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INTRODUCTION

Recent report from the World Health Organization (WHO) has
concluded that the incidence of foodborne diseases is a growing public health
problem in both developed and developing countries (1). The center of Disease
Control and Prevention (CDC) reported 48 million illnesses, 128000
hospitalizations, and 3000 deaths every year due to foodborne illness caused by
pathogenic microorganisms (2). Fresh produce has been increasingly
implicated as the vehicle of pathogen transmission and became the second
leading cause of foodborne illnesses, which poses a $77.7 billion economic
burden in the US annually (3).

Gram-negative Salmonella enterica is one of the most important
foodborne pathogens (4). Actually, about 1 million people were infected with
non-typhoidal Salmonella, resulting in 19336 hospitalizations and 378 deaths
in the US yearly (5), whereas 96883 cases of human salmonellosis in 2011
were reported in the EU. The highest confirmed case rates were reported in the
Czech Republic (80.69 cases per 100000 population), Slovakia (71.70) and
Lithuania (70.70) (6). Gram-positive Listeria monocytogenes is a primary
cause of food-related mortality and morbidity (mortality rates as high as 30%)
(7). According to CDC approximately 1600 illnesses and 260 deaths due to
listeriosis occur annually in the US (6), whereas 1524 cases of listeriosis in
2011 were reported in the EU (5). Bacillus cereus have been identified as the
cause of 2050 cases of food-borne illnesses in the US (8).

Strawberry (Fragaria * ananassa Duch.) is a major crop with 4-5
millions in tons of production worldwide, whereas European production of
strawberries reaches 1.1 Mt annually (9). Gray mold (Botrytis cinerea) is one
of the most economically important postharvest pathogens that causes
postharvest loses of strawberries. This phytopathogenic mold may cause 30—
40% losses of the harvest if no chemical control is applied (10). Meanwhile,

63% of strawberries contain multiple pesticide residues (11).

10



In this context, modern non-thermal and nonchemical technology based
on photosensitization (photodynamic therapy in treatment of infectious
diseases) might serve as a promising fruit decontamination tool (12,13).

Photosensitization is a treatment involving the administration of a
photoactive compound that selectively accumulates in the target cells which
are then illuminated. The interaction of two non-toxic elements, photoactive
compound and visible light, in the presence of oxygen results in a plethora of
cytotoxic reactions and consequently induces selective destruction of target
microorganism (14,15). However, ALA is a rather expensive compound and it
requires a longer time to produce endogenous porphyrins thus raising the cost
of every ALA-based decontamination technology (14).

Our data indicate that chlorophyllin (Chl) as negatively charged
photosensitizer (PS) is effective against Gram-positive bacteria, but Gram-
negative bacteria are less susceptible to this treatment. This disadvantage of
Chl-based photosensitization limits its more wide application.

In order to increase susceptibility of Gram-negative food pathogens to

Chl-based photosensitization Chl-Chitosan (CHS) conjugate were performed.

The aim of the dissertation work was to increase susceptibility of
Gram-negative food pathogen Salmonella enterica, Gram-positive Listeria
monocytogenes, Bacillus cereus and gray mold Botrytis cinerea to
photosensitization treatment and to investigate the mode of action of Chl-based
photosensitization and photoactivated Chl-CHS conjugate. Moreover, it was
important to apply this antimicrobial treatment for decontamination of food-

related surfaces and some fruits.
The following tasks have been formulated:

1. Inactivation of L. monocytogenes, B. cereus, S. enterica by ALA-based

photosensitization in vitro and on the surface of packaging material.
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2. Evaluation of the antimicrobial effect of Chl-based photosensitization
against Gram-negative (S. enterica), Gram-positive (L. monocytogenes, B.
cereus) bacteria and gray mold (B. cinerea) in vitro and on the surface of
packaging material.

3. Estimation of the antimicrobial efficiency of negatively-charged Chl-based
photosensitization combining it with antimicrobial properties of positively-
charged CHS by immobilization of Chl into CHS polymer.

4. Investigation of the mode of action of Chl-based photosensitization and
photoactivated Chl-CHS conjugate.

5. Application of this conjugate for microbial control of strawberries and

investigation of different quality attributes of treated berries.

Novelty and importance of this work

1. For the first time food pathogens were inactivated by photosensitization
using never tested before Chl which was well known as food additive
(E140 11), but never as photosensitizer.

2. For the first time decontamination of food packaging (polyolefine) with
attached food pathogens was sterilized (3.7—4 log inactivation) using
ALA-based photosensitization and Chl-based photosensitization.

3. For the first time antimicrobial properties of Chl-based
photosensitization were combined with that of CHS to combat Gram-
negative bacteria and moulds.

4. For the first time Chl-CHS coating and visible light were applied for
decontamination of strawberries. Results indicate that shelf-life of
strawberries prolonged 40% without any negative effects on strawberry

nutritional value or organoleptic properties.
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Statements presented for defence

1. Food pathogens can be effectively inactivated by ALA-based
photosensitization in vitro and on the surface of packaging material.

2. Gram-negative bacteria and harmful molds are more resistant to Chl-
based photosensitization than Gram-positive bacteria.

3. The susceptibility of the Gram-negative food pathogens to Chl-based
photosensitization can be increased combining it with antimicrobial
properties of positively-charged CHS, immobilizing Chl into CHS
polymer.

4. Photoactivated Chl-CHS can be a useful tool for the future development
of edible photoacive antimicrobial coatings which can preserve
strawberries and prolong their shelf-life without any negative impact on
total antioxidant activity, visual appearance, color, weight and radical-

based fundamental changes.

Contribution of the author
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dissertation and analyzed the obtained results. The conclusions of the
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which she presented by herself (9, 12, 14).

The author acknowledges that this dissertation would have never been finished
without contribution of his colleagues, listed as co-authors in the publications
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1. STATE — OF — THE — ART

1.1. Food safety problems

Microbiological food safety is an increasing worldwide problem. More
than 250 different foodborne diseases have been described. Most of these
diseases are infections, caused by a variety of bacteria, viruses, and parasites
that can be foodborne (2). Despite tremendous progress in technology and
biomedical science the number of reported food-borne infections continues to
rise. Health experts estimate that food-borne illnesses in the US cost 77,7
billion US dollars in direct medical expenses and lost productivity (3). CDC
estimates that each year 31 major pathogens acquired in the US caused 9.4
million episodes of foodborne illness, 55961 hospitalizations, and 1351 deaths.
Most (58%) illnesses were caused by norovirus, followed by nontyphoidal
Salmonella spp. (11%), Clostridium perfringens (10 %), and Campylobacter
spp- (9%). Leading causes of hospitalization were nontyphoidal Salmonella
spp. (35%), norovirus (26%), Campylobacter spp. (15%), and Toxoplasma
gondii (8 %). Leading causes of death were nontyphoidal Salmonella spp.
(28%), T. gondii (24%), Listeria monocytogenes (19%), and norovirus (11%)
(2). In the year 2013 the European Food Safety Authority (EFSA) reported
5196 food-borne outbreaks, including water-borne outbreaks.

Salmonella enterica is one of the most important foodborne pathogens in
many countries (4). Actually, about 1 million people are infected with non-
typhoidal Salmonella, resulting in 19336 hospitalizations and 378 deaths in the
US yearly (5), whereas 138469 cases of human salmonellosis in 2008 were
reported in the EU (16). During the six-year period from 2008 to 2013 within
the EU, the annual total number of Salmonella outbreaks has decreased
markedly by 38.1% (17). One of the reasons of such statistics can be the
increasing number of multidrug resistant S. enterica isolates on a global scale:

some strains are usually resistant to at least five antimicrobial agents
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ampicillin, chloramphenicol, streptomycin, sulfonamides, and tetracycline
(18).

Clostridium botulinum, Bacillus cereus and L. monocytogenes are the
main Gram-positive pathogens causing food-borne diseases (19). L.
monocytogenes is highly pathogenic bacteria (20). The food-borne illness
caused by these bacteria is known as listeriosis. L. monocytogenes is a primary
cause of food- related mortality and morbidity (mortality rates as high as 30%)
(7). It primarily affects pregnant women, newborns, persons of advanced age
and people with weakened immune systems (21). According to CDC
approximately 1600 illnesses and 260 deaths due to listeriosis occur annually
in the US (22). In 2013, 27 EU member states reported 1763 confirmed human
cases of listeriosis (17). As a natural biofilm community is functioning through
collective behavior and coordinated activity, which assists survival of
individual cells in stressful conditions, biofilms are more than 100 times
resistant to antibacterial treatment than planktonic cells and make a lot of
trouble in food industry (23). For instance, Listeria biofilms have been isolated
from such surfaces as conveyor belts, floor drains, condensate, storage tanks,
hand trucks, and packaging equipment (24).

B. cereus is spore-forming bacterium that is widely distributed in the
environment, mainly in soil, from which it is easily spread to many types of
foods, especially those of vegetable origin, as well as meat, eggs, milk, and
dairy products (25). Heat-stable toxins generated by Gram-positive Bacillus are
the common causes of sporadic point-source outbreaks of gastroenteritis (26).
In 2013, nine EU member states reported 278 outbreaks in which Bacillus
toxins were the causative agent, representing 5.4% of all outbreaks reported
within the EU (17). B. cereus species have been identified as the cause of
27000 cases of food-borne illnesses in the US (27). 103 outbreak cases have
been reported in the US in 2008 (28). Spores of this microbe were found in 88—
100% of noodles, mashed potatoes and rice, in 50-83% of cooked vegetables
and 25-75% of gravies sampled (29). Growth of vegetative Bacillus cells

usually occurs within the temperature range of 5 to 50 °C and can easily be
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inactivated by heating. Although spores are considerably more resistant and
can cause food spoilage after subsequent germination (30).

Grey mould disease, caused by Botrytis cinerea (teleomorph:
Botryotinia fuckeliana), is one of the most serious diseases of a wide range of
crops (more than 200 crop species) of worldwide importance (31). Infections
caused by B. cinerea are of considerable economic importance in fruits and
vegetables world-wide, especially when grown under protection (32). B.
cinerea is difficult to control because it has a variety of modes of attack,
diverse hosts as inoculum sources, and it can survive as mycelia and/or conidia

or for extended periods as sclerotia in crop debris (31).

