination of endive salad 

In this study it could be also observed, that the UV-part of the pulsed light was exclusively responsible 

for the inactivation of microorganisms. Although photothermal effects caused by infrared radiation may 

contribute to microbial inactivation of PL under certain conditions, it is assumed that particularly 

damage to the DNA molecule caused by UV irradiation is responsible for microbial inactivation (20). 

This was evident when the samples were only treated with wavelengths over 400 nm at the highest 

energy dose (3x3kV) by placing a FGL400S longpass filter above the samples. No significant (P<0.05) 

inactivation was achieved in this case (data not shown), which showed that visible light and near infrared 

irradiation of PL alone did not cause measurable microbial inactivation. When the spectrum was limited 

to 275-375 nm by a UG11 bandpass filter, the total fluence on the sample surface was reduced by a 

factor of 17 and the transmitted UV proportion was about 35% of total UV, which led to maximum 

inactivation of around 1.65 log10 (Table 1). UV-C is retained by the UG11 filter but UV-A and UV-B 

are transmitted to a high degree. The results showed that elimination of UV-C causes reduced 

decontamination efficiency, but UV-A and UV-B proved to play a distinctive role for microbial 

inactivation by pulsed light. The obtained values for kmax ranged between 37.51 and 60.05 and were 

higher than those obtained with the full spectrum (5.06 - 7.72), which was due to the limitation of the 

total fluence to UV-A and UV-B fluence only. When the spectrum was limited to 240-395 nm by the 

UG5 filter, the total fluence was only reduced by a factor of 3, which is primarily attributable to parts 

of visible light and near infrared irradiation, which are to some degree also transmitted by the UG5. Due 

to a partial absorption of UV-C, the transmitted UV content was about 65%, which resulted in slightly 

reduced inactivation efficiencies of 1.81-2.19 log10 (Table 1) compared to treatments without filtration. 

The obtained values for kmax ranged from 14.61 to 16.38 and were between those with full spectra and 

those with the UG11 filter (275-375nm) due to the above mentioned partial transmission of visible and 

infrared light. The presented data shows, that changes in the applied spectrum of PL alters its inactivation 

efficiency on the salad surface. The high UV proportion is crucial for microbial inactivation; however, 

a limitation to the UV-A and UV-B spectrum without the energy-rich UV-C has still shown to 

considerably reduce superficial populations. Similar trends with regard to the impact of PL spectra on 

microbial inactivation on produce were observed in other studies where fresh-cut watermelon (25) or 

fresh-cut mushrooms (26) were PL-treated in conjunction with different optical filters. Ramos-Villarroel 

et al. (25, 26) could not determine a quantifiable reduction of microbial populations by using an UV-

blocking filter and a considerably reduced inactivation was achieved when the PL spectrum was limited 

to 305-1100 nm with a pyrex filter.  

Development of microbial populations during storage after PL treatments 

The development of microbial populations on endive salad (Fig. 2) and mung bean sprouts (Fig. 3) after 

both sided PL treatments with one single flash at 3 kV was investigated during storage at 5 °C for 6 

days. For this purpose, the produce was on the one hand inoculated with L. innocua in order to simulate 

possible contaminations with pathogenic bacteria and on the other hand the progress of the natural 

microbiota was monitored. In case of endive salad, the treatment was performed with the full spectrum 

as well as with the UG11 (275-375 nm) and UG5 (240-395 nm) optical filters. The growth kinetics of 

the total aerobic mesophilic cell count and the number of L. innocua are shown in Fig. 2a and Fig. 2b, 

respectively. According to the previous presented results, the initially obtained count reductions were 

dependent from the respective PL spectrum. Within the first day of storage, the difference of the total 

cell count between treated and untreated samples increased from about 1.5 log10 to more than 2 log10, 
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which shows that PL caused a delayed growth of survivors on endive salad. After 6 days of chilled 

storage, the total cell count of treated samples was still significantly (P<0.05) lower than with the 

untreated references although the difference decreased to about 0.5 log10. In case of L. innocua, a 

decreasing cell count over time was observed for both the treated as well as the untreated references. 

The difference between treated and untreated samples ranged between 2 and 3 log10 during storage. A 

decreasing cell count of L. innocua and E. coli was also found by Ramos-Villarroel et al. (24) on 

inoculated and subsequently PL-treated avocado and also by Gómez et al. (17) on inoculated and PL-

treated apple pieces.  
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FIGURE 2 Growth kinetic of aerobic mesophilic counts (a) and L. innocua (b) on endive salad after PL treatments. 

(●) untreated references; (△) treatment with bandpass filter UG11 (1flash, 3 kV, 10cm); (▲) treatment with 

bandpass filter UG5 (1flash, 3 kV, 10cm); (○) treatment with full spectrum (1flash, 3 kV, 10cm). 

An initial reduction of approximately 1.0 - 1.5 log10 was achieved in case of PL treated mung bean 

sprouts for both investigated microbial counts (Fig. 3). Similar to the results with endive salad, survivors 

of the natural microbiota showed delayed growth compared to untreated reference samples. The total 

cell count rose from 7.6 to 10.4 log10 cfu/g in case of untreated sprouts and from 6.1 to 9.2 log10 cfu/g 
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in case of PL treated sprouts. The number of inoculated L. innocua slightly increased over time, although 

the difference of treated and untreated sprouts remained almost constant at 1.5 log10. The maintained 

count reductions over an extended period of time may not only be beneficial with regard to improvement 

of food safety, but also in terms of possible shelf life extension due to a reduction of microbial loads. 
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FIGURE 3 Growth kinetic of aerobic mesophilic counts and L. innocua on mung bean sprouts after PL treatments. 

(●) aerobic mesophilic counts of untreated references; (○) aerobic mesophilic counts of full spectrum treated 

samples (1flash, 3 kV, 10cm); (▲) L. innocua of untreated references; (△) L. innocua of full spectrum treated 

samples (1flash, 3 kV, 10cm). 

Impact of pulsed light on the produce color 

Color is one of the major parameters for describing the quality of fresh produce and directly affects 

consumer acceptance. Wounding of plant tissue, how it occurs in minimal processing of fresh-cut fruits 

and vegetables, induces synthesis of browning-related enzymes or their substrates. Degradation of 

phenolic compounds by polyphenoloxidase and peroxidase is known as enzymatic browning resulting 

in pigmented polymers named melanines (30, 28). Browning is mainly triggered by a 

decompartmentation process, allowing phenolic compounds to come in contact with oxidation enzymes 

(9). Pronounced discoloration of endive salad was observable when PL treatments were performed 

without an optical filter (Table 2). Especially the shift in a* values proved to be a good parameter to 

quantify discoloration after PL since it describes the color change from green to red/brown. A significant 

stronger increase of a* values compared to the references were found beginning one day after the 

treatments with all applied fluences. The increase of a* values was furthermore dose dependent. No 

significant difference between PL treated samples and references was found for L* values after 7 days 

of storage, while b* values were significantly lower due to PL-treatments after 4 days. These results 

indicate that the fluence, which is necessary to obtain the maximum inactivation, likewise provokes 

enhanced quality loss. Gómez et al. (17) reported comparable fluence and storage time dependent color 

changes of PL treated cut apple by means of decreasing L* and rising a* values. They also observed 

product heating and a loss of functional cell compartmentalization and concluded that an increase in 

enzyme-substrate contact might have caused pronounced tissue browning (17). Although no superficial 
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cellular damage could be determined microscopically (light microscopy and SEM, not shown) in this 

study, it was possible that disruption of internal cellular structures contributed to enforced discoloration. 

UV irradiation causes increased tissue browning of salad, which was reported by Allende et al. (3) for 

Red Oak leaf lettuce. Bermúdez-Aguirre & Barbosa-Cánovas (6) also reported that UV-C negatively 

affects the color of lettuce and generates tissue browning. UV light can be used to induce the 

biosynthesis of plant phenolic compounds, possibly due to an enhanced activity of the enzyme 

phenylalanine ammonia-lyase, the first enzyme in the phenylpropanoid pathway, which is desirable 

referred to flavor or health-promoting properties but may also act as substrate for browning-related 

enzymes and therefore lead to discoloration, necrosis or other quality loss (30, 9). When the FGL400 

longpass filter (>400 nm) was applied, no significantly increased discoloration of endive salad was 

detected (Table 2), which clearly points to an UV-dependent browning (Table 2). Although PL is 

designated to be a non-thermal decontamination process, products with low thermal capacity like salad 

leaves still undergo considerable heating. Surface temperature rises from 20 to more than 40 °C were 

measured at the highest applied fluence (3 J/cm²); however, visible light and near infrared radiation do 

not seem to be responsible for the accelerated discoloration and respiration of fresh-cut endive after PL 

treatments. Ramos-Villarroel et al. (24) similarly observed that the impact of PL on the color of avocado 

is more pronounced when PL contains UV light (especially UV-C) compared to only VIS and NIR . In 

this study it could be also shown that particularly UV-C leads to enhanced discoloration of PL treated 

endive salad. The rise of a* values was reduced with the UG5 filter (240-395 nm) and almost eliminated 

with the UG11 filter (275-375 nm) compared to treatments without filter (Table 2). This indicated that 

UV-A and UV-B do not negatively affect the color of endive salad since UV-C is completely retained 

by the UG11 (275-375 nm) and partially transmitted by the UG5 (240-395 nm). However, it has to be 

kept in mind that UV-A and UV-B are not transmitted to 100% by these two filters, which may also 

have contributed to a partial prevention of tissue browning.  

No adverse color changes after PL treatment occurred in case of mung bean sprouts, which is the reason 

why optical filters were only applied in case of endive salad treatments (Table 2). In contrast, a dose-

dependent decrease of the color shift was observable during storage, which points to a positive effect of 

PL on the quality of mung bean sprouts. The maximum measurable product heating was only about 2 

°C at the highest applied dose (3 J/cm²), possibly due to light reflection and a different weight to surface 

ratio compared to the salad pieces. The dose-dependent decline of changes in the color space over time 

was most pronounced for a* and b* values. The stronger color change of untreated sprouts might be 

attributable to the high microbial loads, since more than 109 cfu/g were found after 4 days of chilled 

storage in comparison to untreated references. The microbial growth was accompanied by slime 

formation and structural degradation of the plant tissue. It is therefore important to note that PL 

treatments could be useful not only to improve product safety but also to maintain the quality and 

therefore extend the shelf-life of mung bean sprouts. 

  



Results - Chapter 3.3 

165 

Pulsed Light decontamination of endive salad and mung bean sprouts and impact on color and respiration activity 

Table 2 Impact of pulsed light treatments on L*a*b* values of endive salad or mung bean sprouts. The applied voltage is given in kV. Endive salad was treated with optical filters 

(UG5, UG11 or FGL400) or with full spectrum, mung bean sprouts were only treated with full spectrum. Given values are deviations from the initial value (day 0). Data are means 

of five replicates ± standard deviations. 

Produce Treatment 

conditions 

Storage 

time 

(days) 

ΔL  Δa  Δb 

0 kV 3 kV 2x3 kV 3x3 kV  0 kV 3 kV 2x3 kV 3x3 kV  0 kV 3 kV 2x3 kV 3x3 kV 

Mung 

bean 

sprouts 

 

full 

spectrum 

0a 78.95±0.40 79.23±0.58 78.90±0.48 78.79±0.28  -0.77±0.16 -0.65±0.31 -0.78±0.20 -0.52±0.30  0.25±0.25 0.27±0.42 0.33±0.08 0.75±0.28 

1 -0.14±0.40a -0.30±0.36a -0.92±0.21a -0.85±0.24a  0.37±0.21a 0.09±0.21a 0.45±0.15a 0.13±0.21a  1.68±0.30a 1.45±0.44a 1.00±0.58a 1.17±0.48a 

2 -0.72±0.35a -0.59±0.32a -0.62±0.23a -1.06±0.68a  0.80±0.11b 0.41±0.03ab 0.26±0.30ab 0.14±0.23a  1.99±0.56a 1.58±0.61a 1.50±0.52a 0.98±0.59a 

3 -0.96±0.32a -0.86±0.45a -1.27±0.16a -1.47±0.47a  0.91±0.10b 0.46±0.11a 0.51±0.18a 0.23±0.15a  2.95±0.45b 1.89±0.30ab 1.57±0.75ab 1.19±0.72a 

4 -2.15±0.27a -2.13±0.44a -2.55±0.13a -2.19±0.29a  1.05±0.38a 0.31±0.30a 0.44±0.34a 0.15±0.28a  4.60±0.13b 3.06±0.30a 2.37±0.77a 1.98±0.60a 
                 

Endive 

salad 

 

full 

spectrum 

0a 58.75±0.84 61.61±1.33 62.42±2.93 61.32±1.38  -13.90±0.25 -14.21±0.22 -14.29±0.20 -14.03±0.31  38.36±1.36 40.91±1.44 41.73±1.80 40.53±1.67 

1 0.64±1.01a -0.16±1.08a 1.04±2.32a -0.25±1.36a  0.19±0.36a 0.97±0.38b 0.51±0.32ab 1.62±0.20c  -0.22±1.45a -1.88±1.23a -0.30±1.72a -1.98±1.15a 

4 0.83±1.02a 0.74±1.13a -1.77±1.90b -1.83±1.15b  0.91±0.31a 1.71±0.22b 4.11±0.38c 4.71±0.20d  -0.73±1.41b -1.57±1.09ab -3.32±1.18a -3.01±1.21a 

7 0.92±1.06a 0.68±1.08a -1.65±2.05a -1.19±1.15a  1.07±0.30a 2.71±0.33b 5.15±0.31c 5.22±0.31c  -0.61±1.30b -1.95±1.26ab -3.74±1.24b -3.42±1.40b 
                 

Endive 

salad 

 

UG5 

Optical 

bandpass 

filter 

(240-

395nm) 

0a 58.75±0.84a 61.94±1.99b 60.27±1.74ab 61.70±1.35b  -13.90±0.25 -13.97±0.26 -14.02±0.48 -14.34±0.25  38.36±1.36 40.41±2.39 40.01±0.89 41.63±0.71 

1 0.64±1.01a 1.37±1.73a 0.25±1.52a 1.34±1.30a  0.19±0.36a -0.08±0.17a 0.86±0.42b 0.34±0.11a  -0.22±1.45a 1.28±1.98a -1.53±0.83a -0.08±1.38a 

4 0.83±1.02a 0.24±1.75a 0.52±1.55a 0.24±1.17a  0.91±0.31a 0.87±0.14a 1.58±0.28b 1.96±0.24b  -0.73±1.41a 0.42±1.93a -1.54±1.01a -1.75±1.34a 

7 0.92±1.06a 0.86±1.67a 1.29±1.70a 0.09±1.25a  1.07±0.30a 1.95±0.25b 2.44±0.34c 3.24±0.43d  -0.61±1.30a -0.45±1.51a -1.99±1.02a -2.53±1.28a 
                 