1.2. Non-thermal food safety technology

Traditional food processing relies on heat to kill foodborne pathogens, to
make food safe to eat. Most of the currently employed preservation techniques
act by inhibiting the growth of microorganisms (Table 1.1) and preventing
their multiplication (chilling, freezing, drying, curing, adding acids,
preservatives), and just few of them act primarily by inactivating micro-
organisms in the food (14). The major inactivation technique is heating.
However, there are many foods that pose a risk for bacterial foodborne disease
for which heat is either undesirable or cannot be used (minimally processed
food) (33). Most of the traditional food safety technologies invoke thermal or
chemical effects, which usually induce undesirable changes in food flavour,
color, texture and nutritional attributes such as protein and vitamin destruction
(34). Thus, the development of modern, non-thermal, ecologically friendly and
cost-effective antimicrobial technology is of importance. Researchers have
been studying non-thermal processing methods (methods that do not use heat)
that will destroy pathogens and keep foods safe to eat, while retaining the
sensory attributes and nutrient content similar to raw or fresh products. These
alternative processing methods are at various stages of development, and have

the potential to destroy pathogens and retain desired food quality (33).
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Table 1.1 Major existing technologies for food preservation (14).

Technique that slows or prevents the growth of microorganisms

Reduction in temperature (chilling, freezing)

Reduction in water activity (drying, curing, conserving with added sugar)

Reduction in pH (acidification, fermentation)

Removal of oxygen (vacuum or modified — atmosphere packaging)

Addition of preservatives (inorganic — nitrite; organic — propionate, sorbate,
benzoate, etc.)

Control of microstructure (in water-in-oil emulsion foods)

Technique that inactivates microorganisms

Heating (pasteurization, sterilization)

On the other hand, non-thermal processing methods interest food
scientists, manufacturers and consumers because they have a minimal impact
on the nutritional and sensory properties of foods, and extend shelf life by
inhibiting or killing microorganisms. Non-thermal food preservation processes
are considered to be more energy efficient and to preserve better quality
attributes than conventional processes.

Meanwhile, most of the developing novel technologies such as high
hydrostatic pressure (HHP), pulsed electric field (PEF),ultraviolet light (UV),
high-power pulsed light (HPPL), high-intensity focused ultrasound (HIFU),
ionizing radiation (IR), atmospheric pressure plasma treatment (APPT) and
biopreservatives are mostly still in the developmental stage.

HHP can be used for liquid and solid foods with or without packaging
(1001000 M/I Pa, from milliseconds to 20 min duration) and can inactivate
yeast, molds and most vegetative bacteria, leaving flavor compounds, nutrients
and vitamins intact. HPP inactivated Listeria by 2.76 log in the liquid (35). The
main disadvantage of this technique is that some types of spores (C. botulinum)
are resistant to this treatment. Moreover, the implementation of HHP is
expensive, thus, its use is limited to high-value products (36).

High-intensity PEF processing involves the application of high-voltage
pulses (20+80 kV/cm) for short period (less than a second) to fluid foods
placed between two electrodes. PEF is an effective antimicrobial tool (but

spores are resistant) reducing detrimental changes in sensory and physical
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properties of food. However, PEF has a very limited effect on the reduction of
L. monocytogenes (37). The main problems in the development of PEF
technology deal with the generation of high electric field intensities and design
of technique with optimal parameters (38).

UV has been used for decontamination of the food-related surfaces.
However, high microbial resistance to this treatment, the long exposure time
and enormous light intensities required and the degradation of exposed
materials including food itself limit the wide application of this technique (39).

HPPL technique uses intense and short duration (us) pulses of broad
spectrum (from ultraviolet till infrared). This technology can be used to
sterilize or reduce microbial population (vegetative cells and spores) on food
surfaces, packaging materials or processing equipments. HPPL technology can
inactivate Listeria by 6 log, but with some thermal effects (40,41). The main
disadvantage of this technique is that light cannot penetrate deeper into the
food matrix and can sterilize it just superficially (42, 43).

Ultrasound is well known to have a significant effect on the rate of
various processes in the food industry. HIFU (101000 W/cm?, < 0.1 MHz)
can sterilize liquid and solid foods. Meanwhile, spores are resistant to
ultrasound treatment (39).

IR is known as one of the best non-thermal sterilization methods as can
penetrate deeper in the material. IR reduced the amount of biofilm-associated
L. monocytogenes cells by 6.4+8.6 log, but the irradiation values ranged from
0.380 to 0.682 kGy, which were somewhat higher than usable in food industry
(44). Treatment of food with IR is effective and legal in more than 40
countries. Nevertheless, this technology remains not approved in Europe
mainly because of the suspicions of the consumers (45). EFSA’s experts note
that only a very limited quantity of food consumed in Europe is irradiated
today(46).

APPT, non-thermal technology, is proposed as a potential alternative to

traditional methods for decontamination of foods (47—49), meanwhile the type
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of packaging material is crucial, and appropriate treatment conditions should
be considered for achieving satisfactory inactivation level (50).

A plethora of natural antimicrobial compounds derived from plants are
known as antimicrobials (phytoalexins, phenolic compounds). The main
disadvantages of these antimicrobials are strong flavour, high working
concentration and relatively low antimicrobial efficiency.

In spite of the intensive research efforts and investments, very few of
these new preservation methods are implemented by the food industry. Further
research is required to use these new preservation techniques on industrial

scale with total warranties for consumer’s health.

1.3. Basic concepts of antibacterial action of photosensitization-based

treatment

The emergence of antibiotic resistance amongst pathogenic and harmful
microorganisms is one of the most pressing worldwide health issues (51). The
weakening efficacy of antibiotics has led to the development of alternative
antimicrobial technologies (52). In this context, photosensitization treatment
seems promising. Since the beginning of the 20" century, when
photosensitization-based destruction of highly proliferating living systems was
discovered, many attempts have been made in order to understand the
mechanism of action of this phenomenon (53,54).

Antibacterial photosensitization-based treatment (photodynamic therapy
(PDT), when treating infectious diseases or cancer), as one of the modern
biophotonic technologies, is based on the interaction of three factors:
photoactive compound (photosensitizer (PS)), molecular oxygen and low doses
of visible light of suitable wavelength to match the PS absorption peak (55).
The illuminated ground state PS, located in the bacteria or at the bacterial
surface, absorbs the light and is excited to its singlet state (Figure 1.1). The

excited state electrons undergo intersystem crossing to a lower-energy but
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longer-lived triplet state, from which reactive oxygen species (ROS) or

reactive molecular transients are generated (56).

Singlet oxygen °

PS excited singlet state

Fluorescence

PS triplet state e
Type |
Phosphorescence I o

A\

PS ground state

Fig. 1.1 Schematic illustration of photodynamic action (Jablonski diagram)(57)

The photochemical reactions proceed via a type I or type II mechanism
and require close proximity between the PS triplet state and substrate (Figure
1.1). Type I reactions generate radicals following triplet state electron transfer
from the PS triplet state to a substrate. A common terminal substrate for type I
reactions is molecular oxygen, leading to the production of radicals such as
superoxide anion (O,"), hydroxyl radicals (‘OH), carbonate radical anions
(CO;5") that oxidize biomolecules and cause cell damage and ultimately death
(56,58). In type II reactions, the excited PS reacts directly with molecular
oxygen (O,) and forms the highly reactive singlet oxygen ('0,) via PS triplet
state — O, energy transfer (59). Both type reactions can occur simultaneously,
and the ratio between these processes depends on the type of PS used and the
microenvironment in which photosensitization is applied. It is also important
that the initially produced 'O, can subsequently react with biological substrates
(such as unsaturated fatty acids) to produce secondary radicals (such as lipid
peroxide radicals) (60). The active products of both reactions are able to
inactivate microorganisms by different cell damages (disruption of cell
membrane, inactivation of enzymes, DNA damage, etc.) (12,61,62). One of the

most important advantages of antibacterial photosensitization-based treatment
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in comparison with other antibacterial tools is the absence of any bacterial
resistance to this treatment (59,63,64), as the process is free radical-mediated
(52,65). It allows us to achieve an extensive decrease in the population of
pathogens with minimal damage or thermal effects on the surrounding matrix

(62,66).

1.4. Photosensitizers

Table 1.2 The criteria of PS for photosensitization-based treatment (67).
High '0, quantum yield
Photostable
Broad spectrum of antimicrobial action
Low binding affinity and low toxicity for mammalian cells (PDT)
No mutagenicity (DNA damage must be avoided)
No dark toxicity
Photodynamic inactivation parameters necessary where bacteria are killed without
damage of eukaryotic cells

Numerous investigators have confirmed that different microorganisms
including Gram-positive, Gram-negative bacteria, viruses, fungi, and protozoa,
whether in vitro or in vivo can be killed after photosensitization treatment
(13,54,68-70). The antibacterial efficiency of this treatment depends on many
factors, including physiological state of bacteria, cellular structure and
organization, physical-chemical properties of the PSs (Table 1.2) and their
capacity to bind the cell.

One of the most important advantages of photosensitization in
comparison with other antibacterial tools is the absence of any bacterial
resistance to this treatment (63). According Liu et al. (59), this is due to several
reasons:

1. The time between administration of the PS and photosensitization
1s too short for pathogen to develop resistance;

2. PSs exhibit no dark toxicity, as a result of which bacteria do not
have to engage adaptive survival mechanisms against the PSs

(any metabolic adaptations are directed elsewhere);
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3. The cells are too damaged after photosensitization, disabling
them to confer cross-generation additivity;

4. Photosensitization treatment does not target a single site in
bacteria, so the ROS generated by photosensitization treatment
target various pathogen cell structures and different metabolic
pathways.

Most studied PSs are based on tetrapyrrolic macrocycles (porphyrins),
chlorines, bacteriochlorin, phthalocyanines and texaphyrins. These molecules
have low toxicity, can form long-lived triplet excited states and have high
affinity to the life-essential molecules (71). It has been found that PS that fulfill
these requirements are likely to have pronounced cationic charges (72).
Moreover, neutral or anionic PSs are ineffective against Gram-negative
bacteria (73). There are two main routes for PS- cell interaction. In the first
case, it could form a tight conjugate with the surface of the cell wall. In way,
the PS is transported inside the cell, where it associates with the key structures
and irreversibly damages them after photosensitization (52).

Demidova and Hamblin (74) formed the hypothesis that there are three
groups of antimicrobial PSs:

1. That are tightly bound and penetrate into microorganisms (such
as poly-L-lysine chlorin (e6) conjugate (pL-ce6));

2. That are only loosely bound ( such as Toluidine Blue O(TBO));

3. That does not demonstrate binding (such as Rose Bengal (RB)).

Various studies have demonstrated that some pathogenic
microorganisms can produce endogenous PSs from exogenously applied
precursor S-aminolevulinic acid (ALA), also known as d-aminolevulinic acid,
d-aminolevulinate, 5-amino-4-oxo-pentanoic acid, and y-keto-damino valerate
(Figure 1.2a) (12,69,75-77).

It is clear from Figure 1.2b that ALA is an endogenous component in the
heme biosynthesis pathway, and according to literature ALA is ubiquitous in
nearly all cells (66). ALA itself is not photoactive, but when inside the bacteria

cell (is transported to cytosol via different active transport mechanisms), it can
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induce synthesis and accumulation of endogenous porphyrins (78). These
endogenous porphyrins represent a mixture of coproporphyrin, uroporphyrin
and endogenous PS protoporphyrin IX (PpIX) (Figure 1.2b) (54) and after
excitation with A=405 nm light can produce photocitotoxic effects in bacterial
cells. Thus, photosensitization could be based on the endogenous synthesis of
porphyrin-type PSs by ALA applied exogenously. It was postulated that the
presence of endogenous porphyrins within the cell with no need to penetrate
any cell barriers would result in effective photodestruction of the strains that

can produce high amounts of endogenous porphyrins (71).
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Fig. 1.2 Chemical formula (a) and biological role (b) of ALA (adapted from Fukuda
et al. (76)).

Effective  decontamination = of  packaging by  ALA-based
photosensitization from B. cereus, S. enterica, L. monocytogenes, their spores
and biofilms indicate that this treatment is promising (14,71). However, ALA
is a rather expensive compound and it requires a longer time (20-240 min) to
produce endogenous porphyrins thus raising the cost of every ALA-based

decontamination technology (14). As only living microorganisms can
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metabolize colorless and odourless ALA to endogenous PSs, this appears to be
a way of gaining selectivity.

Actually, as was described earlier, the optimal PS for decontamination
of food or food-related surfaces should be endowed with specific features (in
addition to the expected photophysical characteristics, for instance high yield
of generation of 'O,) such as high affinity for microbial cells, a broad spectrum
of inactivation and the damage of bacteria without the development of
mutagenic processes or resistant strains.

Chlorophylls are the most widespread phytochemical pigments in higher
plants, algae and bacteria. Chlorophyll and its derivatives have been identified
as potential antimutagens and may be chain-breaking antioxidants by acting as
effective electron donors (79). The natural chlorophyll derivatives are widely
known PSs in photodynamic therapy. Various chlorophyll preparations are
used in the industry as food colorants to reinforce or give a green color to a
manufactured product (80). Chlorophyll molecule contains a cyclic tetrapyrrole
nucleus with coordinated magnesium atom at the center and a long chain
hydrocarbon side chain attached through a carboxylic acid group (81).
Chlorophyll is a chlorin pigment, which produced through the same metabolic

pathway as other porphyrin pigments such as heme.

a) b)

Fig. 1.3 Chemical formula of sodium chlorophyllin (not copperized form of
chlorophyllin, E1401i) (C3,H,CN4Na) (a) and chlorophyllin sodium copper salt
(E14111) (C34H31CUN4N3.306) (b)

Natural chlorophylls are so unstable that in most research their semi-
synthetic derivatives have been used as a model for several experimental

designs (82). Chemical transformation of lipophilic chlorophylls into a freely
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water-soluble sodium salt derivative involves removal of the phyttyl tail
(Figure 1.3a) and additional replacement of the central coordinated Mg>" with
Cu*” (Figure 3b) (83). The first type of these compounds is sample called
sodium chlorophyllin, while the second one is known as chlorophyllin sodium
copper salt.

Sodium chlorophyllin (Chl) (Figure 1.3a) is a water-soluble food
additive (E140i1) and is widely used as food colorant in dietary supplements
and in cosmetics (84).

Table 1.3 Technical information of Chl (Roth)

Appearance grey-green powder

Dye content > 97% Na chlorophyllin
Loss on drying (105 °C) <10%

pH value (10% H,O solution) 8,5-10,0

Intensity of color E/1% 401 nm 6805 — 780 in buffer pH 9
Intensity of color E/1% 653 nm 145-165 in buffer pH 9

Arsenic (As) <0,0003 %
Lead (Pb) <0,0005 %
Average molecular weight 596 + 9 Da

Chl is obtained by saponification of the solvent extracted products from
edible plant material, grass, Lucerne, and nettle (80). It contains water soluble
chlorophyll derivatives and is marketed as grey-green powder after
dehydration of the chemical preparation (Table 1.3).

Although different classes of porphyrins have been tested against Gram-
positive and Gram-negative bacteria, Chl-based photosensitization and the
concomitant inactivation of food pathogens in vitro and in vivo is very new

treatment.

1.5. Light sources for photosensitization

Various light sources can be used to activate the PS, ranging from lasers
and narrow-band LED sources to high-intensity broadband light sources
(14,85,86). Many factors such as the optical penetration depth of excitation
light, wavelength, fluence, and drug-light interval have an impact on the

photosensitization efficacy (87).
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The wavelength of light necessary for the induction of lethal
photobiological reaction in a microorganism depends on the structure and
electron absorption spectrum of the PS (84). Porphyrin and chlorine derivatives
that are commonly employed for photosensitization treatment have a
characteristic absorption band between 405 and 430 nm (Soret band) and
smaller absorption bands (Q-bands) above 600 nm. The wavelength also
determines the penetration depth of light into tissue: 400+500 nm light
penetrates by about 300+400 pum (surface treatment), whereas 600+700 nm

does by about 50+200% more (deeper treatment).

Fig. 1.4 LED-based light source prototype for decontamination of FV constructed in
Vilnius University.

Initially, photosensitization was performed using conventional gas
discharge and incandescent lamps equipped with color-glass filters for
narrowing the spectrum. More recent applications involve incoherent sources
of light specifically designed for photosensitization needs: metal halide lamp,
which emits in the range of 600+800 nm, short-arc xenon lamp (400+1200
nm), as well as narrow-band UV free lamp (407+420 nm) (69). Alternative
light sources for activation of PSs are light emitting diodes (LEDs), which are
in between lasers and conventional lamps in view of spectral properties and
radiation pattern (88). With the rapid development of LEDs, these devices
achieved maturity sufficient for their application in life sciences (89). The
principle of operation of LEDs offers unsurpassed radiant efficiency. Besides,

LEDs feature numerous advantages over conventional sources of light, such as
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low driving voltage, robustness, shock and vibration resistance, the absence of
hazardous agents (mercury), compactness, light-weightiness, flexibility in
assembling into arrays of various forms, narrow-band emission, and the
absence of unwanted spectral components. This makes them attractive for
using in photosensitizing luminaries that can be safe, portable, battery driven,
free of thermal side effect, and low-maintenance.

The present choice of the LED emission wavelengths covers a wide
range from about 250 nm to about 7 pm. For surface treatment, deep blue and
near UV InGaN LEDs, which emit at 380+450 nm, can be used. UV LEDs
have a line width in the range of 10+15 nm. The output power of LEDs ranges
from ~1 mW to 1 W. Differently from many lamps, LEDs usually feature no
abrupt failure. Instead, the output flux gradually decreases with time.
Advanced manufacturers provide LEDs with the output maintaining 70% of
the initial value after 50,000 to 100,000 hours of exploitation (Figure 1.4).

Although various light sources can be used for photosensitization, the
sufficient intensity of delivered light must be in the range 0.5+100 mW/cm®.
Higher light intensities can induce thermal effects which actually are not
desirable. The time of exposure depends on light intensity and varies from
seconds to minutes. According to the World Meteorological Organization, the
intensity of direct sunlight is > 12 mW/cm? (90). It means that the illumination
required for food-processing areas (220+540 lux) would be sufficient to

photosensitize harmful and pathogenic microorganisms (52).
1.6. Antimicrobial efficiency of photosensitization

There are important differences in the efficiency of photosensitization
with respect to photoinactivation of Gram-positive and Gram-negative
bacteria. Gram-positive bacteria are rather more sensitive to photoinactivation
as compared to Gram-negative species (65,68,73). It was found that neutral,
anionic, or cationic PSs could effectively kill Gram-positive pathogen (73).

Several studies have demonstrated that Gram-positive bacteria, as well yeasts,
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micromycetes, bacteriophage and viruses could be inactivated by
photosensitization in vitro (15,50,70,86,91,92). However, Gram-negative
bacteria are more resistant to photosensitization. Only positively-charged
(cationic) PSs or supplementation of photosensitization with permeabilizing
agents are able to produce a significant killing of Gram-negative bacteria

(52,73).
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Fig. 1.5 Illustration of the cell envelope of Gram-positive (a) and Gram-negative (b)
bacteria (93)

This phenomenon was further explained by the structural differences in
the cell walls (Figure 1.5). Gram-positive bacteria are much more susceptible
to anionic and neutral PS because they have a cytoplasmic membrane
surrounded by a relatively porous layer of peptidoglycan (15+18 nm) and
lipoteichoic acid traversing this wall and allowing the PS to cross it (59,71).
The cell envelope of Gram-negative bacteria consists of inner cytoplasmic and
outer membranes which are separated by the very dense peptidoglycan-
containing periplasm. The outer membrane contains phospholipids, proteins,
lipopolysaccharide trimers and lipoproteins. Liposaccharides are the major
component of the outer membrane of Gram-negative pathogens that protect the
membrane (59). They have an additional negatively charged outer membrane
that forms a protective barrier between the cells and the environment (94) and
just positively-charged PS can bind the negatively-charged cell surface (71).