Endive 

salad 

 

UG11 

Optical 

bandpass 

filter 

(275-

375nm) 

0a 58.75±0.84 59.32±1.85 59.18±2.31 58.83±1.05  13.9±0.25 -14.04±0.39 -14.15±0.37 -13.67±0.34  38.36±1.36 39.97±1.51 39.03±2.11 37.94±1.53 

1 0.64±1.01a 0.79±1.20a 1.54±1.83a 0.15±1.01a  0.19±0.36a 0.75-±0.52a 0.32±0.28a 0.82±0.30a  -0.22±1.45a -1.06±1.77a -0.40±1.65a -1.40±1.18a 

4 0.83±1.02a 0.99±1.18a 1.19±1.71a 0.38±1.33a  0.91±0.31a 0.93±0.52a 0.94±0.14a 0.93±0.26a  -0.73±1.41a -0.68±1.95a -0.74±1.59a -0.75±0.95a 

7 0.92±1.06a 1.94±1.28a 1.16±1.57a 1.53±0.81a  1.07±0.30a 1.15±0.58a 1.25±0.32a 1.25±0.26a  -0.61±1.30a -0.45±1.78a -1.48±1.32a -0.11±1.03a 
                 

Endive 

salad 

 

FGL400S 

Optical 

longpass 

filter 

(>400nm) 

0a 58.75±0.84 62.40±2.00 61.50±1.47 60.61±2.42  13.9±0.25 -14.15±0.47 -13.89±0.24a -13.96±0.29a  38.36±1.36 41.28±2.24 41.21±0.94 39.43±2.12 

1 0.64±1.01a 0.80±2.12a 0.39±1.23a 0.94±2.15a  0.19±0.36a 0.31±0.41a 0.60±0.29a 0.35±0.35a  -0.22±1.45a -0.43±1.68a -1.53±1.37a 0.00±1.87a 

4 0.83±1.02a 0.82±1.92a 1.55±1.27a 0.26±1.98a  0.91±0.31a 0.56±0.31a 0.37±0.30a 0.87±0.32a  -0.73±1.41a -0.72±1.89a -0.27±1.46a -1.02±1.82a 
7 0.92±1.06a 0.95±1.81a 2.08±1.50a 1.24±1.88a  1.07±0.30b 0.76±0.31ab 0.31±0.27a 0.95±0.40b  -0.61±1.30a -0.59±1.95a 0.31±1.29a -0.19±1.65a 

aabsolute initial values; distance to the reflector:10 cm; different letters in the same file stand for significant differences (P<0.05)  
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Impact of pulsed light on the produce respiration activity 

Furthermore, in order to elucidate the effect of PL on the produce respiratory activity, the concentration 

of CO2 and O2 in the headspace of measuring cells containing treated and untreated endive salad as well 

as mung bean sprouts were monitored during storage at 5°C in the dark. The results revealed that PL 

treatments cause a significant increase in respiration of endive salad (Fig. 4a), which is indicated by a 

faster consumption of O2 and generation of CO2 and generally associated with accelerated deterioration 

of produce (28). UV-C affects several physiological processes in plant tissues, e.g. the stimulation of 

plant defense mechanisms, which may lead to enhanced metabolisms (5). Continuous UV-C irradiation 

has been shown to stimulate the respiratory activity of lettuce (3) and PL-treated shredded Iceberg 

lettuce also exhibited increased respiration rates compared to untreated controls (15). A similar trend 

was also found in case of PL treated avocado (24). When the samples were only treated with a certain 

spectral range of the PL spectrum, the changes of the gas compositions in the head space of the 

measuring cells were lower compared to treatments with full spectrum. However, respiration was still 

slightly increased with the UG11 bandpass filter (275-375 nm) and considerably higher than the samples 

treated in combination with the UG5 bandpass filter (240-395 nm). No enhanced respiration compared 

to untreated control samples was found when the salad pieces were treated without the UV fraction by 

using the FGL400 longpass filter (> 400 nm) (data not shown). This shows that the UV part (especially 

UV-C) of PL is primarily responsible for an accelerated quality loss due to an enhanced respiration. 

These findings are in accordance with the obtained color measurements, where a similar trend was 

observable. Mung bean sprouts in contrast did not show increased respiration after PL-treatments (Fig. 

4b). O2 consumption and CO2 formation was even higher in case of untreated references compared to 

the treated samples, which may be the result of considerably higher total cell counts and therefore 

attributable to microbial metabolism.  
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FIGURE 4 Headspace gas composition of endive salad (a) or mung bean sprouts (b) after PL treatments. a: (●) 

O2 untreated references; (○) CO2 untreated references; (▲) O2, treatment with bandpass filter UG11 (1 flash, 3 kV, 

10cm); (△) CO2, treatment with bandpass filter UG11 (1flash, 3 kV, 10cm); (♦) O2, treatment with bandpass filter 

UG5 (1 flash, 3 kV, 10cm); (◊) CO2, treatment with bandpass filter UG5 (1 flash, 3 kV, 10cm); (■) O2, treatment 

with full spectrum (1 flash, 3 kV, 10cm); (□) CO2, treatment with full spectrum (1 flash, 3 kV, 10cm). b: (●) O2, 

untreated references; (○) CO2, untreated references; (■) O2, treatment with full spectrum (1 flash, 3 kV, 10cm); (□) 

CO2, treatment with full spectrum (1 flash, 3 kV, 10cm); (▲) O2, treatment with full spectrum (3 flashes, 3 kV, 

10cm); (△) CO2, treatment with full spectrum (3 flashes, 3 kV, 10cm). 

 

With regard to quality aspects of PL treated fresh produce, it must be noted that differences in the 

physiological response of the respective tissue may occur. Here it is shown, that PL has a rather negative 

effect on the color and respiration activity of endive salad, which could be prevented by limiting the PL 

spectrum to UV-A and UV-B only without negatively affecting the microbial reduction. A positive 

impact on overall appearance was in contrast seen in case of mung bean sprouts, which is likely the 

result of reduced microbial populations. However, further quality aspects, especially with regard to 

possible nutritional changes, still need to be investigated. Luksiene et al. (21) did not observe significant 

changes in Vitamin C, total phenolics or antioxidant capacity of different PL treated fruits and 
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vegetables. In another study it was concluded that the nutritional value of tomato is not compromised 

by PL although some appearance defects were induced (2). However, Oms-Oliu et al. (23) showed that 

high fluencies cause thermal damage of fresh-cut mushrooms, which was accompanied by color and 

texture changes as well as the reduction of phenolic compounds, vitamin C and antioxidant capacity.  

This study shows that pulsed light treatments of endive salad or mung bean sprouts demonstrated an 

innovative approach to improve safety of fresh-cut produce and sprouts by reducing the viable number 

of pathogens on the product surface. Decontamination can be achieved within parts of a second and no 

residuals have to be removed; however, it has to be kept in mind that PL is primarily suitable for 

decontamination of surfaces. The respective food product has to be treated from all sides and not in form 

of clusters but as single pieces, which could potentially be accomplished during automated sorting 

processes of fresh produce. Care has to be taken with regard to applied energy doses in order to avoid 

negative impact on product quality and this has to be assessed individually for each product. Further 

research is needed to clarify the response of minimally processed fruits and vegetables to PL also with 

regard to nutritional aspects. Furthermore, implementation of PL in existing industrial processes remains 

to be evaluated from technical and economical point of view. 
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Publication 8 

Pulsed light decontamination of endive salad and mung bean sprouts in 

water 

The following article was published in Food Control in 2017. The first author Bernd Kramer was 

responsible for the planning and execution of all laboratory trials as well as writing of the manuscript. 

Dr.-Ing. Peter Muranyi as well as Joachim Wunderlich contributed to the elaboration of the scientific 

strategy and the composition of the manuscript. The front page of the printed version is shown on the 

next page, followed by the whole original article which was accepted for publication. 

The purpose of this study was to evaluate the applicability and efficiency of pulsed light to reduce the 

microbial loads on mung bean sprouts and endive salad during a wash process in tap water. This 

represents an alternative mode of application for fresh produce disinfection compared to a treatment in 

dry state which was previously investigated (Kramer et al. 2014, publication 7). The microbicidal 

efficiency of pulsed light treatments was compared to those of the sanitizers electrolyzed water (40 ppm 

free chlorine) and chlorine dioxide (15 ppm) within the same treatment time (up to 1 min). Reductions 

of the microbial load by the factor 300 were found in case of pulsed light treated endive salad while both 

sanitizers only caused maximum reductions by the factor 30. A combination of pulsed light and 

sanitizers did not provide an additional effect for both endive salad and mung bean sprouts. The 

decontamination treatments were more effective in case of endive salad compared to mung bean sprouts. 

Differences in the efficiency may be due to the respective properties of the food surface. It was also 

shown that the microbial loads in the washing water are kept on a low level during pulsed light 

treatments since microbial loads were 1000-fold lower than those found in the wash water without 

pulsed light exposure. Overall, this study showed that pulsed light could be a suitable approach to reduce 

microbial hazards of industrially manufactured fresh produce. The application during the washing 

process not only reduced microbial loads on the product surface but also efficiently inactivated 

suspended microorganisms in the wash water. In order to increase food safety, pulsed light may therefore 

be a viable alternative to sanitizers for the prevention of cross contaminations of pathogenic 

microorganisms via the wash water. 
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Highlights:  

 PL reduces microbial loads on endive salad during washing by up to 2.5 log in 60 s  

 PL is more effective than chlorine dioxide and electrolyzed water  

 Microbial loads in wash water of fresh produce are kept on a low level due to PL 

 

Abstract 

This study evaluated the Pulsed Light technology (PL) for its efficiency to reduce the microbial loads 

on mung bean sprouts and endive salad during a simulated wash process for up to 60 s. The microbicidal 

action of PL proved to be more efficient than the sanitizers electrolyzed water (40 ppm free chlorine) 

and chlorine dioxide (15 ppm) within the same treatment time. Reductions of the microbial count up to 

2.5 log were found in case of PL treated endive salad while both sanitizers only caused maximum 

reductions by about 1.5 log. A combination of PL and sanitizers did not have pronounced additional 

effect for both endive salad and mung bean sprouts. Overall, the decontamination treatments were more 

effective in case of endive salad compared to mung bean sprouts. It was also shown that the microbial 

loads in the washing water may be kept on a low level during PL treatments as count reductions of 

approx. 3 log were found in relation to simply washing in tap water. This study reveals that PL may be 

a suitable approach to reduce microbial hazards of industrially manufactured fresh produce. The 

application during the washing process not only reduces microbial loads on the product surface but also 

efficiently inactivates suspended microorganisms in the wash water and may therefore be an alternative 

to sanitizers for the prevention of cross contaminations. 

Kramer, B., Wunderlich, J., & Muranyi, P. (2017). Pulsed light decontamination of endive salad and 

mung bean sprouts in water. Food Control, 73, 367-371.  
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1. Introduction 

The widespread popularity of minimally processed fresh-cut produce goes along with increased 

microbial hazards arising from frequent contaminations with pathogenic bacteria like E. coli, Listeria 

spp. or Salmonella spp. (Harris et al. 2003, Berger et al. 2010), which may cause foodborne diseases 

(Dewaal and Bhuiya 2007). Recent epidemic outbreaks like e.g. the large EHEC-outbreak in 2011 in 

Germany, which was most likely due to contaminated sprouts, emphasize the necessity of innovative 

measures to reduce microbial contaminations on industrially produced vegetable or fruit products. As 

the application of chemical sanitizers like chlorine is often unwanted in case of fresh produce, because 

of their possible impact on sensorial properties or the formation of hazardous by-products, other 

potential surface decontamination technologies are currently in the focus. Pulsed light is an innovative 

non-thermal technology based on intense broad spectrum light pulses including a high UV content. It 

has been approved by the U.S. Food and Drug Administration for the treatment of foodstuffs with a 

maximum fluence of 12 J/cm2, provided that the emission spectra is between 200 and 1100 nm and the 

pulse duration is no longer than 2 ms (FDA, 1996). It has already proven to be a highly efficient way 

for surface decontamination and has been tested in numerous studies for its efficiency to disinfect 

different food or beverages (Oms-Oliu et al. 2010). For the inactivation of microorganisms on surfaces 

of vegetables and fruits, PL has mostly been applied in dry state. Only few studies have been conducted 

where PL is applied during a simulated washing process of fresh produce. The aim of this work was to 

assess the utility of PL to inactivate microorganisms on mung bean sprouts and endive salad during 

washing and furthermore to evaluate its effect on the microbial loads in the wash water. 

2. Material and Methods 

2.1 Preparation of inoculum 

Listeria innocua DSM 20649, which is often used as a nonpathogenic surrogate for Listeria 

monocytogenes (Lasagabaster & De Marañón 2012), was used as model organism in this study. The test 

strain was obtained from the German National Resource Center (DSMZ, Germany) and maintained on 

tryptic soy agar (Oxoid, UK) at 5 °C. Working cultures were made by inoculating 100 ml of tryptic soy 

broth with cell material from the agar surface and following incubation for 16-18 h at 37 °C in a shaking 

bath until early stationary phase. 20 ml of the cell culture were centrifuged at 9000 g for 10 min and 

washed twice with sterile deionized water in order to remove all solutes. The bacterial suspension for 

inoculation experiments with fresh produce was made by diluting 1 ml of the prepared cell suspension 

in 1 l of sterilized distilled water which resulted in a cell density of approximately 2*106 CFU/ml. 

2.2 Preparation of produce samples 

Endive salad heads as well as mung bean sprouts were obtained from local retailer and used 

immediately. The salad heads were trimmed and cut into pieces of approximately 10 cm² with a sharp 

knife. Salad pieces and mung bean sprouts for experiments with artificial inoculation were dipped in the 

prepared suspension of L. innocua for 5 min at 20 °C under agitation. The produce was then removed 

and drained until a weight increase of about 10 % compared to the initial weight was reached. Samples 

of 5 g were weighed out and then cold stored for 1 h at 4°C in order to enable bacterial adhesion. This 

approach led to a superficial cell density of approximately 5*105 CFU/g produce. Endive and mung bean 

samples for assessment of the total viable count were prepared the same way without inoculation. 
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2.3 Pulsed light equipment, sanitizers and treatment conditions 

The prepared samples were treated in a lab-scale PL chamber (dimensions: 50x50x30 cm) (Claranor, 

France), which was equipped with a reflector composed of three Xenon lamps (emission window: 120 

cm2). The lamps are connected to a capacitor and emit broad spectrum intense light flashes between 200 

- 1100 nm. The distance between the reflector and the sample table was manually adjustable (0 - 20 cm) 

and the discharge voltage was tunable between 0.5 and 3 kV. The applied fluence was determined with 

a Solo2 Power and Energy Meter (Gentec, Canada). Chlorine dioxide as well as electrolyzed water 

(EOW) were used as sanitizers. Electrolyzed water (Anostel) was supplied by the by the company 

Redokon (Germany) and was used undiluted. The pH was 2.8, the redox potential was 1120 mV and the 

free chlorine was about 40 ppm. The pH and redox potential were determined with a WTW pH 197 S 

equipped with a Sentix 91 and a Sentix ORP electrode for pH and redox (WTW, Germany). Chlorine 

dioxide (Redokon, Germany) was prepared by mixing 9 parts hydrochloric acid (component A) with 1 

part sodium chlorite (component B) before incubation at 30 °C for 3 h. The stock solution had a 

concentration of about 3 g CLO2/l. Samples of 5 g were individually treated with PL, sanitizers or both 

in combination. During the treatments, endive salad samples as well as mung bean sprout samples were 

continuously agitated with a stirrer at 200 rpm. 

Pulsed light was applied during a simulated washing process at a distance of 5 cm between the water 

surface and the flash lamp. A volume of 1.5 l of autoclaved tap water was used as wash water in a round 

jar resulting in a fluid thickness of 8.5 cm. Discharge voltages of 1.5 kV and 2 kV were used, 

corresponding to an incident fluence on the water surface of 320 and 580 mJ/ cm² per light pulse. The 

treatments were performed at a pulse frequency of 1 Hz for 15 - 60 s while the sanitizers were only 

applied for 60 s. EOW was used undiluted and a concentration of 15 ppm of chlorine dioxide was 

adjusted in sterilized tap water. Concentrations of free chlorine (EOW) as well as chlorine dioxide were 

measured with colorimetric test kits (Merck, Germany). In cases were PL and sanitizers were combined, 

the samples were first treated in EOW or chlorine dioxide for 60 s, then removed from the water and 

immediately exposed to PL for 60 s at 2 kV in sterile tap water as described. The combined treatment 

was not performed at once because UV light degrades chlorine dioxide. The levels of disinfection were 

compared to simply washing in water for 60 s under equal conditions. After the treatments, sodium 

thiosulfate (10 mg/l) was added in order to neutralize the sanitizers. For each treatments at least three 

replicate samples on two different days were analyzed (n=6). Data is presented as mean values with 

standard deviation. 

2.4 Determination of viable counts 

Determination of the viable counts was done by pour-plate-technique based on ISO 4833-1:2013. After 

the treatments, samples were removed from the water, transferred in bags filled with 45 ml of sterile 

peptone water and 0.1 % Tween 80 and homogenized with a stomacher 400 circulator (Seward, UK) at 

260 rpm for 1 min. The resulting sample suspensions were subsequently serially diluted with sterile 

ringer solution. Appropriate dilutions were plated with tryptic soy agar by use of the pour plate method 

in triplicates. Water samples were taken and diluted and plated the same way. The total viable count was 

determined after aerobically incubating the agar plates for 3 days at 30 °C. In case of inoculated samples, 

Chromocult Listeria selective agar (Merck, Germany) was used and the plates were incubated at 37 °C 

for 48 h.  
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3. Results and Discussion 

3.1 Comparison of PL treatments to sanitizers and combination of both  

Pulsed light treatments have been applied in various studies to assess its suitability to disinfect surfaces 

of vegetables and fruits so far (Oms-Oliu et al. 2010). Different authors have reported about the 

disinfection of strawberries and raspberries (Bialka and Demirci 2008), fresh-cut avocado (Ramos-

Villarroel et al. 2011), cut apple (Gómez et al. 2011), fresh-cut mango (Salinas-Roca et al. 2016) or 

mung bean sprouts and endive salad (Kramer et al. 2015), thereby obtaining variable results with count 

reductions usually ranging between 1 and 4 log. In almost all studies challenge tests were performed in 

“dry state”, with the product surface being directly exposed to PL. There is only few data available for 

PL treatments which were applied during a washing process, although this approach would allow a 

simple implementation of the pulsed light technology into running industrial manufacturing processes 

where washing of the produce is a crucial step due to the possibility of cross contaminations (Gil et al. 

2009). We therefore assessed the suitability of PL for microbial decontamination of cut endive salad 

and mung bean sprouts during a simulated washing process under laboratory conditions, using 

industrially relevant treatment times. The results showed that PL is more effective in reducing microbial 

loads on fresh cut salad than equivalent treatments in electrolyzed water (40 ppm free chlorine) or 

chlorine dioxide (15 ppm). Figure 1 shows that the total viable count on endive salad decreases by 2 log 

after a PL treatment for 60 s in tap water. A similar reduction of microbial populations on endive salad 

was also found by Kramer et al. (2015) when PL was applied in dry state with only up to three single 

light flashes on both sides. The application of the sanitizers led to maximum reductions of the total count 

by only 1 log at which the washing in tap water alone caused a reduction by 0.5 log. This shows that 

washing of fresh cut salad in relatively high concentrated sanitizer solutions had only limited impact on 

adhesive microbial populations although EOW as well as chlorine dioxide are known to exhibit strong 

bactericidal effects in fluids (Artés et al. 2009, Gil et al. 2009). Comparable results were also found by 

Huang and Chen (2015) who investigated the effect of a PL treatment on the reduction of E. coli 

O157:H7, Salmonella and human norovirus surrogate on artificially contaminated strawberries and 

raspberries in water. PL proved to be more efficient than 10 ppm chlorine or H2O2 when applied for 60 

s and the sanitizers caused only slightly higher count reductions compared to simply washing in tap 

water. In case of strawberries in water, reductions by about 2.2 log and 2.4 log were found for E. coli 

O157:H7 and Salmonella after PL treatments for 60 s. Trials with raspberries in water have shown that 

PL treatments were more effective, reaching reductions by 4.4 log (E. coli O157:H7) and 3.2 log 

(Salmonella) (Huang and Chen 2015). Using a similar PL approach like in the present study, Xu et al. 

(2013) investigated the decontamination of green onions during a washing process, which were spot or 

dip inoculated with E. coli O157:H7. They found distinct differences in the efficiency of the PL 

treatments during washing between both ways of inoculation. The count reduction of dip inoculated 

green onions was limited to a maximum of 1.2 log (leaves ) and 1.1 log (stems) within a 60 s PL 

treatment while in case of spot inoculation much higher reductions by up to 4.6 log (leaves) and 4.1 log 

(stems) were found (Xu et al. 2013). Similar results were also obtained in case of green onions, which 

were dip and spot inoculated with Salmonella (Xu and Wu 2014). This underlines that the inoculation 

procedure have strong impact on the outcome of disinfection treatments and appropriate protocols have 

to be applied to depict the real microbial colonization at the best possible way. In this study, the reduction 

of inoculated L. innocua was in all cases by about 0.5 log higher compared to the native flora on endive 

salad, which may be caused by a more facile detachment of inoculated bacteria compared to the original 

microflora. The combined, successive treatment of endive salad with the sanitizers chlorine dioxide or 

electrolyzed water and PL did not lead to a pronounced improvement of the microbicidal effect (Figure 
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1). The same was found by Xu et al. (2013) who applied PL in combination with 10 ppm and 100 ppm 

chlorine on inoculated stems of green onions. They did not find higher count reductions than using only 

PL. Similar results were likewise reported for combinations of PL with either citric acid or thymol on 

stems and leaves of green onions, indicating that PL-sanitizer combinations had no or minimal synergy 

to inactivate Salmonella dip inoculated on green onions (Xu and Wu 2014).  
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Figure 1 Impact of different disinfection treatments on the total viable count (gray bars) and inoculated L. innocua 

(white bars) on cut endive salad. References (Ref) indicate the initial cell counts prior to the treatments which were 

all applied for 60 s. Washing in tap water (water) served as control. PL was performed at a voltage of 2 kV (320 

mJ/cm²per light flash, 1 Hz), EOW was used undiluted (40 ppm of free chlorine) and Chlorine dioxide (CLO2) 

was used at 15 ppm. Combined treatments (CLO2+PL and EOW+PL) were applied in row. Lines indicate the 

logarithmic reduction related to the initial cell count. The straight line refers to the total viable count, the dashed 

line refers to the inoculated L. innocua. Data are means ± standard deviations.  

In case of mung bean sprouts, the reduction of the total viable count was in general much lower 

compared to endive salad. For PL treatments it was limited to a maximum of about 0.45 log, which was 

similar to the effect of both sanitizers. The combination of PL and sanitizers only caused a slightly 

higher reduction up to 0.65 log (Figure 2). The difference in the level of decontamination of mung bean 

sprouts between L. innocua and the total viable count was even more pronounced than in case of endive 

salad, reaching discrepancies between 0.75 and more than 1 log. Similar to endive salad, this is most 

likely attributable to the stronger removal of inoculated L. innocua from the sprouts by washing. 

Treatments in tap water led to a count reduction about 0.75 log higher than found for the native 

microflora. The microbicidal efficiencies of the two sanitizers were also considerably lower than PL 

exposure regarding the removal of L. innocua from mung bean sprouts while combinations of PL and 

sanitizer treatments likewise only brought a slight increase of the count reduction (Figure 2). Comparing 

the results obtained with either endive salad or mung bean sprouts, it is evident that the properties of the 

respective food surface have great impact on the decontamination efficiency. Xu et al. (2015) also 

reported about distinct differences between the inactivation of Salmonella on either stems or leaves of 

green onions by PL when applied during a simulated washing process. The same was reported by Huang 

and Chen (2014) who treated blueberries by water assisted PL. They found different levels of 

decontamination for the calyx or skin, which were inoculated with either E. coli O157:H7 or Salmonella.  
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Figure 2 Impact of different disinfection treatments on the total viable count (gray bars) and inoculated L. innocua 

(white bars) on mung bean sprouts. References (Ref) indicate the initial cell counts prior to the treatments which 

were all applied for 60 s. Washing in tap water (water) served as control. PL was performed at a voltage of 2 kV 

(580 mJ/cm²per light flash, 1Hz), EOW was used undiluted (40 ppm of free chlorine) and Chlorine dioxide (CLO2) 

was used at 15 ppm. Combined treatments (CLO2+PL and EOW+PL) were applied in row. Lines indicate the 

logarithmic reduction related to the initial cell count. The straight line refers to the total viable count, the dashed 

line refers to the inoculated L. innocua. Data are means ± standard deviations. 

 

3.2 PL treatments at different times and fluencies and assessment of the water quality 

The application of PL during washing for different times with two different fluencies revealed that the 

used fluence is not crucial for the microbial reduction (Figure 3 and 4). Similar efficiencies were 

obtained with both energies, indicating that the microbial adhesion in the food matrix with concomitant 

shadow effects might be the limiting factor rather than the applied energy. It was furthermore found that 

the microbial loads in the wash water remain on a low level during PL exposure. Compared to the wash 

water without PL treatment, the viable counts in the water after 60 s were up to 2.5 (mung bean sprouts) 

and 3 log (endive salad) lower when PL was applied (Figure 3 and 4). The count reductions were also 

not affected by the applied energy dose. It is well known that PL is suitable to inactivate microorganisms 

in transparent liquids. For example, it has been shown that reductions of E. coli and B. cereus spores by 

about 5 log may be achieved in drinking water (Hayes et al. 2012) while a 4.5 log reduction of L. innocua 

was found in apple juice (Ferrario et al. 2013). However, the efficiency of PL for liquid decontamination 

strongly depends on the treatment conditions as well as the turbidity and light absorption properties of 

the respective fluid, therefore much lower reductions were found in case of opaque beverages like milk 

or orange juice (Ferrario et al. 2013, Hwang et al. 2015). Huang et al. (2015) confirmed that Salmonella 

may be effectively inactivated by PL in the washing water when removed from inoculated blueberries 

and raspberries. This can prevent cross contaminations via the washing water and could replace the use 

of sanitizers like chlorine, which is often applied to inactivate suspended microorganisms in order to 

maintain process water quality (Gil et al. 2009).  
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Figure 3 Impact of PL treatments on the total viable count of cut endive salad (lines) and the corresponding 

washing water (bars). Treatment times of 15, 30, 45 and 60 s were applied at a voltage of 1.5 kV (light gray bars 

and symbols, dashed line, 320 mJ/cm² per light flash) and 2 kV (dark gray bars and symbols, straight line, 580 

mJ/cm² per light flash) at a frequency of 1 Hz and a distance of 5 cm from water surface to the lamp. Washing in 

tap water (white bars and symbols, dotted line) served as reference. Data are means ± standard deviations. 

 

In this study, no surviving microorganisms were detected in the wash water when electrolyzed water 

(40 ppm free chlorine) or chlorine dioxide (15 ppm) was applied, although the reductions of the 

microbial loads on endive salad or mung bean sprouts were lower than in case of PL treated samples. 

Chlorine is a crucial component of electrolyzed water and known as a potent sanitation agent, but there 

is the risk of undesirable by-products upon reaction with organic matter, wherefore its use for produce 

is forbidden in several countries (Artés et al. 2009, Ölmez and Kretzschmar 2009). Chlorine dioxide 

produces fewer halogenated by-products but it is in most countries only allowed at low concentrations 

for fresh produce treatment, which limits its efficacy (Ölmez and Kretzschmar 2009). As already 

proposed by Lasagabaster et al. (2013), PL may therefore be an appropriate measure to reduce the 

required amount of fresh water in fresh produce processing and to keep microbial loads in the wash 

water on a low level. 
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Figure 4 Impact of PL treatments on the total viable count of mung bean sprouts (lines) and the corresponding 

washing water (bars). Treatment times of 15, 30, 45 and 60 s were applied at a voltage of 1.5 kV (light gray bars 

and symbols, dashed line, 320 mJ/cm² per light flash) and 2 kV (dark gray bars and symbols, straight line, 580 

mJ/cm² per light flash) at a frequency of 1Hz and a distance of 5 cm from water surface to the lamp. Washing in 

tap water (white bars and symbols, dotted line) served as reference. Data are means ± standard deviations. 

 

4. Conclusion 

This study shows that pulsed light is suitable to reduce microbial loads on vegetables during washing 

processes in order to increase food safety or extend the shelf life. Differences in the efficiency may 

occur depending on the respective properties of the food surface to be decontaminated. Although no 

complete disinfection of fresh produce will be obtained by PL, a reduction of microbial loads in the 

wash water may be a benefit regarding the prevention of cross contaminations of pathogenic 

microorganisms via the wash water. As PL is highly efficient for the inactivation of microorganisms 

suspended in transparent liquids, it represents an alternative for sanitizers and may be integrated in 

industrial washing systems for fresh produce. 
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4 Discussion and Conclusion 

Xenon flash lamps have proven to be a fast and effective technology for surface disinfection. Since the 

microbicidal action of pulsed light has mainly been attributed to the high proportion of UV light, a 

comparison of pulsed light with continuous UV seems logical. Due to its high peak power and the short 

treatment time within parts of a second, xenon flash lamps have often been assumed to exhibit a higher 

inactivation efficiency than conventional low pressure UV-C lamps based on mercury (McDonald et al. 