Preferably, photosensitization treatment should be performed with
cationic PSs in Gram-positive and Gram-negative bacteria species, because

they are generally more efficient and can act at lower concentrations than
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neutral and negatively-charged PS molecules. Sometimes, negatively-charged
or neutral PSs at high concentration were more effective than cationic PSs
(95,96). In this case, generation of reactive intermediates in close vicinity of
cell structures either causes direct oxidation of these components or allows
transmembrane diffusion of reactive intermediates and oxidative damage to
various intracellular targets (97). Generally, photosensitization treatment
predominantly precedes via type Il processes. However by comparing PSs that
tend to undergo either type I or type II mechanism, Huang et al. reported that
Gram-negative pathogen are more susceptible to (OH) than ('0,) (56). A type

I reaction is therefore favored when targeting Gram-negative species.

1.7. Decontamination of strawberries by photosensitization

Fruits and vegetables are essential for a nutritionally balanced diet since
they contain a wide range of health promoting components. Strawberries
(Fragaria * ananassa Duch.) are delicate fruits and a relevant source of
bioactive compounds due to high levels of vitamin C, vitamin E, B-carotene,
total phenolic acids and flavonoids (98). Moreover, they have been reported to
contain highest antioxidant capacity among twelve fruits analyzed (99). The
main contributors to antioxidant activity are phenolic compounds which
prevent cancer, cardiovascular diseases, and age-induced oxidative stress
(100). Anthocyanins are the most abundant flavonoids (phenolic acids) and are
present in high levels in mature strawberries (101).

Strawberry is a major crop with 4+5 millions in tons of production
worldwide (9), whereas European production of strawberries reaches 1.1 Mt
annually (102). However, short ripening and senescence periods of
strawberries, susceptibility to mechanical injury, contamination during storage
with fungi and bacteria reduce significantly their postharvest shelf life.
Postharvest losses are typically more severe, especially when conditions are
favorable for disease development; in some cases 80+85% of a crop may be

lost (103).
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Fig. 1.6 Disease cycle of gray mold on strawberry (104)

Grey mould, caused by Botrytis cinerea Pers. (ex Fr.), is the most severe
postharvest disease of strawberries. The disease can begin preharvest,
remaining as latent infections, or begin postharvest (Figure 1.6). It can survive
on organic debris in the field, as sclerotia, and under favorable conditions, it
sporulates and releases quantities of spores that serve as a potential source for
infection of flowers and fruits (105). This fungus continues to grow at 0 °C.
However, growth is slow at this temperature. Thus, B. cinerea is one of the
most economically important postharvest pathogens that causes 30+40% losses
of the harvest if no chemical control is applied (10).

As a role, strawberries are consumed in a raw, unprocessed form (9),
thus no thermal treatment is possible for reduction of microbial contamination
and delay of spoilage. Traditional methods used for extending the self-life of
strawberries are low temperature and modified atmosphere packaging (106).
Meanwhile the storage of strawberries at these conditions is not enough
effective and induces detrimental effects on their nutritional quality (107).
Natural antimicrobial compounds, such as methyl jasmonate or essential oils
have been investigated as alternative methods to prolong their storage.

Meanwhile, most of them reduce the activity of antioxidant enzymes (108).
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Therefore it’s necessary to find more effective and environmentally
friendly techniques to meet consumer demands on safe, healthy and attractive
fresh fruits. The development of edible coating based on natural biopolymers
(lipids, proteins, polysaccharides and their derivatives) can be alternative to
existing preservation technologies. Chitosan (CHS) is a polysaccharide derived
from chitin, which is known as the second most abundant biopolymer in nature
after cellulose. The cationic character of CHS offers good opportunities to take
advantage of electron interactions with numerous compounds during
processing and to incorporate specific properties into the material (109). The
application of edible coating based on CHS on fresh fruits slightly extended
their post-harvest life (110,111).
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2. MATERIALS AND METHODS

2.1. Materials

2.1.1. Chemicals

Reagents were obtained from company Carl Roth GmbH&Co: sodium
chlorophyllin, KCI, KH,POQO,, sterile 0.20 um filter; Fluka-Sigma-Aldrich: low
molecular weight chitosan, 5-aminolevulinic acid hydrochloride (ALA),
methanol, acetate buffer, 2,4,6,-tripyridyl-s-triazine (TPTZ, FeCl;x6H,0);
ACROS: sodium azide, sodium hypochlorite (13%); CHEMAPUR:
hydrochloric acid 35-38% (HCl), glycerol; Liofilchem: Luria-Bertani
medium, agar, dichloran glycerol (DGI18) agar , tryptone soya medium
supplemented with 0.6% yeast extract, tryptone soya agar supplemented with
0.6% yeast extract; Chloramphenicol; Difco: Potato dextrose agar medium ;
OXOID: NaCl; REACHEM: Na,HPO,x12H,0O; Sigma: 97% acetone;
MERCK: Triton X-100; Vilniaus degtiné: 96% etanol; B/Braun: Meliseptol

rapid disinfectant.

2.1.2. Media

The bacterial cultures were grown in Luria Bertani (LB) liquid and on
agar medium (LBA), in Tryptone Soya supplemented with 0.6% yeast extract
liquid (TSYE) and on agar (TSYEA) medium. Antifungal activity against
molds was evaluated onto dichloran glycerol (DG18) agar and potato dextrose
agar medium (PDA).

Composition of LB medium (1 1): 10 g tryptone, 5 g yeast extract, 10 g
NaCl. Composition of TSYE medium (1 1): 30 g tryptone soya broth, 6 g yeast
extract. Preparation of agar medium (LBA and TSYEA) was made by adding
15 g of agar per 1 1 of the liquid medium. PDA and DGI18 agar media was

received from the manufacturer and prepared according to the manufacturer's
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instructions. All media were sterilized by autoclaving. Antibacterial antibiotics
chloramphenicol (0.1 g) was added in DGI8 medium after autoclaving
(medium temperature 50 °C).

2.1.3. Bacterial and fungal strains

Strains used in the study are listed in Table 2.1.

Table 2.1 Bacterial and fungal strains.

Strain Source
Salmgnella DS88 (SL5676 Prof. D. H Bamforfl '
enterica serovar Sm’ pLM32) (University of Helsinki,
Typhimurium p Finland).
Bacteria | Listeria National Veterinary
monocytogenes ATCL;C 7644 Laboratory (Vilnius, Lithuania)

National Centre of Public

Bacillus cereus | ATCC 12826 | 1y b (Vilnius, Lithuania)

Sclerotiniaceae

: Vilnius University collection.
family

Fungus | Botrytis cinerea

Salmonella enterica is a Gram-negative, motile and non-sporeforming,
facultative anaerobic rod (Figure 2.1a) that is 0.7+1.5 by 2.0+5.0 pm in size
(112). Salmonella will grow in a broad pH range of 3.8+9.5 and the minimum
pH at which it can grow is dependent on temperature, presence of salt and
nitrite and the type of acid present (113). S. enferica has been isolated from a
wide range of food products: fresh produce, fruits, meat products and retail
foods (114). Some S. enterica strains are resistant to at least five antimicrobial
agents ampicillin, chloramphenicol, streptomycin, sulfonamides, and
tetracycline (18). Salmonella is susceptible to most disinfectants, moist heat
and dry heat, but is resistant to nitrites (115).

Listeria monocytogenes 1s a Gram-positive, non-sporeforming,
facultative anaerobic rod-shaped coccobacillus, typically measuring 0.5 to 2
um in diameter (Figure 2.1b) (116). L. monocytogenes is highly pathogenic
bacteria (20). The food-borne illness caused by these bacteria is known as

listeriosis. L. monocytogenes has the ability to grow in a wide range of
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temperatures (—0.4 to 45 °C), pH (4.3 to 9.6) and salt concentrations (up to
10% NaCl) as well as at low water activity (4w down to 0.90). Another threat
is their extremely strong adherence to the different surfaces in food-processing
industry (stainless steel, polypropylene, aluminum, glass). L. monocytogenes
has been isolated from various range of food products: vegetables, milk, soft
and farmhouse cheeses, fish and meat products as well as various ready-to-eat
products (117). L. monocytogenes is rather susceptible to antibiotics (118) and
at room temperature, is susceptible to sodium hypochlorite, iodophor
compounds, and quaternary ammonium compounds (119). Meanwhile of L.

monocytogenes inactivation was performed using several emerging

antibacterial technologies: high hydrostatic pressure HHP(35,120), pulsed UV
light (40,41,121), pulsed electric field (122), ionizing radiation (123).
a) b)

Fig. 2.1 Scanning electron microscopy image of S. enterica (a) (124), L.
monocytogenes (b) (92), B. cereus (c) (125), B. cinerea (d) (92).

Bacillus cereus are 1.4 pm Gram-positive, facultative anaerobes rods
usually appear as pairs and short chains that are motile and able to form
endospores (Figure 2.1c). B. cereus is chemoorganotrophic and grows above
1020 °C and below 35+45 °C with an optimum temperature of about 37 °C

(126). B. cereus can contaminate a wide range of foods including meat, cereals,
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fresh vegetables, berries and fruits. The bacteria are able to produce six types
of toxins: five enterotoxins and an emetic toxin, which can be heat-stable or
heat-labile depending on the strain (127,128). B. cereus is resistant to
penicillin, ampicillin, cephalosporins, trimethoprim (126). Gluteraldehyde,
sodium hypochlorite, paracetic acid, activated hydrogen peroxide, chlorine
dioxide, formaldehyde, iodine, acids, and alkali are chemical agents against
Bacillus bacteria and spores. These chemical agents should be highly
concentrated and require greatest contact time to kill spores (129).

Gray mold (Botrytis cinerea) is one of the most economically important
pathogen of soft fruits worldwide (Figure 2.1d). Botrytis infects many host
plants in all climate areas of the world, infecting mainly upper plant parts at
pre and post-harvest stages (130). B. cinerea is a necrotrophic fungus which
can live pathogenically and also saprophytically (105). This mold exists in the
different habitats as chlamydospores, mycelia, sclerotia, ascospores, apothecia,
micro and macro-conidia (130). Botrytis can survive in the field, as sclerotia,
and under conducive conditions, it releases quantities of spores that serve as a
potential source for infection (105). This fungus may cause 30+40% losses of

the harvest if no chemical control is applied (10).