2000; Bohrerova et al. 2008; Cheigh et al. 2013, Garvey et al. 2016). However, there are also studies 

where no clear differences between the microbicidal effectiveness of pulsed light and continuous UV-

C were found (Otaki et al. 2003; Wang et al. 2005). Actually, a quantitative comparison of the respective 

inactivation efficiencies of pulsed light and UV-C lamps seems hardly feasible, since the emission 

spectra of both light sources vary significantly (Figure 4.1). While pulsed light comprises a very 

complex broad emission spectrum with wavelengths between 200 nm and about 1100 nm, which also 

depends on the applied discharge voltage, low-pressure mercury UV-C lamps for disinfection purposes 

usually exhibit a narrow peak at a wavelength of 254 nm. It has been proposed that the emission spectra 

in the UV-C range (200-280 nm) particularly determine the inactivation effect of pulsed light and that 

their characteristics may often be more important than the applied total fluence (Gómez-López & Bolton 

2016). Due to the general difference in emission spectra between continuous UV lamps and xenon flash 

lamps, it is difficult to compare biological and chemical effects even when the same fluences are applied. 

The literature on this topic seems ambiguous and while experimental setups and instrumentation 

between studies vary significantly, explicit studies are still needed in order to clarify whether pulsed 

light is really more effective than continuous UV-C and which spectral bands of the pulsed light 

spectrum are most important. Since the dependence of microbial inactivation from spectral properties 

of different UV sources was not explicitly investigated in this thesis, this topic will not be further 

discussed in detail.  

 

Figure 4.1 Qualitative pattern of emission spectra from a pulsed xenon lamp (green), a continuous xenon lamp 

(blue dotted line) or a low-pressure mercury lamp (orange line) (adapted from Keener and Krishnamurthy 2014). 

The present thesis comprises three chapters, which intend to elucidate the most relevant factors 

regarding the application of pulsed light for (food) surface disinfection. At first, the importance of 

different treatment parameters were examined (chapter 3.1), followed by an investigation of the mode 

of antibacterial action with respect to induced damages and the impact on functional properties of 
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bacteria (chapter 3.2). Finally, the practical application of pulsed light for fresh produce disinfection 

was examined (chapter 3.3).  

Within chapter 3.1 and 3.2, a series of experiments were carried out, where different bacterial cells were 

dried on a gel surface. Gellan gum served as a heat stable, dense and transparent food simulant surface. 

This approach was chosen since the deposition of bacterial cells on gel discs allowed exposure to pulsed 

light on a smooth surface without interfering matrix effects from a complex food surface. Furthermore, 

the impact of the drying step on bacterial viability could be prevented. Desiccation of vegetative cells 

on dry surfaces (e.g. plastic, metal, glass) has been shown to cause initial recovery losses by often more 

than 90 % (Ringus and Moraru 2013; Woodling and Moraru 2005). Viability of vegetative bacteria dried 

on a gellan gum surface before being detached and resuspended in phosphate buffer proved to be 

unaffected. Furthermore, using gel discs as carriers, pulsed light exposed bacterial cells were amenable 

to further microbiological, molecular biological or biochemical analysis after resuspending them in 

buffer solution.  

In chapter 3.3, two plant based model products with relevance regarding food safety and microbial 

spoilage were chosen for disinfection trials. Selected bacteria (E. coli and L. innocua) were inoculated 

on mung bean sprouts and endive salad by a developed dipping method prior to pulsed light treatments. 

In addition, both products were also used without prior inoculation in order to study the impact of pulsed 

light on the native microflora. Accordingly, following the pulsed light treatments, mung bean sprouts as 

well as endive salad samples were either analyzed for the inoculated bacterial species using selective 

media or the native microflora was examined with regard to the total aerobic mesophilic colony count.  

Impact of process parameters on the inactivation efficiency 

Effect of fluence dosage by different variables 

When treating surfaces by pulsed light for disinfection purposes, the applied fluence represents the most 

important value which needs to be specified (Gómez-López & Bolton 2016; Rowan 2019). It can be 

regulated by 1) the number of light flashes, 2) the distance between the treated surface and the flash 

lamp and 3) the applied discharge voltage. It is well documented that the extent of microbial inactivation 

depends on these three parameters (Gómez-López et al. 2007, Farrell et al. 2010). While it has been 

demonstrated that the microbicidal effect increases with rising discharge voltages, shorter distances 

between the flash lamp and the respective surface as well as increasing numbers of consecutively applied 

light flashes (Lasagabaster and de Marañón 2013; Artíguez and de Marañón 2014), a comprehensive 

comparison and correlation of these three different ways of fluence dosage has been missing. An explicit 

investigation of the inactivation efficiency under variation of these different process parameters was 

therefore an integral part of this thesis.  

Within chapter 3.1, colony count data obtained from various inactivation trials with Escherichia coli 

and Listeria innocua as model bacteria was fitted to a Weibull model, which previously has proven to 

be suitable to describe microbiological data from pulsed light inactivation trials (Rowan et al. 2015). 

The resulting dose-response curves with the fluence plotted versus the obtained colony counts showed 

a downward concavity and provided distinctive parameters to compare the particular inactivation 

efficiency under the respective process conditions. It was shown that the bacterial inactivation depends 

on the applied fluence, irrespective if the fluence is triggered by the discharge voltage or the distance 

between sample surface and flash lamp. Regulation of the fluence by reducing or increasing the distance 
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between flash lamp and target surface (1-15 cm) proved to be as equal to adjusting the discharge voltage 

(1000-3000 V) as long as only single light flashes were applied. Similar results were previously 

published by Lasagabaster and de Marañón (2013) who showed that an increase of the fluence by 

lowering the distance to the flash lamp or by increasing the pulse energy both leads to a higher 

inactivation of L. innocua. An independence of the inactivation efficiency from the applied voltage has 

also been reported by Artíguez and de Marañón (2014). They treated L. innocua in a buffer system and 

found that the inactivation of L. innocua depends on the total fluence which may be equally regulated 

by the applied discharge voltage or the distance to the sample (Artíguez and de Marañón 2014). 

However, the results of chapter 3.1 also showed that the inactivation of bacteria was significantly lower 

when the total fluence striking the sample surface was not applied at once, but subdivided into several 

successive light flashes. It was therefore concluded that the total fluence should be delivered to the 

surface by single light flashes and not divided into several light flashes of lower energy in order to be 

most effective. These findings pointed to a peak power dependence of microbial inactivation, revealing 

deviations from the reciprocity law.  

The reciprocity law asserts that for the effectiveness of radiation, it does not matter whether the fluence 

is delivered with high fluence rate and short exposure time or with low fluence rate and long exposure 

time (Gómez-López and Bolton 2016). Previous discussions on the validity of the Bunsen-Roscoe 

reciprocity law (Bunsen and Roscoe 1863) regarding pulsed light or continuous UV inactivation did not 

allow a definitive conclusion due to the scarce and inconsistent literature available (Sommer et al. 1996, 

Sommer et al. 1998; Gómez-López et al. 2007). However, it has been assumed that viruses (phages) or 

spores (B. subtilis) usually follow the Bunsen-Roscoe law since they are unable to use repair enzyme 

systems. On the other hand, repair processes in vegetative organisms (E. coli) during low UV irradiance 

or intermittent exposure may lead to violations of the reciprocity law (Sommer et al. 1998). Sommer et 

al. (1998) reported about a 10-fold higher inactivation of E. coli strains by use of high irradiance 

compared to low irradiance at the same total UV doses, assuming that damage to repair enzymes at high 

irradiance, which do not occur at low irradiance, may lead to deviations from the reciprocity law 

(Sommer et al. 1998). Similarily, Bowker et al. (2011) found deviations of the reciprocity law for E. coli 

but not in case of phages. They also proposed that differences might arise due to microbial repair 

mechanisms. In a further study, Sommer et al. (1996) reported about a clear violation of the reciprocity 

law with respect to different S. cerevisiae strains. In case of UV-C treatments of fungal spores, Taylor-

Edmonds et al. (2015) also reported about a clear violation of the Bunsen-Roscoe principle. When A. 

niger spores were treated with low pressure UV-C lamps at low (0.022 mW/cm2) or high (0.11 mW/cm2) 

irradiance, count reductions were 10-fold or 100-fold respectively even though the same total fluence 

of 250 mJ/cm2 was applied (Taylor-Edmonds et al. 2015). Such findings are in line with the results 

obtained in this thesis, although being exclusively related to treatments with continuous UV-C and not 

pulsed light. The potential impact of repair mechanisms in case of continuous UV might, if at all, only 

play a minor role in case of pulsed light. Total treatment times in this study were in the range of only 

few seconds and since the pulse frequency was 1 Hz, the possible repair time was less than 1 s. 

Considerably longer treatment times at different dose rates were applied in the referred studies regarding 

continuous UV irradiation. For instance, Sommer et al. (1998) used treatment times between 20 and 

4500 seconds at dose rates between 2 and 0.02 W/m². The fact that the microbicidal effect of pulsed 

light was higher when single light flashes with very high photon flows were applied instead of several 

successive light flashes of lower energy may be related to the high peak power of the light flashes. The 

peak power of pulsed light is typically in the megawatt range and can be up to 35 megawatt (Oms-Oliu 

et al. 2010). Such a high intensity could also enable multiphoton absorption by one molecule instead of 

single-photon absorption as it is the case for regular UV lamps (Song et al. 2018).  
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Impact of pulse frequency 

Another factor of practical relevance which had been studied scarcely, is the impact of the applied pulse 

frequency on the microbicidal efficiency. The results of this thesis indicate that the pulse frequency has 

no impact on the inactivation efficiency. When equal voltages and numbers of light flashes were applied, 

the colony count reduction regarding Listeria innocua or E. coli was equal within a pulse frequency of 

1–5 Hz. These findings confirmed previous results reported by Luksiene et al. (2007) and are of 

importance regarding an industrial implementation, since it may help to optimize processes and save 

energy. Hence, it seems most suitable to use high discharge voltages at preferably low distances in order 

to reduce the amount of required light flashes as well as the process time to a minimum.   

Sensitivities among microorganisms towards pulsed light 

As an additional part of chapter 3.1, the sensitivities of various bacterial strains and species towards 

pulsed light were assessed. Selected spoilage bacteria (e.g. P. fluorescens), pathogenic bacteria (E. coli, 

L. monocytogenes, S. enterica, S. aureus) as well as spore forming bacteria (Bacillus spp.) and molds 

(Aspergillus spp.) were included within these investigations. While no distinct pattern of sensitivity 

related to the gram-staining behavior as previously proposed by Farrell et al. (2010) and Anderson et al. 

(2000) could be observed, considerable variance in sensitivity was found among different species but 

also on strain level. These findings support the results of Gómez-López et al. (2005) and Ogihara et al. 

(2013) who did not observe a distinct trend regarding the pulsed light sensitivity of bacteria as well. 

Overall, in order to reduce the colony count of bacteria on a gel surface by the factor 10000, fluences 

between 273 and 882 mJ/cm² were required when single light flashes were applied. Bacterial endospores 

as well as mould spores were in general more resistant, requiring in average 3-4 times higher fluences 

compared to vegetative bacteria in order to obtain a colony count reduction by the factor 10 under 

identical conditions. The exact reasons for the high variability in resistance towards pulsed light are yet 

unknown, but it has been reported that the pigmentation of bacteria as well as their repertoire of repair 

mechanisms including photoreactivation or dark repair play an important role regarding their UV 

susceptibility (Santos et al. 2013). Protective pigmentation such as pyocyanin in case of some 

Pseudomonas aeruginosa strains has been assumed to provide some protection against pulsed light 

exposure (Farrell et al. 2010). Esbelin et al. (2013) previously discussed the importance of mold 

pigmentation in pulsed light resistance, while Anderson et al. (2000) stated earlier that intense UV-light 

absorbing pigmentation provides higher resistance of mold spores. The ability for photoreactivation, a 

light dependent and enzyme driven mechanism which reverts UV-induced DNA damages, may also be 

variable among different microorganisms and provoke differences in resistance. In addition, 

Lasagabaster and de Maranon (2012) proposed the potential impact of endogenous photoreactive 

compounds acting as photosensitizers, which generate singlet oxygen upon illumination and 

consequently affect the sensitivity of certain species towards pulsed light. Variations in sensitivity may 

also arise from the fact that the pulsed light spectrum comprises different wavelengths of ultraviolet 

radiation (UVA, UVB and UVC), which are absorbed by different biomolecules, including DNA, 

proteins and lipids. While UVA is considered to enhance the production of reactive oxygen species, 

resulting in oxidative damage to lipids, proteins and DNA, UVB and UVC also cause direct DNA 

damage in form of photoproducts (Santos et al. 2013). The sensitivity of a microorganism towards 

pulsed light is therefore most likely the result of a complex interaction between multiple factors, 

including the biochemical and physicochemical composition of the cell as well as the exact spectrum of 

the light flash. Overall, according to the findings of this thesis as well as available literature, the 

following rough order of resistance of microorganisms towards pulsed light can be made: fungal spores 
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> bacterial endospores > yeasts, parasites, viruses > vegetative bacteria (Rowan 2019). A direct 

comparison of all the different microbial groups has not been done within one study so far. For instance, 

the resistance of yeasts, parasites and viruses has not yet been investigated under standardized 

conditions. Since methodical, instrumental as well as biological variations always have to be considered, 

it is yet difficult to assign a required fluence to a certain bacterial species in order to obtain a particular 

inactivation effect.  

Bacterial cellular damage caused by pulsed light 

Even though pulsed light has been a quite intensely studied non-thermal disinfection technology within 

the last two decades, culture independent methods have been scarcely applied to investigate the impact 

of pulsed light on bacterial cells. While substantial data has been available for e.g. solar disinfection 

(Berney et al. 2006; Bosshard et al. 2009; Bosshard et al. 2010) or in case of continuous UV (Fiksdal 

and Tryland 1999; Schenk et al. 2011; Santos et al. 2012; Santos et al. 2013; Zhang et al. 2015; Yang et 

al 2020), only a limited number of studies has been dedicated to the investigation of underlying 

inactivation mechanisms of pulsed light so far. There are several studies, where also advanced methods 

other than plate counts were applied to investigate the impact of pulsed light on a cellular level 

(Takeshita et al. 2003; Farrell et al. 2011; Cheigh et al. 2012; Said et al. 2012; Massier et al. 2012; 

Massier 2013; Zhu et al. 2019; Clair et al. 2020) but a comprehensive multi-method approach had not 

been presented yet. 