2.1.4. Solutions

1. ALA: Molecular formula: CsHyNOs-HCI. Stock solution of ALA was
prepared by dissolving ALA in 0.01 M PBS buffer (pH 7.4). Na OH (0.2
M) was used to adjust pH of the solution to 7.2. ALA stock solutions
were made instantly before use and sterilized by filtration through 0.20
um filter (131).

2. CHS: Aqueous stock solution of CHS (pH 2.4 at 20 °C) containing 1 %
of CHS and 0.18 % of HCI was prepared dissolving in water appropriate
amounts of HCI and then CHS.

3. Chl: Aqueous stock solution of Chl was prepared by dissolution of Chl in

autoclaved distilled water.
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4. Chl-CHS conjugate: Aqueous stock solution of Chl-CHS conjugate
(pH 2.4 at 20 °C) containing 1% of CHS, 0.01% Chl and 0.18% of HCI
was prepared by drop wise addition of aqueous 0.05% Chl solution into
rapidly spinning aqueous solution containing 1.25% of CHS and 0.23%
of HCI. After addition of Chl-CHS conjugate to bacterial suspension in
NaCl, the pH of final bacterial suspension changed to 3.95. The 0.001—
0.1% concentration of ChI-CHS conjugate corresponded to 1.5-10° M
concentration of Chl.

5.  0.01 M PBS buffer (pH 7.4): 2.7 mM KCI, 1.8 mM KH,PO,, 137 mM
NaCl, 10 mM Na,HPO,.

2.1.5. Equipment

Environmental shaker - incubator ES-20 (Biosan, Latvia), Thermostat
(Memmert, Germany), Magnetic stirrer C-MAG HS7 (IKA, Germany),
Spectrophotometer  HeAios y  (ThermoSpectronic, Great Britain),
spectrophotometer UV/Vis Lambda 25 (Perkin Elmer, Germany), centrifuge
MPW-260R (MPW Med. instruments, Poland), PerkinElmer LS 55
fluorescence spectrophotometer (Beaconsfield, United Kingdom), Q150T ES
sputter coater (Quorum Technologies, England), SEM microscope Apollo 300
(CamScan, UK), BagPage (Interscience,France), spectrometer ES80 FT-EPR
(Bruker Elexsys, JAV), 3 Sigma meter (Coherent, U.S.A.), autoclave, quartz
cuvette (Hellma-analytics QS, Germany), capillaries (BLAUBRAND
micropipettes, intraMark, Hinckley, Great Britain), Climacell 111, (MM
Medcenter Einrichtungen GmbH, Germany), Raman Spectrometer "Bruker

MultiRam" (Germany), Packing yellow trays (LINPAC, West Yorks, UK).

2.1.6. Light sources used for experiments

LED based light source was constructed at the Institute of Applied
Research of Vilnius University. An InGaN light emitting diodes (LED) array
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(LED Engine, San Jose, USA; Inc. LZ1-00UA00) were used for construction

of light source to photoactivation of bacteria. It consisted of illumination

chamber and supply unit (Figure 2.3).
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Fig. 2.3 Schematic presentation of LED-based light source prototype (A) and light
intensity three-dimension distribution (B).

A cooling system was integrated in the light prototype to dissipate heat
from the source and minimize any heat transfer to the sample. LED emission
maximum was at 405 nm with a band width of 13 nm at full-width half
maximum. Two rectangular 6 x 10 arrays (top and bottom), consisted of 60
LEDs, powered by a 20 V DC power supply were integrated in the chamber.
The light intensity at the surface of samples from top and bottom LED reached
approximately 10 mW/cm? (6 cm from the light source) and 11 mW/cm?® (3.5
cm from the light source), respectively. Light dose was calculated as light

intensity multiplied by irradiation time. The sample exposure time was

adjusted according to the equation:

E=P-¢t,
(1)

where E is the energy density (dose) in J/cm?, P is the irradiance (light
intensity) in W/em®, and ¢ is the time in seconds. Three-dimensional model of
distribution of power density of the emitted light from the top and bottom in
the prototype is presented in Figure 2.3 B. Almost the same power density
distribution was registered from LEDs in the bottom of prototype. However,

distributions from the top and from the bottom cannot be placed in one picture
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since it would overlap. The variation of light intensities on the illumination

square was insignificant, since we use just central part of it (+ 0.5 mW/cm?).

2.1.7. Software and internet database

OriginPro 8 (OriginLab Corporation, JAV), Microsoft Excel 2010
(Microsoft, JAV), StatSoft Statistica 10 (JAV), Primer3 (v. 0.4.0) database
(http://frodo.wi.mit.edu/Primer3).

2.2. Methods

2.2.1. Spectrophotometric and fluorimetric measurements

Absorption spectra were recorded by using Heiios y and UV/Vis
Lambda 25 spectrophotometers, and fluorescence spectra were recorded by
Perkin Elmer fluorescence spectrophotometer LS-55. Quartz cuvette was used

for measurements.

1. Fluorescence and excitation spectrum measurements of intracellular
porphyrins:

The cell suspensions for measurements of endogenous porphyrins from
ALA were prepared as follows. Cells (1-10” cfu/ml in 0.01 M PBS (pH 7.4))
were incubated in the dark at 37 °C with 3-10° and 7.5:10° M ALA
concentration for the indicated time. Then 2 ml aliquots of bacterial suspension
were withdrawn by centrifugation (10 min, 6 °C, 3574 g), resuspended in 0.01
M PBS and afterwards used for fluorescence measurements. Fluorescence
spectrophotometer was used for the fluorescence detection. Scan range
parameters for excitation spectrum are as follows: 1) emission wavelength:
610nm; 2) excitation wavelength: 250+450nm; 3) ex slit: 2.5nm; 4) em slit:
15nm; 5) scan speed: 200 nm/min. Scan range parameters for fluorescence

spectrum are as follows: 1) excitation wavelength: 390nm; 2) emission:
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590+750nm; 3) ex slit: 2.5nm; 4) em slit: 15nm; 5) scan speed: 200 nm/min.
Evaluation of endogenous porphyrins produced by cells was performed
according methodology described in literature (131).

2. Absorption and fluorescence measurements of Chl and Chl-CHS
conjugate:

Chl diluted by 0.01 M PBS and Chl-CHS conjugate diluted by 0.9%
NaCl were used for absorption and fluorescence measurements. The absorption
spectra of Chl and Chl-CHS solutions were recorded between 300 and 710 nm
by spectrophotometer. Fluorescence spectrophotometer was used for the
fluorescence detection. Scan range parameters are as follows: 1) excitation
wavelength: 405nm; 2) emission: 550+750nm; 3) ex slit: 10nm; 4) em slit:
4nm; 5) scan speed: 200 nm/min.

To observe monomeric Chl forms of Chl-CHS conjugate 20 pl of Triton
X-100 to 20 ml of suspension was added.

Cell-chlorophyllin interaction was evaluated fluorimetrically. Cells
(1-10” cfu/ml in 0.01 M PBS) (S. enterica and L. monocytogenes) with 1.5-107
and 1.5-107 M Chl were incubated in the dark at 37 °C for the 2+60 min. To
evaluate the amount of cell-attached Chl, 3 ml aliquots of bacterial suspension
after incubation were centrifugated (10 min, 6 °C, 3574 g) and resuspended in
0.01 M PBS. Supernatant and cells in PBS were used immediately for

fluorescence measurements.

2.2.2. Cultivation of the microorganism

Table 2.2 Bacterial growth conditions.

Strain Medium | ODsyg cfu/ml
Salmonella enterica serovar Typhimurium 108
DS88 (SL5676 Sm” pLM32) LB 1.3 510
Listeria monocytogenes ATC3C 7644 TSYE 0.9 1.16-10°
Bacillus cereus ATCC 12826 LB 1 6-10’

Conditions for bacterial growth are described in the Table 2.2. The

bacterial cultures were grown overnight (~16 h) at 37 °C in 20 ml of liquid
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medium with aeration of 120 rev/min. The overnight bacterial cultures were
20-times diluted by the fresh medium (ODs4y = 0.164) and grown at 37 °C to
the mid-log phase (respective colony forming units (cfu)/ml and ODsyy, Table
2.2) in a shaker (120 rev/min). Bacterial optical density was determined in a 1
cm glass cuvette at A=540 nm (Helios Gamma & Delta spectrophotometers).
The cells were then harvested by centrifugation (10 min, 6 °C, 3574 g) and
resuspended in a 1 ml of 0.01 M PBS buffer (pH=7.4) or normal saline 0.9%
NaCl, to give ~2.5-10° cfu/ml. These stock suspensions were diluted
accordingly to ~I-107 or 1:10° cfu/ml and immediately used for the
experiments.

The culture of B. cinerea was isolated from strawberries. This fungus
was sub-cultured on potato dextrose agar (PDA) (at 24 °C) for further

experimentation.
2.2.3. ALA-based photosensitization in vitro

Aliquots (10 ml) of bacterial suspension (~1-10" c¢fu/ml in 0.01 M PBS
buffer (pH = 7.4)) with appropriate concentration of ALA (3-10” and 7.5-107
M) were incubated in the dark in a 50 ml plastic bottle for cell culture
cultivation at 37 °C. For the following experiments, the cells were incubated in
the shaker (120 rev/min) for different periods (0+60 min). After corresponding
incubation time, 150 pl aliquots of bacterial suspension were withdrawn,
placed into sterile flat bottom wells and illuminated (020 min). LED based
light source for illumination was constructed in the Institute of Applied

Sciences of Vilnius university and emitted light A=405 nm (Figure 2.3).

2.2.4. Inactivation of bacteria by Chl-based photosensitization and

photoactivated Chl — CHS conjugate in vitro

Aliquots of bacterial suspensions (~1-10" cfu/ml) with appropriate

concentration of Chl (1.5-10° M+7.5:-10® M) or Chl-CHS conjugate
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(0.00001/0.001%+0.001/0.1%) stock solutions were incubated for cell culture
cultivation in the shaker (120 rev/min) in the dark at 37 °C for different periods
(0-120 min). For the photoactivation treatment, 150 pl of the samples were
withdrawn, placed into sterile flat bottom wells and then exposed to the light
(A=405 nm, illumination dose 0+51 J/cm®).

Also after appropriate incubation time (2 min for Listeria and 60 min for
Salmonella) with various concentrations of Chl in the dark at 37 °C the
bacterial suspensions were centrifuged (10 min at 3574 g, + 6 °C) and the
pellets resuspended in the same volume of autoclaved distilled water.
Centrifugation of aliquots was used to remove the excess of PS that was not
taken up by the microbial cells when experiments required it. Then 150 pl of

the samples exposed to the light (\=405 nm, illumination dose 0-88.7 J/cm®).

2.2.5. Inactivation of Botrytis cinerea by Chl-based photosensitization and

photoactivated Chl-CHS conjugate

The culture of B. cinerea was isolated from strawberries and grown on
potato dextrose agar (PDA) for further experimentation. The final 1.5-10* M
Chl and 0.001 Chl-0.1% CHS conjugate concentrations were obtained by
adding 40 ml of stock solution to 400 ml autoclaved PDA medium. The control
samples contained PDA only. Each Petri dish was inoculated in the center with
an agar disk (diameter 5 mm) bearing mycelium growth from a 4-day-old B.
cinerea culture. After 24 h incubation the tested plates containing Chl and Chl—
CHS conjugate were exposed to light (A=405 nm) for different fluence
(illumination dose 35 and 76 J/cm® respectively). Afterwards all dishes were
sealed with parafilm to avoid the evaporation of volatile compounds and
incubated at 24 °C until the control plates were completely covered with
mycelium. Each treatment was repeated 3 times.

The radial growth of fungal mycelium was recorded and the radial

inhibition was recorded, and the radial inhibition was calculated when growth
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of mycelia in control plate reached the edge of the Petri dish. The following
formula was used for calculation of the inhibition rate (%):

Inhibition rate (%) =R — /R x 100,

where R is the radial growth of fungal mycelia on the control plate and r
is the radial growth of fungal mycelia on the plate treated with Chl or Chl-
CHS conjugate.

2.2.6. Evaluation of antibacterial activity of CHS and Chl-CHS conjugate (in
the dark)

Aliquots of 20 ml of bacterial suspensions (~1-107 cfu/ml in 0.9% NaCl)
containing CHS (0.1%) and Chl-CHS (0.00001-0.001% and 0.001-0.1%)
conjugate were incubated in 50 ml flasks for cell culture cultivation in the
shaker (130 rev/min) at 37 °C. The samples were removed after 1 min, 15 min,

30 min, 60 min and 120 min.

2.2.7. Scanning electron microscopy (SEM)

The effect of Chl-based photosensitization and photoactivated Chl-CHS
conjugate treatment on the morphology of S. enterica and L. monocytogenes
was examined by SEM (CamScan Apollo 300). After appropriate treatment,
the samples consisting 20 pl of bacterial suspension were withdrawn,
transferred on to copper foil, air-dried and coated with 15 nm gold layer using
QI150T ES sputter coater. The scanning was performed using electron beam

with an accelerating voltage of 20 kV.
2.2.8 Evaluation of cell membrane integrity of treated bacteria
The  bacterial cell membrane integrity ~was  examined

spectrophotometrically evaluating the cell release material which has

absorption at A=260 nm (132) and A=280 nm (133). The bacterial suspension
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(~1-10" cfu/ml Salmonella and ~1-10° cfu/ml Listeria) after appropriate
incubation time with 1.5-10° M Chl or 0.001 Chl-0.1% CHS conjugate (at 37
°C in the dark) was illuminated. Aliquots of 3 ml cell suspension were
withdrawing at different illumination time points corresponding to illumination
doses:

e 1.5-10° M Chl Salmonella: 0; 5.8; 11.5; 17.3; 23; 40.3 and 46.1 J/cmz;

e 0.001 Chl-0.1% CHS conjugate Salmonella: 25 and 38 J/cm?®;

o 1.5-10° M Chl Listeria: 0; 0.29; 0.58; 1.15; 11.5 J/em”.

The samples (control and treated) were filtered (0.20 pm filter) to

remove the bacteria(132). The UV absorbance of cell supernatant at 260 and

280 nm was determined using spectrophotometer (Hedios Gamma & Delta).

2.2.9. Detection of 'O, in Chl-based photo treated bacteria

In order to identify the singlet oxygen ('O,) participation in Chl-based
photosensitization induced cell damage and assess its impact on bacterial
survival, bacteria cell suspensions (~1-10° cfu/ml Listeria and ~1-10" cfu/ml
Salmonella) were amended with the exogenous scavenger sodium azide
(NaN3) (physical quencher of 'O,) (60,134). Stock solutions of NaN; were
prepared in autoclaved distilled water and used at a final concentration of 0+40
mM. The bacterial cells were incubated in the dark at 37 °C for 2 and 60 min
with various concentrations of Chl with and without NaN; (with and without
wash). After corresponding incubation time, 150 ul of the samples were
withdrawn, placed into sterile flat bottom wells and then exposed to the light

(A=405 nm) for 0+70 min (illumination dose 0+88.7 J/cm?).

2.2.10. Photoinactivation of bacteria attached to the packaging material
Packing yellow trays were provided by LINPAC (Figure 2.4). In order

to simplify experiments, the packaging samples for photosensitization

experiments were cut into 4 X 8§ cm pieces and each immersed in 50 ml
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bacteria suspension (~1-10" cfu/ml). The immersed samples were kept in
laminar for 30 min for further attachment of the bacterial cells. Then

appropriate packing samples were incubated in the dark with 3:10° M

(experiments with B. cereus) and 7.5-107 M (experiments with S.enterica)
ALA, and 1.5-10” M Chl for different periods (5, 10 and 20 min).
W T

Fig. 2.4 Packaging samples for photosensitization experiments.

The control samples were incubated with PBS (7.4 pH) buffer. After
incubation with PSs all packaging samples were dried at room temperature for
20 min, placed in the treatment chamber and exposed to light for different time

(5, 10, 15 and 20min). The control sample was not illuminated.

2.2.11. Decontamination of strawberries by photoactyvated Chl-CHS

2.2.11.1. Comparative analysis of different antimicrobial treatments

decontaminating strawberries

Strawberries (Fragaria x ananassa Duch.) in partially ripe stage were
purchased in a local supermarket and used within 1 day. Some strawberries
with natural microflora were soaked 30 min in 0.1% CHS (1, CHS coating), in
0.001 Chl-0.1% CHS (2, dark toxicity, Chl-CHS coating), in 0.001% Chl-
0.1% CHS (3, photoactivated, ChlI-CHS coating), in 0.001% and 0.1% Chl (4
and 5, photoactivated), and 1 min in 200 ppm sodium hypochlorite (NaOCl)
(sample 6) solutions. The samples 3, 4 and 5 were placed in the treatment

chamber in a sterile Petri dish (without cover) and exposed to 405 nm light for
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60 min (light dose 76 J/cm®). Control samples were unsoaked in 0.9% NaCl

and were not illuminated in the chamber.

2.2.11.2. Evaluation of shelf-life of treated strawberries

For evaluation of shelf-life of treated berries the Kaplan-Meier survival
curves were used (135). The samples after appropriate treatment were stored at
22 + 2 °C. The control samples were not irradiated and stored under the
identical conditions. Berries were observed until visually detectable spoilage
spots (visible fungi) occurred on the surface. In parallel the spoilage of treated
berries was evaluated according to Kittemann et al. (136) The level of infected
berries was scored on a 1+6 scale. Results were expressed as a disease index
between 0+100 (0-no infection; 100-all berries are infected). The appearance
of strawberries was examined according to the method described by Mahmoud
et al. (137). The overall appearance of fruits was visually measured using a
scale: 8+9 = excellent, 67 = very good, 5 = good, 1+4 = not acceptable

(visible mold grown).

2.2.11.3. Measurements of total antioxidant capacity in treated strawberries.

Total antioxidant capacity of strawberries was measured by ferric
reducing ability of plasma (FRAP) method (138). Extract for measurement was
prepared by homogenization of 1 g of fruit with 50 ml methanol. FRAP
working solution included 0.3 M/1 acetate buffer (pH 3.6), 0.01 M/l 2,4,6,-
tripyridyl-s-triazine (TPTZ) in 0.04 M/l HCI and 0.02 M/l FeCl; x 6H,0 in
distilled water. The FRAP reagent was prepared fresh daily by mixing 100 ml
acetate buffer, 10 ml TPTZ, and 10 ml FeCl; x 6H,0, and it was warmed to 37
°C in the dark prior to use. For measurement of antioxidant activity, 3 ml of
FRAP reagent and 100 pl of sample solution were mixed, and the absorbance
of the reaction mixture was then recorded at 593 nm (Hekios Gamma;
ThermoSpectronic) after 4 min, 1 cm light path. The standart curve was

constructed using Fe (II) sulfate solution (1001000 uM), and the results were
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expressed as mM Fe'/kg dry weight of food material. All of the measurements
were taken in triplicate and the mean values were calculated.

Possible changes of strawberry color after treatment were evaluated
from absorption spectrum measuring OD of the sample in visible region of
spectrum (139). Samples weighing 10 g of fresh berry were blended in a food
processor for 2 min (speed 8) with 75 ml of a mixture of methanol, acetic acid,
and distilled water (at a ratio of 25M:1A:24W). The mixture was then
centrifuged at 13392 g for 20 min. OD (350+650 nm) was measured using 1
cm path length quartz cuvette with UV/VIS spectrophotometer Lamda 25

(PerkinElmer). Each sample was extracted 3 times.

2.2.11.4. Measurements of strawberry weight losses

All strawberries were divided in 2 groups (every consisted of 20
berries). Control berries were not treated. Other group was coated with Chl—
CHS, dried and afterwards illuminated with visible light (76 J/cm?).
Strawberries were kept in cooling incubator at 6 £ 0.5 °C with controlled
humidity (75 £ 5%) (Climacell 111). Every 24 h the weight of berries was

checked. Weight loss was determined in %.
2.2.11.5. FT-Raman spectroscopy for detection of water content in strawberries

FT-Raman spectra of control and Chl-CHS coated strawberries were
recorded by FT-Raman Spectrometer "Bruker MultiRam" (Germany). Light for
excitation was A=1064 nm, power of excitation was - 100 mW. Wavenumber

range of spectral investigation was 3500+500 cm™.