Chapter 3.2 of this work was therefore dedicated to the clarification of the mode of bacterial inactivation 

by use of a multi-method approach. For this purpose, functional as well as structural modifications of 

bacterial cells upon pulsed light exposure were examined under standardized conditions whereat cellular 

properties of bacteria were especially investigated by flow cytometry using different fluorescent probes. 

The membrane potential (DIBAC4), esterase activity (CFDA), efflux pump activity (Ethidium 

bromide), substrate transport across the membrane (2-NBDG), membrane integrity (Propidium iodide) 

or intracellular reactive oxygen species (Dichlorofluorescein diacetate) were assessed in this way. Other 

techniques complemented the flow cytometric analysis. The cellular respiration was determined by a 

colorimetric microplate assay based on the reduction of WST-8 to formazan, while the ATP content of 

bacteria was quantified by a luciferin-luciferase assay. Furthermore, a plasmid (pGLO) containing a 

gene encoding for a green fluorescent protein (GFP) was introduced in bacterial cells in order to 

investigate their ability to newly synthesize proteins upon pulsed light treatments. For this purpose, 

pulsed light exposed cells were transferred to an arabinose containing buffer which induced the 

expression of GFP. The increase of fluorescence of single bacterial cells was subsequently recorded by 

flow cytometry over time. Furthermore, molecular biological methods based on the polymerase chain 

reaction (PCR) were applied in order to detect DNA damages. RAPD-PCR served as a qualitative 

method while Realtime-PCR allowed a more quantitative analysis of occurring DNA lesions.  

Photochemical vs Photothermal effects  

Due to the broad emission spectrum of pulsed light, including ultraviolet, visible but also infrared light, 

inactivation of microorganisms by pulsed light has been typically attributed to a combination of 

photochemical as well as photothermal effects. This rather general description of the mode of action 

implies that besides the impact of ultraviolet light, which is known to induce photochemical reactions, 

thereby altering structures of proteins, lipids and especially nucleic acids (Rastogi et al. 2010, Santos et 

al. 2013), also physical damage of cellular structures due to a short localized overheating of microbial 
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cells plays a significant role (Gómez-López et al. 2007; Elmnasser et al. 2007; Oms-Oliu et al. 2010). 

However, uncertainty prevails to which extent both factors are involved and if the microbicidal 

mechanisms significantly deviate from those found in case of continuous ultraviolet radiation.  

The UV-C fraction (200–280 nm) of pulsed light has been undoubtfully identified as the most decisive 

part of the pulsed light spectrum for microbial inactivation. Wang et al. (2005) demonstrated that the 

most efficient inactivation of E. coli occurs at around 270 nm, while almost no inactivation is observed 

above 300 nm. Woodling and Moraru (2007) likewise confirmed that the spectral fraction below 300 

nm is crucial for microbial killing of pulsed light. Wavelengths between 300 and 400 nm only caused a 

slight reduction of L. innocua and removal of all UV light led to a complete loss of the microbicidal 

action (Woodling and Moraru 2007). Levy et al. (2012) demonstrated that the spectral range between 

225 and 280 nm is most important for the inactivation of B. subtilis spores on an agar surface, while 

wavelengths above 280 nm had almost no effect. In addition, Ramos-Villarroel et al. (2012) confirmed 

that the visible light and the near infrared fraction of the pulsed light spectrum alone do not provide a 

pronounced bactericidal effect. Such findings were also made in the present thesis when an optical filter 

was used to eliminate all wavelengths of the pulsed light spectrum under 400 nm. In this case, no 

significant reduction of bacteria was possible, irrespective of the applied fluence. This shows that visible 

and infrared light are no determinant factors for the inactivation of microorganisms.     

The importance of the UV-C range for microbial inactivation is in line with several findings that 

primarily DNA modifications are induced by pulsed light (Takeshita et al. 2003; Farrell et al. 2011; 

Cheigh et al. 2012). The occurrence of UV-induced structural changes in nucleic acids, especially 

cyclobutane pyrimidine dimers or 6–4 pyrimidine–pyrimidinone, results in the inhibition of cell 

replication or transcription, leading to cell death (Rastogi et al. 2010). Pyrimidine dimers, being the most 

important UV induced DNA damage, are formed between adjacent pyrimidine molecules on the same 

strand of DNA. Aguirre et al. (2018) found a 5:1 ratio of cyclobutane pyrimidine dimers and pyrimidine 

(6–4) pyrimidone photoproducts in pulsed light treated L. innocua cells. A major contribution of DNA 

damage to the inactivation of bacterial cells has also been confirmed in this thesis. The colony count 

reduction of Listeria innocua and E. coli caused by pulsed light exposure proved to be directly linked 

to the occurrence of DNA lesions, which were detected by both, RAPD-PCR and Realtime-PCR. While 

stepwise increasing the applied fluence, the onset of significant DNA modifications was accompanied 

by a significant colony count reduction. These results confirmed the importance of photochemical 

effects caused by the UV content in pulsed light, thereby directly affecting nucleic acids. However, the 

direct involvement of membrane disruption as a decisive factor for the inactivation of bacterial cells (E. 

coli and L. innocua) was not confirmed in this thesis. An increased uptake of propidium iodide in 

bacterial cells as well as leakage of ATP from pulsed light treated bacteria was only found after intense 

treatments with more than 1 J/cm². Since cellular integrity was only affected at such high fluences, 

where culturability was already completely lost, photothermal effects were not found to be a major cause 

for bacterial inactivation. The same accounts for the esterase activity, which proved to be almost 

unaffected by pulsed light. However, it has to be noted that in this study, the bacterial cells were exposed 

to pulsed light on a moist gel surface. Even the highest fluence of approx. 5 J/cm² did not lead to a 

considerable temperature increase of the gel surface. An overheating of bacterial cells and thermal 

damage to cell membranes was therefore potentially prevented. Consequently, since only pronounced 

photochemical but not photothermal effects could be clearly verified in this work, similarities in the 

mode of bactericidal action between pulsed light and continuous UV are indicated. In fact, exposure of 

microorganisms to continuous UV has not been related to extensive structural damage of cell envelopes 

(Fiksdal et al. 1999, Hammes et al. 2011; Zhang et al. 2015). 
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These results are in line with previous findings reported by Nicorescu et al. (2013) for B. subtilis 

vegetative cells, which were pulsed light treated in suspension. Bacterial morphology was not affected 

even when a reduction of the colony count by 8 logarithmic units was found (Nicorescu et al. 2013). 

Furthermore, Levy et al. (2012) did not find pulsed light induced alterations of the structures of B. 

subtilis and A. niger spores by scanning electron microscopy. Anderson et al. (2000) stated that the 

pulsed light inactivation of microorganism cannot be attributed to a photothermal action, since 

temperature rise in their investigations was negligible. In addition, similarities between the impact of 

continuous UV and pulsed light on the transcriptome of bacteria have been reported. Based on a whole-

genome DNA microarray analysis, Uesugi et al. (2016) investigated the response of L. monocytogenes 

to pulsed light and compared it to continuous UV light. Significant differences in gene expression were 

not found after exposure to either continuous UV or pulsed light, which indicates that the microbicidal 

effect of pulsed light is mainly caused by the UV content (Uesugi et al. 2016).  

However, there are also studies reporting about distinct differences in the microbicidal action between 

continuous UV and pulsed light (Takeshita et al. 2003; Cheigh et al. 2012; Garvey et al. 2016; Esbelin 

et al. 2016). According to Takeshita et al. (2003) and Garvey et al. (2016), structural damages to the cell 

membrane or cell wall occurred at a much higher extent upon exposure to pulsed light compared to 

continuous UV. Pronounced rupture of vegetative microbial cells caused by pulsed light exposure has 

also been proposed by Krishnamurthy et al. (2010) for S. aureus, by Farrell et al. (2011) for C. albicans 

and by Ferrario et al. (2014) for S. cerevisiae. Furthermore, Clair et al. (2020) reported about differences 

in the inactivation of bacterial spores by pulsed light and by UV-C. Pulsed light induced damage to the 

spore coat was proposed as a specific factor for the inactivation of B. subtilis spores since an elimination 

of spore coat proteins was only found upon pulsed light treatments but not in case of continuous UV 

(Clair et al. 2020). Distinct differences in the microbicidal action between continuous UV-C and pulsed 

light were also observed by Esbelin et al. (2016) who showed that a lack of certain coat proteins in 

Bacillus subtilis spores has significant impact on the resistance to pulsed light but not continuous UV-

C.  

It is furthermore under discussion whether oxidative stress also directly contributes to the microbicidal 

action of pulsed light. Corresponding defects like lipid peroxides and carbonylated proteins have been 

detected in bacterial cells after continuous UV treatments. Especially UV-A has been proven to enhance 

the formation of reactive oxygen species (Santos et al. 2012, Santos et al. 2013). In this thesis, reactive 

oxygen species (ROS) were also detected in pulsed light exposed bacterial cells using a fluorescent 

probe. However, resulting cellular defects like lipid peroxides (TBARS) were exclusively found after 

very intense pulsed light treatments and therefore did not correlate to the loss of culturability. Similar to 

our results, Farrell et al. (2011) found pulsed light induced cytosolic localization of ROS with 

concomitant lipid hydroperoxidation in C. albicans. Furthermore, Zhu et al. (2019) detected the 

production of hydroxyl radicals by pulsed light, which were assumed to accelerate the cell death of E. 

coli O157:H7. On the other hand, based on a proteomic study, Massier et al. (2012, 2013) did not find 

a pulsed light induced oxidative stress defence mechanism in Ent. faecalis or P. aeruginosa at low 

energy doses, so the impact of ROS most likely seems to be restricted to high intensities of pulsed light.   

According to the findings of this thesis as well as available literature, it is yet difficult to draw a concise 

conclusion to which extent and under which conditions the microbicidal action of pulsed light deviates 

from continuous UV and to which extent photothermal and photophysical effects play a role. It appears 

most likely that the occurrence of structural damage to microbial cell membranes and cell walls depends 

on various factors including the kind of microorganism as well as the experimental and instrumental 
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setup. Especially the surrounding matrix in which microorganisms are embedded during pulsed light 

exposure is likely to have profound impact on the extent of photothermal effects. A bacterium or a spore 

which is located on a dry surface like a packaging film or stainless steel will most likely be more prone 

to photothermal effects than a bacterium which is suspended in a liquid or deposited on a moist surface. 

In this context, it should also be kept in mind, that the detection of ruptured cells may also be the result 

of subsequent cell lysis provoked by DNA damage and not always an immediate cause of pulsed light. 

Undoubtfully, DNA modifications represent the primary cause for the observed colony count reductions 

upon pulsed light exposure, while direct damage to microbial cell structures as well as oxidative stress 

may support the microbicidal effect. 

Viability of pulsed light exposed bacteria and implications regarding food safety 

Another important finding of this thesis is the verification of residual cellular functions of non-culturable 

bacteria after pulsed light exposure. Bacteria still showed significant signs of viability although they 

rendered unable to form colonies on an agar plate. Mutagenic alterations like pyrimidine dimers, mainly 

due to the direct impact of UV-C, cause blockage of the cellular replication and transcription processes 

(Rastogi et al. 2010). On the basis of plate count data and qPCR as well as RAPD-PCR, it was confirmed 

that the onset of damage to nucleic acids is directly linked to a loss of culturability. Furthermore, pulsed 

light strongly reduced the protein expression, which was quantified by the detection of plasmid encoded 

green fluorescent protein (GFP) using flow cytometry. The percental reduction of newly synthesized 

GFP in E. coli and Salmonella enterica was found to be equal to the respective colony count reduction, 

which highlights the occurring DNA damage just as well. These two parameters (capability for cell 

division and protein expression) were by far the most affected by pulsed light, while a number of other 

viability parameters still indicated significant cellular activity. The esterase activity of E. coli and L. 

innocua proved to be almost unaffected by pulsed light, which was likewise the case for the membrane 

integrity. Other functions like the respiratory activity, ATP-synthesis capacity or the active substrate 

transport across the cell membrane were indeed reduced by pulsed light treatments in a dose dependent 

manner, but to a much lower extent compared to the culturability or the protein synthesis. These findings 

revealed that certain metabolic functions (e.g. the respiratory chain and enzyme activity) are still active 

in non-culturable cells while cell replication and protein expression are immediately disrupted due to 

lesions in nucleic acids. The observed shutdown of these metabolic functions over time appeared to be 

more a consequence of the DNA damage than a direct impact of pulsed light. A similar time-dependent 

decay of the physiological state has been reported previously for Salmonella thyphimurium upon 

expsoure to UV-A light (Bosshard et al. 2009). A more recent study performed by Yang et al. (2020) 

also confirmed that continuous UV induces DNA damage but does not lead to immediate ATP depletion 

of E. coli and S. aureus. Instead, a time dependent degradation of ATP has been found, which was 

accelerated at higher fluences (Yang et al. 2020).  

Such findings have raised the question whether pulsed light may cause sublethal damage to bacterial 

cells and induce a viable but nonculturable (VBNC) state in microorgansims (Rowan et al. 2015). 

Representing a distinct survival strategy, VBNC state microorganisms cannot be cultured on routine 

microbiological media, yet maintain their viability and pathogenicity (Rowan et al. 2015). Indications 

that pulsed light could promote the entrance of bacteria in such a condition have been comprehensively 

reviewed by Rowan et al. (2015). Sublethal injuries and the induction of viable but nonculturable states 

in microorganisms have also been discussed for other non-thermal food preservation technologies like 

pulsed electric fields, cold plasma and high hydrostatic pressure (Schottroff et al. 2018). Regarding 

pulsed light, some findings have been presented which indeed support the assumption that pulsed light 
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may induce a VBNC state in bacteria. For instance, Said et al. (2012) reported about a pulsed light 

induced VBNC state of S. typhi, which lose the cultivability in usual culture media, but keep viability 

and phage susceptibility. Garvey et al. (2016) suggested the occurrence of a viable but non-culturable 

state in pulsed light treated cells since viability PCR did not correspond to the cell viability as determined 

by colony counts. With respect to Botrytis cinerea and by use of flow cytometry, Bernal et al. (2019) 

showed that most conidia entered in a viable non-culturable state upon pulsed light exposure. 

Subpopulations with active esterase and intact membranes were detected although B. cinerea's ability 

to form colonies in agar was already significantly decreased (Bernal et al. 2019). Zhang et al. (2015) 

reported about the occurrence of viable but non-culturable E. coli and Pseudomonas aeruginosa cells 

after UV disinfection. It was found that these bacteria still express virulence genes, suggesting that 

VBNC bacteria still display pathogenicity, although they were no more culturable (Zhang et al. 2015). 

Furthermore, the confirmation of occurring repair mechanisms like photoreactivation may be seen as 

another proof for sublethal damage of bacteria upon pulsed light exposure. It has been shown that DNA 

lesions like pyrimidine dimers are to some extent reversible by enzymatic photorepair processes under 

daylight illumination, allowing recovery of pulsed light exposed bacteria with minor DNA damage. 

Photorepair mechanisms in pulsed light treated microorgansims have not only been confirmed in the 

present study in case of E. coli and Listeria innocua, but also by a number of previous studies (Maclean 

et al. 2008; Farrell et al. 2010; Lasagabaster and de Marañón 2014). Furthermore, Massier et al. (2012, 

2013) still found an active stress response of pulsed light treated Ent. faecalis and P. aeruginosa 

population after applying energy doses which reduced the colony count more than 100-fold. Their data 

indicated the upregulation of several stress related proteins, revealing reduced energy conversion and 

increased transcriptional and translational processes in response to DNA damages caused by pulsed 

light. The cellular response also provided higher resistance to a subsequent treatment (Massier et al. 

2012, Massier et al. 2013). Similarly, Uesugi et al. (2016) reported that various stress proteins, motility 

genes and transcription regulators are upregulated in Listeria monocytogenes by pulsed light, which also 

underlines the high complexity of the microbial response to pulsed light, as it is assumed to be a multi-

target inactivation process (Rowan et al. 2015).  

Although investigations regarding the bacterial reaction to pulsed light suggest the induction of 

molecular responses and residual cellular activity, there is no evidence whether pulsed light exposed 

bacteria, which are incapable to reproduce, may still pose a risk to human health by either ongoing toxin 

production or recovery and regrowth under certain conditions other than illumination. In this context, 

Yang et al. (2020) suggested that the temporary stability of a viability parameter like the bacterial ATP 

content is most likely inadequate to conclude that ultraviolet light induces a VBNC state in bacteria. 

This opinion may also be shared based on results of this thesis regarding pulsed light. The synthesis of 

plasmid-encoded GFP was reduced to a similar extent as the culturability of S. enterica and E. coli, 

showing that pulsed light exposed bacteria which are unculturable are most likely also unable to express 

proteins. These findings indicate a loss of pathogenicity of bacterial cells upon pulsed light treatments, 

as it may be assumed that the synthesis of toxins or other virulence-associated genes by pathogenic 

bacteria after pulsed light treatments is similarly affected. Nevertheless, further studies dedicated to this 

controversial topic should be conducted for clarification. 

Application of pulsed light for disinfection of fresh produce 

After it has been approved by the FDA for food disinfection purposes in 1996, many studies were 

conducted to investigate the suitability of pulsed light to reduce microbial loads on various foods, 
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including meat and fish, beverages or fresh produce (Mandal et al. 2020). However, pulsed light has not 

been taken up on a large scale by the food industry yet (Rowan 2019). While it is highly suitable for the 

inactivation of evenly distributed microorganisms on smooth surfaces without excessive irregularities 

like e.g. packaging material, its applicability on food appears more challenging. The instrumental setup, 

the methodical approach as well as the design of different studies often vary greatly, which may be the 

reason for a wide range of reported results. Therefore, the establishment of guidelines has been proposed 

in order to harmonize pulsed light experimental data and exposure conditions (Rowan 2019). Prior to 

adoption of pulsed light for food disinfection, not only the effective benefit in terms of reductions of 

microbial loads needs to be verified, but also aspects regarding food safety, the impact on food quality 

as well as legal considerations must be addressed. 

Efficiency of pulsed light for disinfection of fresh produce 

In chapter 3.3 of this thesis, two different modes of pulsed light treatments of fresh produce were studied. 

On the one hand, a direct treatment in dry state was applied while on the other hand, a treatment during 

a washing process in water was used. Fresh cut endive salad as well as mung bean sprouts were chosen 

as model products for these studies, since they are frequently associated with foodborne disease 

outbreaks. Differently to the previous in vitro trials of chapters 3.1 and 3.2, where bacteria were exposed 

to pulsed light on a gellan gum surface, E. coli as well as L. innocua were artificially inoculated on these 

two products. Regarding the inactivation of inoculated bacteria on different varieties of fresh produce, 

it has been shown that the inoculation method may also significantly affect the achievable count 

reduction. For instance, Huang and Chen (2019) showed that distinctively higher reductions of 

Salmonella on tomatoes, blueberries or iceberg lettuce are obtained by pulsed light treatments when 

bacteria were spot inoculated instead of using a dip inoculation method. While reported reductions of 

the colony counts were as high as 1.9 to 5.7 orders of magnitude for spot inoculation, reductions by 1.8 

to 2.6 orders of magnitude were found in case of dip inoculation (Huang and Chen 2019). A higher 

effectiveness of pulsed light inactivation of spot inoculated E. coli on green onions was also found by 

Xu et al. (2013), when compared to dip inoculation. It can be assumed that spot inoculation, where very 

high densities of bacteria are obtained at certain locations, does not properly reflect the natural path of 

contamination of lettuce or sprouts. Bacteria are more likely distributed on the whole surface of lettuce 

or sprouts, especially after a washing process. Consequently, a dip inoculation method was applied in 

the present thesis, since it represents a more realistic scenario of contamination during a washing process 

and also provides more conservative data regarding the achievable microbial reduction. The effect of 

pulsed light against the native microflora of endive salad or mung bean sprouts was examined separately 

without prior inoculation. 

While reductions of the colony forming units by more than 6 orders of magnitude were found at fluences 

of less than 1 J/cm² on the gel surface, the achievable reduction of inoculated bacteria as well as the 

native microflora on either endive salad or mung bean sprouts was limited to approximately 300-fold 

and 80-fold when treated in dry state with up to 3 J/cm² respectively. Quantitative results for the 

reduction of microbial loads on these types of products reported by other research groups are in a similar 

range. Gómez-López et al. (2005) achieved maximum reductions of mesophilic aerobic counts on 

soybean sprouts and shredded iceberg lettuce by a factor of 4.5 and 110 respectively. Using spinach 

leaves as model food matrix, Agüero et al. (2016) reported reductions of E. coli and L. innocua colony 

counts by 50-200 fold and 70-400 fold respectively. In case of spot inoculated spinach leaves, 

Mukhopadhyay et al. (2019) found a 50-fold reduction of E. coli O157:H7 after a pulsed light treatment 

with 1.05 J/cm², which is comparable to the results of this thesis.  
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Regarding the pulsed light treatment of endive salad and mung bean sprouts, significant tailing effects 

in dose-response curves were found. After a continuous and almost log-linear decline of the viable count 

at fluences up to approximately 1 J/cm², the application of higher energy doses did not result in further 

lethal effects. This significant shape of dose-response curves revealed maximum levels of achievable 

inactivation, where no enhanced microbicidal effect will be attained by increasing the applied fluence. 

Similar inactivation curves have also been described by other research groups (Izquier and Gómez-

López 2011, Mukhopadhyay et al. 2019) and have been attributed to matrix effects arising from the 

complex food surface structure. A complete sterilization of such products by pulsed light treatments is 

therefore almost impossible. A generally lower efficiency of pulsed light disinfection of food surfaces 

compared to standardized in vitro experiments has been documented in various studies (Oms-Oliu et al. 

2010). It seems most likely attributable to matrix effects arising from cavities, pores and other 

irregularities of the surface microstructure of fresh produce, thereby protecting embedded 

microorganisms from the incident light. Fluorescence microscopic pictures taken from the surface of 

mung bean sprouts as well as iceberg lettuce (Figure 4.2) highlight the irregularities of such natural 

products on microscopic level and show the uneven distribution of microbial loads. The native 

microflora on these two kinds of fresh produce was stained with SYBR green, which revealed an 

accumulation of microorganisms at certain spots on the product surface. The left and the right picture 

show the same image recorded with different optical filters so that the green fluorescent microflora is 

more apparent on the left side while the plant microstructure is more precisely depicted on the right side.  

 

 

Figure 4.2 Fluorescent microscopic pictures of mung bean sprouts (top) and endive salad (bottom). The pictures 

on the left and the right show the same spot obtained with different optical filters (unpublished results). 
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According to the microscopic images, bacteria on mung bean sprouts as well as endive salad are to a 

large fraction present in cavities between plant cells. This pattern of distribution most likely causes 

shadow effects that affect the extent of microbial inactivation. Furthermore, it has been shown that the 

occurrence of multiple cell layers results in protection of embedded bacteria (Farrell et al. 2010, 

Cudemos et al. 2013). Farrell et al. (2010) showed that the size of S. aureus and P. aeruginosa 

populations on an agar surface affect the inactivation efficiency, leading to lower reductions at a higher 

cell density due to shadow effects caused by cell clusters and multilayers. In case of fresh produce like 

lettuce, bacterial cells are also known to be able to form biofilms or internalize in plant tissue, which 

may likewise provide protection from pulsed light (Montgomery and Banerjee 2015, Mukhopadhyay et 

al. 2019).  

Importance of storage trials 

As the occurrence of residual populations on the product surface appears inevitable, their growth during 

storage after pulsed light exposure of the product surface needs to be considered. A disinfection 

treatment is only effective when the initially obtained count reduction is maintained for a certain period 

of time, depending on the respective product and desired shelf life. It is therefore essential to perform 

storage trials under realistic conditions in order to track the development of microbial populations with 

respect to occurring lag phases and growth rates. In the present study, the total colony count of endive 

salad was reduced by two orders of magnitude directly after pulsed light exposure, but after an adaption 

phase with subsequent increase of the microbial growth rate, the count reduction was almost absent after 

7 days of cold storage. Since the number of microbial competitors is usually reduced after pulsed light 

and remaining viable microorganisms may exhibit an increased degree of resistance, an enhanced 

microbial proliferation rate is likely to be observed during storage of pulsed light-treated produce. An 

accelerated growth of survivors and a decreasing count reduction compared to untreated products which 

implies a gradual decline or disappearance of the disinfection effect was also found in several other 

studies (Aguiló-Aguayo et al. 2013; Koh et al. 2016; Xu and Wu 2016). On the other hand, it has also 

been reported that pulsed light exposure may reduce the microbial growth rates, which has been 

observed in the case of pulsed light-treated mushrooms (Oms-Oliu et al. 2010), freshcut apples (Avalos 

Llano et al. 2015) or spinach leaves (Mukhopadhyay et al. 2019). These variable results underline the 

importance of specific microbial storage trials, thereby most suitably assessing native microbial 

populations, which usually show a different behavior compared to inoculated microorganisms on 

produce surfaces after pulsed light exposure during storage. 

Application of pulsed light during fresh produce washing 

Considering the two different modes of pulsed light application, the achievable count reduction on mung 

bean sprouts was slightly higher in dry state treatment compared to the pulsed light treatment during a 

washing process, although the applied total fluence was about 6 times higher in case of the treatment in 

water. Pulsed light exposure for up to 1 min under stirring led to 3-fold (native microflora) or 40-fold 

(L. innocua) reductions of the colony count in maximum. Treatments in dry state allowed reductions of 

the colony counts by the factor 35 (native microflora) and 80 (L. innocua). Such differences may arise 

from an inhomogeneous pulsed light exposure of the surface of the sprouts in the wash water, where the 

produce was constantly circulated by stirring. However, microbial reductions on endive salad by pulsed 

light in dry state were comparable to those obtained within treatments in water during the washing 

process (up to 300-fold in both cases). Comparable results were presented by Huang and Chen (2019), 

who treated dip inoculated lettuce shreds by pulsed light in water. Using either a low (0.15 J/cm² per 
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pulse) or a high (0.30 J/cm² per pulse) fluence for one or two minutes resulted in reductions of 

Salmonella counts by 160 and 400-fold (low fluence) or 250 and 400-fold (high fluence) (Huang and 

Chen 2019).  

Results presented in chapter 3.3 furthermore showed that pulsed light was more efficient in the reduction 

of microbial loads on the produce surface than treatments with the sanitizers electrolytically generated 

hypochlorite or chlorine dioxide. The reduction of bacteria attached to endive salad or mung bean 

sprouts by those sanitizers was only 3-fold higher compared to tap water even though relatively high 

concentrations of 40 mg/L free chlorine (electrolytically generated hypochlorite) and 15 mg/L chlorine 

dioxide were used. Similar findings were also reported by Huang and Chen (2018) in case of pulsed 

light treatments of iceberg lettuce shreds in water combined with a chlorine wash (10 ppm free chlorine) 

for 1 min. Pulsed light treatments generally had a higher effect than a chlorine wash to inactivate 

Salmonella on the lettuce surface regardless the wash water quality and inoculation method (Huang and 

Chen 2018). Mukhopadhyay et al. (2019) likewise reported that a 15 s pulsed light treatment is more 

effective than a sanitizer wash (mixture of 3% hydrogen peroxide, 0.02 mM EDTA and 20 mg/ml Nisin) 

for 2 min. The achieved count reductions of E. coli O157:H7 on spinach leaves were 8 fold higher in 

case of pulsed light compared to the sanitizer wash (Mukhopadhyay et al. 2019).  

In this thesis, a combination of sanitizer treatment and pulsed light exposure did not result in an increased 

microbial reduction. Even though similar findings have also been reported in other studies previously 

(Xu et al. 2013, Xu and Wu 2014), there are indications that such hybrid treatments could be useful to 

maximize the microbicidal efficiency (Mukhopadhyay et al. 2019). In addition, the results of this thesis 

confirmed that electrolytically generated hypochlorite and chlorine dioxide indeed represent effective 

antimicrobials, which enable a complete inactivation of microorganisms suspended in wash water during 

fresh produce processing. In this way, the level of microbial loads in the wash water can be strongly 

reduced. However, a significant reduction of microbial loads (approx. 1000-fold) in the wash water was 

also found during pulsed light exposure of mung bean sprouts and endive salad. In agreement with the 

results of this thesis, Huang and Chen (2019) likewise found a 1000-fold colony count reduction of 

Salmonella in the wash water of dip inoculated shredded lettuce after pulsed light exposure for one 

minute. Huang et al. (2015) previously confirmed that Salmonella removed from inoculated blueberries 

or raspberries during the washing process can be effectively inactivated by pulsed light. Pulsed light 

treatments may therefore also contribute to the reduction of cross contaminations and carryover of 

bacteria via the wash water and likely replace the controversial use of sanitizers in fresh produce 

washing.  

Impact of pulsed light on fresh produce quality 

Regarding the impact of pulsed light on the produce quality, differing results were obtained in this thesis. 

While a pronounced browning of endive salad was evident during storage after pulsed light treatment, 

a positive impact on the color and general appearance of mung bean sprouts was found after several 

days of storage. Indeed, deviating results regarding the impact of pulsed light on organoleptic and 

physico-chemical properties of various fruits and vegetables have also been reported in a number of 

previous studies. While in some cases pulsed light caused discolorations, tissue softening or odor 

changes, other studies did not find negative effects of pulsed light on product quality. For instance, 

undesirable quality changes have been reported by Gómez-López et al. (2005) for pulsed light treated 

iceberg lettuce while an increased browning, tissue softening and pronounced respiration was observed 
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in case of fresh-cut avocado by Ramos-Villarroel et al. (2011). However, the effect of pulsed light on 

fresh produce appears to be particularly driven by the respective product matrix (Mandal et al. 2020).  