2.2.11.6. Electron spin resonance (EPR)

EPR spectra were registered with Bruker Elexsys E580 FT-EPR
spectrometer (Billerica, USA) working in X-band. EPR spectra of free radicals
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in strawberries were recording after treatment by photoactivated 0.001 Chl-
0.1% CHS conjugate (1 h incubation; light dose 76 J/cm®). Before recording
spectra the surface of treated and not treated strawberries was peeled, and the
peelings were homogenized. The capillaries (BLAUBRAND micropipettes)
were filled with 1 g of strawberry. After that capillaries were put into the

standard EPR tube.
2.2.12. Evaluation of antimicrobial activity

The antibacterial effects of all treatments on bacteria and antifungal
activity were evaluated by the spread plate method.

Antibacterial activity in vitro

Thus, 100 pl of appropriate dilutions of bacterial test culture after
treatment in vitro was surface inoculated on the separate LBA plate.
Afterwards, the bacteria were kept in the thermostat for 24 h at 37 °C. Bacterial
counts were transformed from cfu/ml into log,o/ml. Detection limit of spread
plate method-one colony forming unit.

Antibacterial activity in vivo

In order to detach bacteria from the surface, all packaging samples were
placed in a sterile BagPage with 30 ml of 0.01 M PBS and washed for 1 min
with a Bagmixer. Then 100 pl of appropriate dilutions of bacterial test culture
were surface inoculated on the separate plate. Afterwards, the plates were kept
in the thermostat for 24 h at 37 °C. The surviving cell populations were
enumerated and expressed as log;, cfu/cm’.

Antifungal activity in vivo:

The 1 g of each strawberry and 9 ml of 0.9% NaCl solution placed to
sterile BagPage and homogenized 2 min using BagMixer. Afterwards, 100 pl
of appropriate dilutions (in 0.9% NaCl) of homogenized strawberries
suspension placed onto TSYE agar for total mesophilic bacteria count and onto
dichloran glycerol (DG18) agar for yeast/microfungi count. Plates were placed

in the thermostat for 24 h at 37 and 30 °C respectively. The surviving cell
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populations were enumerated and expressed as log;, cfu/g. Every sample

consisted of 1 berry, and experiments were repeated 3—6 times.

2.2.13. Statistical analysis

The experiments were triplicated for each set of exposure. A standard
error was calculated for every experimental point and marked in a figure as an
error bar. Sometimes the bars were too small to be visible. The data were
analyzed using Origin 7.5 software (OriginLab Corporation, Northampton,
MA 01060, USA). The significance of the incubation time with Chl-CHS
conjugate on survival of microorganisms in vitro and on the surface of
strawberries was assessed by the analysis of variance (ANOVA) model with
the Bonferroni post hoc test. A value of P<0.005 was considered as significant.
For weight, amount of total antioxidants, viability of strawberries results a

value of P<0.05 was considered as significant.

48



3. RESULTS

3.1. Detection of endogenous porphyrins synthesized from ALA in bacteria

In fact, not every bacterium can synthesize endogenous porphyrins from
ALA in the amounts necessary for photosensitization-based inactivation
(66,77). Thus, in the first stages of this work it was necessary to evaluate the
potential of Gram-positive bacteria B. cereus, L. monocytogenes and Gram-
negative S. enterica to produce endogenous porphyrins from extrinsically
applied ALA. For this purpose, fluorescence spectrum in the region of 590—700
nm were analysed after incubation of cells with 3 and 7.5-10° M ALA in the
dark. According to Szocs (140), this spectral region with maximum at
A=612+615 nm is attributed to the presence of endogenously synthesized
porphyrins including uroporphyrins and coproporphyrins.
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Fig. 3.1 Excitation spectrum of endogenous porphyrins produced by B. cereus after
incubation with 3-10° M ALA (a), by L. monocytogenes (b) and S. enterica) (c) after
incubation with 7.5-10° M ALA; emission at 610nm.
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Listed ALA concentrations were taken from scientific literature
(66,69,140).

Figures 3.1a and 3.1b show the excitation spectra of endogenous
porphyrins, produced by Gram-positive bacteria B. cereus and L.
monocytogenes after incubation with 3 and 7.5-10” M ALA respectively. Also,
excitation spectrum of Gram-negative S. enferica was analyzed after 60 min
incubation of cells with 7.5-10° M ALA in the dark (Figure 3.1c).
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Fig. 3.2 Fluorescence spectra of endogenous porphyrins produced by B. cereus after
incubation with 3-10 M (a) and 7.5-10” M (b) ALA for different time interval.

To achieve it, ALA-induced metabolic pathway must take place in
bacterial cells. Fluorescence spectroscopy of endogenous porphyrins in the
cells usually is used to detect this process (131). Thus, the following
fluorimetric analysis indicated that the intensity of fluorescence emission of
endogenous porphyrins after incubation of Bacillus cells in the dark with 3-107
M ALA for 0+60 min was increasing in a time-dependent manner (excitation,
A=390 nm) (Figure 3.2a). Fluorescence intensity of endogenous porphyrins
was insignificant after 2 min of incubation with 3-10° M ALA but increased
and reached more than 500 fluorescence intensity units after 60 min
incubation. In order to understand if a suitable concentration of ALA solution
was used, we increased ALA concentration to 7.5-10° M. Analysis of the

fluorescence emission spectra of endogenous PSs indicated that there was
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some increase in fluorescence intensity of endogenous porphyrins (up to 650
units) when the same incubation time (60 min) was used (Figure 3.2b).

Using the same methodology we found, that Gram-positive bacterium L.
monocytogenes did produce endogenous porphyrins from extrinsically applied
ALA as well (Figure 3.3). Thus, the cells were incubated with 7.5-10° M ALA
in the dark for 0+120 min. Afterwards, in order to detect the production of the
endogenous porphyrins, the fluorescence emission spectra in the region of
590+750 nm were analyzed (excitation, A=390 nm). This spectral region is
attributed to the presence of endogenously synthesized porphyrins. The data,
presented in Figure 3.3 indicate that relative fluorescence intensity of
endogenous porphyrins increases with increasing incubation time with ALA.
For instance, fluorescence intensity is very low (11 a.u.) after 2 min of
incubation with 7.5-10° M ALA, but after 30 min of incubation it becomes
more significant (39 a.u.). When the incubation time of L.monocytogenes cells
with ALA was increased to 60 min, the fluorescence intensity has reached 60
a.u. Following the expansion of the incubation time to 120 min, fluorescence

intensity was increased more than 10 times (105 a.u.).
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Fig. 3.3 Fluorescence spectra of endogenous porphyrins produced by L.
monocytogenes after incubation with 7.5- 107 ALA for different time interval.

Also, we tried to find out if Gram-negative S. enterica is able to produce
endogenous porphyrins from ALA. For this purpose, the cells were incubated

in the dark with 7.5-10° M ALA at 37 °C in 0.01M PBS for 0240 min. The
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production of endogenous porphyrins was demonstrated by the fluorescence
emission peaks in the region 590+750 nm (excitation, A=390 nm) (Figure 3.4).
It is necessary to note that the time of incubation of bacteria with ALA is an
important factor for the production of endogenous porphyrins. Figure 3.4
shows, that short incubation times with ALA (2+30 min) enables bacteria to
just start porphyrins synthesis, usually estimated by peak at 610630 nm,
whereas 240 min incubation time can significantly increase relative production

of endogenous porphyrins (246 a.u.).
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Fig. 3.4 Fluorescence spectra of endogenous porphyrins produced by S. enterica after
incubation with 7.5-10” M ALA for different time interval.

As our task was to investigate if Gram-positive B. cereus ATCC 12826,
L. monocytogenes ATC;C 7644 and Gram-negative S. enterica serovar
Typhimurium DS88 (SL5676 Sm® pLM32) can produce endogenous
porphyrins in general, we did not go deeper into spectral analysis of what type
of endogenous porphyrins these bacteria were producing. In order to develop
surface decontamination technology, our aim was to detect the synthesis of
endogenous porphyrins in selected pathogens within shortest time without any

deeper analysis of specific endogenous porphyrins produced by cells.

3.2. Susceptibility of bacteria to ALA-based photosensitization in vitro

Analysis of fluorescence emission spectra of endogenous porphyrins

indicates that Gram-positive bacteria B. cereus, L. monocytogenes and Gram-
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negative S. enterica can effectively synthesize endogenous PSs from
exogenous ALA. It means that the main premise for the possibility to
inactivate the troublesome food pathogen by ALA-based photosensitization
was identified. Thus, the obtained results have prompted us to evaluate the
applicability of ALA-based photosensitization for the inactivation of B. cereus,
L. monocytogenes and S. enterica.

The data obtained revealed that toxicity of ALA alone (3 and 7.5-107
M), without illumination, on viability of Bacillus, Listeria and Salmonella was,
as usual, negligible. The following illumination of bacterial cells (light dose
0+24 J/cm®) decreased the survival fraction fairly sharply (Figure 3.5, 3.6, 3.7).
It is important to note that a very small illumination dose (6 J/cm?) was not
effective due to the fact that not all endogenous porphyrins were excited by

light to S; to produce cytotoxic reactions because of the lack of photons

delivered.
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Fig. 3.5 Inactivation of B. cereus by 3-10° M (a) and 7.5:10° M (b) ALA-based
photosensitization as function of illumination dose. Every point is average of 3+6
experiments, and error bars sometimes are too small to be more visible.

From the data presented in Figure 3.5a, it is clear that the prolongation
of incubation time with 3-10° M ALA from 2 min to 60 min increased the rate
of Bacillus inactivation. The use of 60 min incubation time and 24 J/cm®
illumination dose resulted in 5.75 log inactivation of B. cereus. As a matter of
fact, photosensitization efficiency can be expressed as a function of

accumulated PS multiplied by the total light energy delivered to the bacterial
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cells. Taking this into account, we investigated the inactivation of B. cereus by
ALA-based photosensitization as a function of time using higher ALA
concentration (7.5-107 M). Data presented in Figure 3.5b reveal that higher
ALA concentration (7.5-10° M) can enhance the inactivation of B. cereus.
This inactivation of bacteria strongly depends on incubation with ALA time
and illumination dose as well. A short incubation time (2 min) and low
illumination dose (1.2+9 J/cm®) are not effective, whereas 15+60 min
incubation time and 12+24 J/cm” illumination dose are much more suitable for

the development of perspective antibacterial technology.
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Fig. 3.6 Inactivation of L. monocytogenes by 7.5-10° M ALA-based
photosensitization when different incubation time (a) and illumination dose (b) was
used. Every point is average of 3+6 experiments, and error bars sometimes are too
small to be more visible.