In this thesis, the occurrence of a dose dependent tissue browning was not observed immediately, but 

within few days after pulsed light treatments. In addition, the respiration rate increased in a dose 

dependent manner. These detrimental effects of pulsed light on endive salad could be attributed to the 

UV-C content of pulsed light. The browning and the increase in respiration were significantly reduced 

or even completely prevented by use of optical bandpass filters. A UG11 filter (Transmittance: 275-375 

nm) almost completely eliminated tissue browning of endive salad while a UG5 filter (Transmittance: 

240-395 nm) provided at least significant reduction of detrimental effects. While the UG5 bandpass 

filter did not have impact on the achievable microbial reduction, the microbicidal effect of pulsed light 

treatments with the UG11 bandpass filter was approximately 3-fold lower than without optical filter. 

However, the results show that gentle treatments of rather sensitive commodities like fresh cut salad are 

feasible by optimization of the spectral range of pulsed light.  

In contrast to endive salad, a positive impact of pulsed light treatments on the appearance of mung bean 

sprouts was found in the present thesis. After several days of chilled storage under atmospheric 

conditions, high microbial loads of up to 1010 cfu/g are usually found on mung bean sprouts, leading to 

discolorations, tissue softening and slime formation. Even though the microbicidal effect of pulsed light 

was limited to a reduction of the colony count by a factor of 10-100, such a decrease of microbial loads 

decelerated this kind of quality loss. Hence, an improved quality retention of sprouts can be achieved 

when microbial loads remain on a significantly reduced level throughout storage.  

Several studies confirmed that pulsed light exposure of fresh produce can have a positive impact on the 

nutritional value. Light-based technologies like continuous UV-C or pulsed light have been shown to 

increase the concentration of phytochemicals, especially in mushrooms and fruits. This could be due to 

the activation of plant defense response to the treatments, which express the formation of phenolic 

compounds, carotenoids and antioxidants (Mandal et al. 2020). For instance, Collazo et al. (2019) 

reported about an increase in total phenolic content by 25 % relative to chlorine-sanitation and an 

enhanced total antioxidant capacity by 12 % and 18 % compared to water and chlorine controls for fresh 

cut broccoli 24 h after pulsed light treatment with 1.5 J/cm². Agüero et al. (2016) similarly found a 

significant increase of the total polyphenolic content and antioxidant capacity of spinach in the range of 

5–10 % and 32–34 % after treating samples with 2 or 4 J/cm², respectively. A potential positive effect 

of pulsed light on the nutritional value of fresh produce was not examined in the present thesis, however, 

it represents an additional interesting aspect when pulsed light is considered as a postharvest treatment.     

Consequences for utilization of pulsed light for fresh produce disinfection on industrial scale 

Regarding the application of continuously operating pulsed light systems for fresh produce disinfection, 

products with a preferably smooth surface and a simple geometry without extensive crevices (e.g. whole 

tomatoes, cucumber or apples) seem to be more suitable than produce with rougher surface and more 

complex and variable structure (e.g. different kinds fresh-cut salad). Since pulsed light does not 

penetrate produce, the occurrence of product clusters represents a crucial issue which needs to be 

avoided as far as possible. It is likely to play a major role especially in case of small fragmented products 

(bulk goods) with variable and complex geometry like e.g. cut salad. Furthermore, a complete exposure 

of the products from all sides has to be ensured, which implies the necessity of e.g. turning or circulating 

of the product during pulsed light treatments. Taking into account these prerequisites, the following 
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practical approaches seem promising regarding an industrial implementation of pulsed light systems in 

the production chain of fresh produce.  

 Exposure to pulsed light in “dry state”: Integration of flash lamps in produce sorting systems 

where the product is evenly distributed on conveyor belts (e.g. vibrating conveyor) in order to 

enable complete surface treatment without extensive overlapping of product or presence of 

product clusters (e.g. for fresh-cut salad). A drop section including several flash lamps 

surrounding the falling product may furthermore allow treatment from all sides at once.  

 

 Exposure to pulsed light in water: Integration of pulsed light systems in washing processes with 

several flash lamps placed in the wash-tub, at which a complete treatment of the whole surface 

with defined residence time in the wash water (e.g. 1-5 min) is provided. In this way, 

microorganisms are not only reduced on the produce surface, but also in the wash water. 

Keeping microbial loads on a lower level may allow to minimizing safety hazards due to cross 

contaminations and carryover of pathogenic bacteria.    

The microbicidal effectiveness as well as potential quality implications need to be evaluated in case of 

both scenarios. Since pulsed light may cause detrimental effects like browning (e.g. in case of fresh-cut 

salad) the use of optical filters which allow more gentle treatments with a specific range of UV-C should 

be considered in order to ensure quality maintenance throughout the whole shelf-life. A negative impact 

on product quality is mostly not observable immediately after pulsed light exposure, which calls for 

storage trials with concomitant quality assessment over time.  

Furthermore, the suitability of pulsed light treatments should be proven for every type of product 

individually. Simple transfer of results from one to another product is often not appropriate due to the 

complexity of the microbiological and biochemical properties of each kind of produce. It needs to be 

kept in mind, that the inactivation efficiency of pulsed light treatments on fresh produce will be limited 

to a product specific maximum which will be considerably lower than microbial reductions found on 

smooth surfaces like packaging material. Achievable initial colony count reductions by a factor of 10-

1000 seem realistic in case of fruits and vegetables. The inactivation effect and the microbiological 

status of treated produce should be monitored over time under realistic storage conditions, since initially 

obtained microbial reductions may deplete during storage. This phenomenon has often been observed 

and might be attributable to the selection of very robust survivors, which are capable to rapidly multiply 

after most of the competing microflora has been removed by the treatment. Nevertheless, colony count 

reductions by about 10-fold already appear to be beneficial regarding the microbiological shelf-life as 

well as food safety of fresh produce. According to the German Society for Hygiene and Microbiology, 

warning values for fresh cut salad in case of E. coli or L. monocytogenes are 103 and 102 cfu/g 

respectively, while the guiding value for the aerobic mesophilic colony count is 5*107 cfu/g (DGHM 

2012). Pulsed light treatments could provide a sufficient reduction of microbial contaminations in order 

to remain below these thresholds.  
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5 Summary 

The objective of this work was to investigate the application of pulsed light for food surface disinfection 

under consideration of practical and fundamental issues. Three main questions were addressed which 

focus on  

 the clarification which way of fluence dosage provides the maximum microbicidal effect, 

 the elucidation of the bactericidal effect of pulsed light including the investigation of structural 

and physiological damage to bacterial cells, 

 the achievable microbial reduction on endive salad and mung bean sprouts as well as the impact 

on key quality parameters of these products.  

The results of this thesis are therefore presented in three separate chapters, each of which addresses one 

of the above mentioned topics. 

Few data has been available regarding the impact of relevant process parameters on the efficiency of 

surface disinfection by pulsed light. Since the applied fluence may be regulated either by the discharge 

voltage, the distance from the flash lamp to the target surface or the number of repetitive light flashes 

which are applied, it is crucial to experimentally determine how these parameters affect the achievable 

microbial inactivation. In order to clarify this question, a large set of inactivation trials was performed 

under variation of these process parameters. The two model microorganisms Escherichia coli and 

Listeria innocua were exposed to pulsed light on a gel surface in order to avoid potentially interfering 

matrix effects as much as possible. The colony count data was described as dose-response relationships 

by use of a weibull model. A scale parameter denoted as the fluence for the first decimal reduction and 

a shape parameter were obtained and served for comparison of various inactivation curves which were 

generated with different ways of fluence regulation. In this way, the most effective way of fluence 

dosage could be identified in order to maximize the microbicidal efficiency. 

The implemented trials have shown that the microbicidal effect of pulsed light depends on the total 

fluence, which can be equally triggered by either the distance or the applied voltage. The application of 

single light flashes with high fluence proved to be more effective than dividing the same fluence into 

several successive light flashes. These findings contradict the Bunsen-Roscoe reciprocity law and show 

that the applied peak power is important in pulsed light disinfection processes. However, for a given 

fluence, the pulse frequency did not have impact on the inactivation effect within 1-5 Hz. These findings 

are of high relevance regarding an industrial implementation of pulsed light. Furthermore, the 

sensitivities of various microbial species towards pulsed light were compared. It was shown that 

vegetative bacteria are in general more susceptible to pulsed light than bacterial endospores or mould 

spores. Significant differences in sensitivity could be observed among different bacterial species but 

also even on strain level, without a distinctive trend regarding the gram-staining behavior. With regard 

to various vegetative bacterial species and without interfering matrix effects (e.g. food surface 

microstructure), a fluence of usually less than 0.6 J/cm² was required to reduce an initial colony count 

of about 107 cfu/cm² by more than 10000-fold. Such a fluence can be delivered within only one single 

light flash. For a reduction of spores (endospores or molds), between 0.6 and 0.8 J/cm² were necessary 

to achieve a colony count reduction by the factor 10 under the same conditions. In this case, higher 

reductions (10000-fold or more) were only possible by applying at least two successive light pulses.   
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Besides giving answers to these more practically relevant questions regarding microbial inactivation on 

surfaces by pulsed light, this work was also dedicated to the elucidation of more fundamental aspects. 

The impact of pulsed light on bacterial properties beyond culturability has not been studied in depth 

before. Only few studies have been dedicated to the detection of cellular damage or physiological 

changes of bacterial cells upon pulsed light exposure. However, it has been assumed that a combination 

of photochemical and photothermal effects contribute to microbial inactivation, which is why distinct 

differences in the mode of action between pulsed light and continuous UV-C were supposed. This thesis 

comprises a set of data obtained by a multi-method approach in order to elucidate the effect of pulsed 

light on cellular functions and structures. Flow cytometric studies based on the use of different 

fluorescent stains for the assessment of bacterial enzyme activity, membrane integrity, substrate uptake, 

protein expression, pump activity or oxidative stress were complemented by assays for ATP 

quantification, measurements of the respiratory activity and the detection of lipid peroxidation. In 

addition, pulsed light induced modifications of nucleic acids were detected by the polymerase chain 

reaction. 

In this way, new insights in the mode of bacterial inactivation have been provided, showing that residual 

cellular activity is significant with regard to energy metabolism as well as cellular integrity, although 

cells are unable to replicate due to DNA damage. Lesions to the DNA molecule detected by PCR based 

methods were shown to be directly linked to the loss of cell replication and protein expression ability. 

Accordingly, photochemical changes of the nucleic acids due to the UV component of the xenon flash 

light appear to be decisive for the loss of culturability, while structural damage to the cell membrane 

caused by photothermal effects play a minor role. With regard to the impact on bacterial cells, there 

seem to be similarities to continuous UV irradiation. Oxidative stress may cause additional cellular 

damage e.g. of lipids, but this was only detected at fluences which were several times higher than the 

required fluence for a reduction of the colony count beneath the detection limit. The observed time-

dependent shutdown of energy-dependent functional properties like the respiratory activity appeared to 

be more a consequence of DNA damages than a direct impact of pulsed light. Overall, the results showed 

that significant proportions of bacterial populations are not immediately killed after pulsed light 

exposure, but are present in a sublethal state where cells are unable to replicate but still show metabolic 

functions. This was also confirmed by the occurrence of photoreactivation, a light-dependent DNA 

repair mechanism which provided significant recovery of injured cells upon daylight exposure. 

However, when damage to nucleic acid molecules is too severe to be reversed, bacteria will eventually 

die, essentially due to the inability to replicate and to newly synthesize protein.     

Prior to an industrial implementation of pulsed light for sanitation of fresh produce, the efficiency and 

expectable microbiological benefit as well as the impact on product quality need to be considered. In 

order to determine the achievable microbicidal effect on the surface of fresh produce, the application of 

pulsed light was studied in two different modes. On the one hand, a direct treatment of fresh produce in 

dry state was done while on the other hand, pulsed light exposure was accomplished during a washing 

process. Fresh-cut endive salad and mung bean sprouts were selected as model products, since they both 

represent products with high relevance regarding food safety as well as a microbiologically driven shelf 

life. Initially, the maximum achievable microbial reduction on the two products regarding either 

artificially inoculated bacteria or the native microflora was determined. In order to investigate the impact 

of pulsed light on the product quality, samples of both products were pulsed light treated and then stored 

under refrigeration for several days with concomitant quality assessment, including the microbiological 

state.  
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Although significant microbial reductions by about two orders of magnitude could be shown regarding 

the native microflora as well as artificially inoculated bacteria, an adverse impact on the quality of fresh-

cut endive salad during storage after pulsed light exposure appeared to be of concern. Pronounced 

browning of endive salad was attributable to lower wavelengths in the UV-C range. By use of optical 

bandpass filters, the observed discolorations could be strongly reduced (240 - 395 nm) or completely 

prevented (275 – 375 nm). However, only in the latter case the microbicidal efficiency was 

approximately 3-fold reduced. No negative impact of pulsed light on the quality of mung bean sprouts 

was found, but the colony count reduction was in general lower compared to fresh-cut endive salad, 

especially when pulsed light exposure was conducted in water during a washing process. While 

microbial loads could be reduced by a factor between 100 and 300 in case of endive salad, reductions 

on mung bean sprouts were usually about 10 to 30-fold. Furthermore, pulsed light applied during a 

washing process in water proved to be more effective than treatments with electrolytically generated 

hypochlorite or chlorine dioxide to reduce microbial loads on endive salad or mung bean sprouts. 

Significant colony count reductions were maintained over several days after pulsed light exposure, 

which may contribute to a shelf life prolongation from microbiological point of view. However, the 

initially obtained effect mostly depletes with increasing storage time due to pronounced microbial 

growth on pulsed light treated products. Since matrix effects of the food surface generally play a major 

role for the achievable extent of microbial reduction, the application of pulsed light seems most 

promising in case of rather smooth product surfaces. A homogenous treatment of a complex food surface 

will be challenging, since shadow effects significantly impair the effectiveness of pulsed light 

treatments. An industrial implementation in running production processes seems feasible in terms of 

continuous treatment chambers which may be incorporated in sorter systems (e.g. for fresh cut salad), 

washing or drying facilities (all sorts of fresh produce) or conveyors (e.g. tomatoes, apples, cucumbers). 

Properties of fresh produce vary significantly, it is therefore crucial to conduct preliminary test trials 

with every product in order to assess the impact of the pulsed light treatment on food quality as well as 

the achievable microbial reduction under the respective product specific conditions. In this way, pulsed 

light treatments could be a suitable measure to extend the shelf life of fresh food and improve food 

safety for consumers.      

 



Zusammenfassung 

  201 

 

6 Zusammenfassung 

Die vorliegende Dissertation befasst sich mit der Aufklärung grundlegender aber auch praxisrelevanter 

Fragestellungen hinsichtlich der Anwendung von Xenon-Blitzlicht zur Oberflächenentkeimung von 

Lebensmitteln. Dabei wurden die folgenden drei Kernpunkte adressiert: 

 die Ermittlung der effizientesten Art der Energiedosierung für eine maximale mikrobizide 

Wirksamkeit   

 die Aufklärung der bakteriziden Wirkung von Xenon-Blitzlicht hinsichtlich auftretender 

struktureller und funktioneller Schäden bei Bakterienzellen 

 die Bestimmung der maximal erreichbaren Keimreduktionen auf Endiviensalat und 

Mungobohnensprossen sowie die Prüfung möglicher Auswirkungen auf die Produktqualität 

Bezüglich der Auswirkung relevanter Behandlungsparameter auf die Effizienz der 

Oberflächenentkeimung durch Xenon-Blitzlicht waren bislang nur begrenzt Daten verfügbar. Da die 

angewandte Fluenz (J/cm²) entweder durch die Entladungsspannung, den Abstand von der Blitzlampe 

zur Oberfläche oder die Anzahl der applizierten Lichtblitze reguliert werden kann, sind experimentelle 

Untersuchungen notwendig um zu klären, inwiefern diese Parameter die jeweils erreichbare mikrobielle 

Inaktivierung beeinflussen. Zu diesem Zweck wurden Keimträgertests unter Variation der genannten 

Behandlungsparameter durchgeführt. Die beiden Modellorganismen Escherichia coli und Listeria 

innocua wurden dem Xenon-Blitzlicht auf einer Geloberfläche ausgesetzt, um potentiell störende 

Matrixeffekte so weit wie möglich auszuschließen. Die Anzahl der überlebenden Mikroorganismen in 

Abhängigkeit der gewählten Behandlungsintensität wurden als Dosis-Wirkungs-Beziehungen unter 

Verwendung eines Weibull-Modells beschrieben, wodurch spezifische Kenngrößen wie beispielsweise 

die notwendige Energiedosis für eine dezimale Keimreduktion erhalten wurden. Auf diese Weise 

konnten verschiedene Inaktivierungskurven, welche mit unterschiedlicher Art der Energiedosierung 

gewonnen wurden, miteinander verglichen werden.  

Die durchgeführten Versuche haben gezeigt, dass die inaktivierende Wirkung von Xenon-Blitzlicht von 

der applizierten Energiedosis (Fluenz) abhängt, die gleichermaßen durch den Abstand zur Oberfläche 

oder die verwendete Entladungsspannung reguliert werden kann. Auf Grundlage der aus dem Weibull-

Modell erhaltenen Kurvenparameter konnte weiterhin abgeleitet werden, dass einzelne energiereiche 

Lichtblitze im Allgemeinen effektiver sind, als die Aufteilung der Fluenz in mehrere 

aufeinanderfolgende Lichtblitze mit geringerer Energie. Bei Anwendung mehrerer 

aufeinanderfolgender Lichtblitze hatte die Pulsfrequenz bei gleicher Fluenz jedoch keinen Einfluss auf 

die erreichbare Keimreduktion. Diese Ergebnisse widersprechen dem Bunsen-Roscoe Prinzip, welches 

die Unabhängigkeit photochemischer Effekte von der Intensität und Einwirkdauer bei gleicher Dosis 

postuliert. Die Leistungsspitzen bei der Behandlung mit Xenon-Blitzlicht scheinen daher durchaus von 

Relevanz zu sein. Zur Erreichung einer maximalen Entkeimungseffizienz sollte die jeweilige Fluenz 

demnach möglichst auf einmal appliziert werden, anstatt verteilt auf mehrere Blitze. Darüber hinaus 

liefert diese Arbeit Daten bezüglich der Empfindlichkeit verschiedener Mikroorganismen gegenüber 

Xenon-Blitzlicht. Es wurde gezeigt, dass vegetative Bakterien im Allgemeinen eine geringere Resistenz 

aufweisen, als bakterielle Endosporen oder Schimmelpilzsporen. Signifikante Unterschiede in der 

Empfindlichkeit konnten sowohl zwischen verschiedenen Bakterienspezies als auch auf Stammesebene 

beobachtet werden, jedoch ohne einen deutlichen Trend in Bezug auf das jeweilige Gram-

Färbungsverhalten. Bei der Behandlung vegetativer Bakterien auf einer Gelmatrix war üblicherweise 
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eine Fluenz von weniger als 0,6 J/cm² ausreichend, um eine anfängliche Keimdichte von etwa 107 

KbE/cm² um mehr als 4 Zehnerpotenzen zu reduzieren. Eine solche Fluenz kann in nur einem einzigen 

Lichtblitz appliziert werden. Für eine Reduktion der Sporen (Endosporen oder Schimmelpilze) um den 

Faktor 10 waren unter den gleichen Bedingungen zwischen 0,6 und 0,8 J/cm² notwendig. In diesem Fall 

war eine höhere Inaktivierung (um den Faktor 10000 oder mehr) nur dann möglich, wenn mehrere 

aufeinanderfolgende Lichtblitze mit maximaler Entladungsspannung angewendet wurden. 

Neben diesen praxisrelevanten Fragestellungen zur Inaktivierung von Mikroorganismen auf 

Oberflächen durch Xenon-Blitzlicht wurde diese Arbeit auch der Aufklärung der Wirkmechanismen 

gewidmet. Der Einfluss von Xenon-Blitzlicht auf funktionelle und strukturelle Eigenschaften von 

Bakterien, die über deren Kultivierbarkeit hinausgehen, wurde bislang nicht eingehend betrachtet. In 

der wissenschaftlichen Literatur wird der Mechanismus zur Inaktivierung von Mikroorganismen mittels 

Xenon-Blitzlicht üblicherweise recht unspezifisch als eine Kombination aus photochemischen und 

photothermischen Effekten beschrieben. Demzufolge wird oftmals vermutet, dass die Inaktivierung von 

Bakterienzellen durch Xenon-Blitzlicht anders als bei UV-C Strahlern, nicht nur primär auf chemische 

Modifikationen der Nukleinsäuren  zurückzuführen ist. Die vorliegende Arbeit liefert diesbezüglich eine 

quantitative Betrachtung der Auswirkung von Xenon-Blitzlicht auf zelluläre Funktionen und Strukturen 

von Bakterien. Auftretende Zellschädigungen wurden anhand unterschiedlicher, nicht-kulturabhängiger 

Methoden untersucht und der Zusammenhang mit der Kultivierbarkeit der Zellen hergestellt. Dabei 

wurden neben durchflusszytometrischen Messungen mit verschiedenen Fluoreszenzfarbstoffen zum 

Nachweis der bakteriellen Enzymaktivität, Membranintegrität, Substrataufnahme, Proteinexpression 

oder Pumpaktivität auch die ATP-Konzentrationen, die Atmungsaktivität sowie das Auftreten von 

reaktiven Sauerstoffspezies oder Lipidperoxiden bestimmt. Das Auftreten von Schäden an 

Nukleinsäuren wurde mit PCR- basierten Methoden nachgewiesen.     

Es zeigte sich, dass Bakterienzellen nach einer Behandlung mit Xenon-Blitzlicht sowohl noch 

signifikante zelluläre Aktivität im Hinblick auf den Energiestoffwechsel als auch intakte 

Zellmembranen aufweisen, auch wenn sie aufgrund von DNA-Schäden nicht mehr zur Replikation fähig 

sind. Anhand von PCR-basierten bzw. durchflusszytometrischen Methoden konnte gezeigt werden, dass 

auftretende Schädigungen des DNA-Moleküls direkt mit dem Verlust der Zellproliferation sowie der 

Proteinexpression verbunden sind. Demzufolge scheinen für den Verlust der Kultivierbarkeit 

insbesondere photochemische Veränderungen der Nukleinsäuren durch den UV Anteil des Xenon-

Blitzlichts ausschlaggebend zu sein, während strukturelle Schäden der Zellmembran durch 

photothermische Effekte eher eine untergeordnete Rolle spielen. Hinsichtlich der Auswirkungen auf 

Bakterienzellen scheinen daher deutliche Ähnlichkeiten zu kontinuierlicher UV-Strahlung zu bestehen. 

Oxidativer Stress kann darüber hinaus zu weiteren zellulären Schäden (z.B. von Lipiden) führen, die 

jedoch nur bei Blitzlichtbehandlungen mit signifikant höheren Energiedosen nachgewiesen wurden 

(mehr als 2 J/cm² im Fall von E. coli). Die beobachtete zeitliche Abnahme energieabhängiger 

funktioneller Eigenschaften wie der Atmungsaktivität schien demnach eher eine Folge von DNA-

Schäden zu sein, als eine direkte Auswirkung des Blitzlichts. Die Ergebnisse weisen darauf hin, dass 

signifikante Anteile von Bakterienpopulationen durch eine Behandlung mit Xenon-Blitzlicht nicht 

sofort abgetötet werden, sondern in einem subletalen Zustand vorliegen, in dem sich die Zellen nicht 

replizieren können, aber nach wie vor metabolische Funktionen zeigen. Dies wurde auch durch das 

Auftreten der Photoreaktivierung bestätigt. Der lichtabhängige DNA-Reparaturmechanismus bewirkte 

eine signifikante Erholung von geschädigten Zellen unter Einwirkung von Tageslicht. Falls jedoch die 

Schädigungen der Nukleinsäuremoleküle zu umfangreich sind, sterben Bakterienzellen letztlich ab, im 

Wesentlichen aufgrund der Blockade der Zellreplikation bzw. der Proteinneusynthese. 
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Bevor Xenon-Blitzlicht im industriellen Maßstab zur Keimreduktion auf Frischprodukten genutzt 

werden kann, sollte die Inaktivierungseffizienz unter möglichst praxisnahen Bedingungen bestimmt 

sowie die Auswirkungen auf die Produktqualität geprüft werden. Diesbezüglich wurde die Wirksamkeit 

von Xenon-Blitzlicht in zwei verschiedenen Varianten untersucht. Einerseits wurde eine direkte 

Behandlung pflanzlicher Frischprodukte in trockenem Zustand durchgeführt, zum anderen wurde eine 

Blitzlichtbehandlung während eines Waschprozesses durchgeführt. Geschnittener Endiviensalat und 

Mungobohnensprossen wurden als Modellprodukte ausgewählt, da diese Produkte sowohl hinsichtlich 

der Lebenmittelsicherheit als auch dem mikrobiellen Verderb relevant sind. Zunächst wurde die 

maximal erreichbare Keimreduktion auf den beiden Produkten in Bezug auf künstlich aufgebrachte 

Bakterien bzw. die native Mikroflora bestimmt. Die Prüfung der Auswirkung des Blitzlichts auf die 

behandelten Produkte erfolgte anhand von Lagertests mit begleitender Qualitätsbewertung, 

einschließlich des mikrobiologischen Zustands.  

Obwohl im Fall der nativen Mikroflora als auch im Hinblick auf künstlich aufgebrachte Bakterien 

Reduktionen der Keimzahlen um etwa zwei Zehnerpotenzen nachgewiesen werden konnten, zeigten 

sich negative Auswirkungen der Behandlung auf die Farbe von frisch geschnittenem Endiviensalat 

während der anschließenden Lagerung. Die Bräunung von Endiviensalat war dabei auf Wellenlängen 

im UV-C Bereich zurückzuführen und konnte durch Verwendung von optischen Bandpassfiltern stark 

reduziert (Transmission: 240 - 395 nm) bzw. vollständig verhindert werden (Transmission: 275 – 375 

nm). Nur im letzteren Fall wurde die mikrobizide Wirkung des Xenon-Blitzlichts etwa um den Faktor 

drei vermindert. Im Gegensatz dazu führte die Behandlung von Mungobohnensprossen zur einer 

Verbesserung der optischen Qualität, jedoch war die Keimreduktion im Allgemeinen geringer als bei 

geschnittenem Endiviensalat, insbesondere wenn die Behandlung während eines Waschprozesses 

durchgeführt wurde. Während auf Endiviensalat die mikrobielle Belastung um den Faktor 100-300 

reduziert werden konnte, war die Reduktion bei Mungobohnensprossen bei den gleichen Einstellungen 

auf das 10 bis 30-fache beschränkt. Xenon-Blitzlicht erwies sich bei Anwendung während eines 

Waschprozesses in Wasser als wirksamer verglichen zu Behandlungen mit elektrolytisch erzeugtem 

Natriumhypochlorit oder Chlordioxid. Signifikant verminderte Keimbelastungen verglichen zu 

unbehandelten Produkten waren über mehrere Tage nach der Behandlung mit Blitzlicht nachweisbar, 

was aus mikrobiologischer Sicht zu einer Verlängerung der Haltbarkeitsdauer beitragen kann. 

Allerdings wird der anfänglich erzielte Effekt aufgrund eines verstärkten mikrobiellen Wachstums auf 

den behandelten Produkten mit zunehmender Lagerzeit geringer. Da die Struktur der Produktoberfläche 

eine entscheidende Rolle für die maximal erreichbare mikrobielle Reduktion spielt, scheint die 

Anwendung von Xenon-Blitzlicht insbesondere bei Produkten mit besonders glatter Oberfläche von 

Nutzen zu sein. Die Gewährleistung einer gleichmäßigen Behandlung komplexer 

Lebensmitteloberflächen ohne dem Auftreten von Schatteneffekten, welche die Wirkung maßgeblich 

beeinträchtigen können, stellt jedoch eine Herausforderung dar. Eine industrielle Implementierung von 

Xenon-Blitzlampen in laufende Verarbeitungsprozesse erscheint im Fall kontinuierlich betriebener 

Produktionslinien machbar, etwa in Sortieranlagen (z. B. bei Schnittsalat), Wasch- oder 

Trocknungsanlagen (alle Arten pflanzlicher Frischprodukte) oder Förderanlagen (z. B. Tomaten, Äpfel, 

Gurken). Da die Eigenschaften von pflanzlichen Lebensmitteln sehr unterschiedlich sind, sollten vorab 

separate Tests mit jedem Produkt durchgeführt werden, um den Einfluss der Blitzlichtbehandlung auf 

die Lebensmittelqualität sowie die erzielbare mikrobielle Reduktion unter den jeweiligen 

produktspezifischen Bedingungen beurteilen zu können. Auf diese Weise könnten Behandlungen mit 

Xenon-Blitzlicht künftig eine geeignete Maßnahme sein, um die Haltbarkeit von Frischprodukten zu 

verlängern und die Lebensmittelsicherheit für Verbraucher zu erhöhen. 
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