Experimental data, presented in Figure 3.6a reveal clearly that the
incubation of L. monocytogenes cells with 7.5-10° M ALA (dark toxicity, light
dose 0 J/cm?) does not change the viability of L. monocytogenes. Light alone
(without any incubation of cells with ALA) has no toxicity on bacteria (Figure
3.6b). Only the incubation of cells with ALA and subsequent illumination
(A=405nm) decreases the surviving fraction fairly sharply, especially when
longer incubation times are used. Clear dependence of inactivation efficiency
on the illumination dose as well as incubation with ALA time (or concentration
of produced endogenous porphyrins) is observed (Figure 3.6b). The number of
killed L. monocytogenes reaches even 4 orders of magnitude, when 24 J/cm?

illumination dose and 60 min incubation time were used. It is evident that at a
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given illumination dose the inactivation effect can be modified by ALA

incubation time.
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Fig. 3.7 Inactivation of S. enterica by 7.5-10° M ALA-based photosensitization as
function of illumination dose, when different incubation time was used. Every point
is average of 3-6 experiments, and error bars sometimes are too small to be more
visible.

The photosensitization of Gram-negative S. enterica was performed as
follows. Bacteria at an exponential growth phase were incubated with 7.5-107
M ALA for different times (0+60 min) in the dark. In the next step, bacteria
were exposed to light (\=405nm) for different light dose (0+24 J/cm?). The
inactivation efficiency was evaluated by the viability test, counting colony
forming units following 24 h after treatment. No significant viability decrease
was observed after the incubation of bacteria in the dark (Figure 3.7; light dose
0 J/cm?). Just following illumination of cells with increasing illumination doses
(0-24 J/cm®) diminishes bacterial viability in dose-dependent manner (Figure
3.7). The obtained data clearly indicate that inactivation of Salmonella depends
strongly on incubation with ALA time. Another important factor in the
determining inactivation of bacteria is illumination dose: 5 min illumination (6
J/em®) decreases viability of cells by 0.5+1.5 log, whereas longer illumination
dose (24 J/cm®) by 4.5+6 log. The increase of incubation time up to 60 min and
the following illumination up to 20 min (illumination dose 24 J/cm?)

diminishes the viability of S. enterica up to six orders of magnitude.
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3.3. Inactivation of food pathogens and harmful microfungi by Chl-based

photosensitization in vitro

Data presented in Figure 3.8 show absorption and fluorescence spectra
of Chl (1.5:10° M) in 0.01 M PBS. It is clear that the main absorption
maximum of Chl molecule is at A=405 nm and lower absorption at 655nm.
Therefore LED-based light source of light wavelength A=405 nm was used in
experiments for the optimal excitation of Chl. In addition Chl is highly
fluorescing compound and its fluorescence maximum in PBS is about 663 nm
(Figure 3.8). Examination of fluorescence spectra, presented in Figure 3.8
indicate that 1.5-10” M Chl molecules tend slightly to aggregate in PBS (640 a.
u.), since fluorescence intensity slightly increases when 20ul 0.001% Triton-

X100 was added to the solution (768 a. u.).
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Fig. 3.8 Absorption and fluorescence spectra of 1.5-10° M Chl (in 0.01 M PBS).

As no data exist on the photoinactivation of Gram-positive B. cereus, L.
monocytogenes and Gram-negative S. enterica by Chl we examined the
cytotoxic effect of wide range of Chl concentrations: from the highest 1.5-107
M to the lowest 7.5:10° M (Figures 3.9-3.11). The dark toxicity of the Chl
was assessed from the survival fractions at 0 J/cm®. Experimental data reveal
clearly that light alone had negligible effects on viability of bacteria. The
incubation of bacterial cells with different concentrations of Chl (1.5-107

M-=7.5-10"* M) for 2+120 min without following illumination had no impact on
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their viability. Only subsequent illumination with visible light (A=405 nm)

decreased the number of bacterial cells more considerably.

Table 2.3 Dark toxicity of Chl to B. cereus.

Incubation | Control 7510°M [7.510"M [7510°M | 1.5:10°M
time (min) | (logy) Chl (log1p) | Chl (logyg) | Chl (logyg) | Chl (log;o)
2 7.1+£0.04 7.19+£0.09 | 7.18+0.06 |7.0£0.06 | 6.95+0.1
60 7.1+£0.13 7.1 £0.05 7.05+£0.06 |7.0+£0.09 |69+0.2

Results are expressed as mean values of 3 replicate measurements + standard
deviation.

Data presented in Table 2.3 indicated that dark toxicity of Chl to B.
cereus was negligible, since the cell number after 2 min incubation in the dark
with maximum 1.5-10° M concentration Chl was reduced only by 0.15 log.
Also, prolongation of incubation time from 2 min to 60 min has negligible

effect (0.26 log) on the inactivation of Bacillus (Table 2.3).

—A— Control
—0—7.510° M Chi
—e—7.5.107 M Chi

Cell number, log, (cfu/ml)

0 I 1 ; = 3 . 4 2' 5 I 6

lllumination dose (J/cm”)
Fig. 3.9 Inactivation of B. cereus (~1-10" cfu/ml) by 1.5-10® and 1.5-107 M Chl-
based photosensitization as function of illumination dose. Incubation time (0.01 M
PBS) - 2 min. Every point is average of 3+6 experiments, and error bars sometimes
are too small to be more visible.

As depicted in Figure 3.9, incubation of B. cereus with the lowest
7.5-10® M Chl concentration for shortest 2 min incubation time is enough
effective as produce photoinactivation of bacteria by 7 log (illumination dose 6
J/em®). The incubation of bacteria with higher Chl concentration (7.5-107 M)
requires lower illumination dose (2.4 J/cm®) to inactivate them by 7 orders of
magnitude. Clear dependence of inactivation efficiency on the illumination

dose or used Chl concentration was observed (Figure 3.9).
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Fig. 3.10 Inactivation of L. monocytogenes at 1-107 (a) and 1-10® (b) cfu/ml cellular
concentrations by Chl-based photosensitization as function of illumination dose.
Every point is average of 3-6 experiments, and error bars sometimes are too small to
be more visible.

Two 10-fold dilutions of Gram-positive L. monocytogenes cell
concentration were used for photosensitization experiment: 10" and 10® cfu/ml
(Figure 3.10). The effectiveness of Chl-based photosensitization increased with
decrease of cell density. Experimental data, presented in Figure 3.10 reveal
clearly that incubation of L. monocytogenes with 1.5-10” and 1.5:10° M Chl
for 2 min had negligible effect on the survival. Bacterial population was
drastically reduced after illumination with visible light (A=405 nm). The data
indicate that Chl-based photosensitization inactivation curve of Listeria
strongly decreased as the illumination time increased. After 0.5 min of
illumination (illumination dose 0.6 J/cm?), the number of surviving Listeria
cell count decreased by 1.4 orders if 10® cfu/ml was used (Figure 3.10 b).
However, killing increased to 3.7 log when 10" cfu/ml was used (Figure 3.10
a). After 1 min of illumination (illumination dose 1.3 J/cm?) the 10* and 10’
cells count decreased by 3.5 and 5.6 orders of magnitude respectively. It is
evident that incubation of 107 cfu/ml L. monocytogenes bacteria with 1.5 107
M Chl (Figure 3.10 a) concentration for 2 min and illumination for 5 min
(illumination dose 6.3 J/em?) is effective enough to produce inactivation of
bacteria by 7 log. However Listeria showed 8 log of killing just after 2 min

incubation with 1.5-10”7 M Chl and 20 min illumination (illumination dose 25.3
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J/em?®) if 10® cfu/ml was used. The incubation of bacteria with higher 1.5-10°
M Chl concentration requires lower illumination dose (2.5 J/cm?®) to inactivate

them by 8 orders of magnitude (Figure 3.10 b).
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Fig. 3.11 Inactivation of S. enterica by 1.5:10° M Chl-based photosensitization as
function of incubation time (a) and illumination dose (b). Every point is average of
3+6 experiments, and error bars sometimes are too small to be more visible.

The susceptibility of Gram-negative S. enterica to Chl-based
photosensitization is illustrated in Figure 3.11a and b. Experiments confirmed
clearly that the light alone (51 J/cm®) had insignificant effects on the viability
of bacteria as well. The dark toxicity of 1.5:10° M Chl to Salmonella was
negligible, since the cell number after 120 min incubation in the dark with Chl
was reduced only by 0.12 log. Just incubation of cells with Chl and subsequent
illumination with visible light (A=405 nm, 0=51 J/cm® illumination dose)
decreased the number of bacterial cells more considerably: in this case the
photosensitization treatment (15 min incubation with Chl in 0.01 M PBS and
following illumination, 17.3 J/cm?) led to 0.79 log reduction of S. enterica
(Figure 3.11a). An extension of incubation time from 15 to 120 min enhanced
the inactivation of Salmonella to 2.05 log. Meanwhile prolongation of
illumination time from 30 min (illumination dose 17.3 J/cm®) to 80 min
(illumination dose 46.1 J/cm®) has negligible effect (0.7 log) on the
inactivation of Salmonella (Figure 3.11b). However when illumination dose
was increased to 51 J/em?®, the number of surviving Salmonella cell count

decreased by 2.5 orders.
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Fig. 3.12 Mycelial growth of B. cinerea 2 days after treatment by 1.5:10* M Chl-
based photosensitization (illumination dose 35 J/cm?®) (a); visualization of mould

growth (b).

Micromycetes are more resistant to photosensitization than bacteria
(12,13). Thus, for inactivation of Botrytis longer incubation time and higher
Chl concentration have been used. Data presented in Figure 3.12 illustrated the
inhibition of mycelial growth of B. cinerea after treatment with 1.5-10* M Chl.
The diameter of the B. cinerea in control sample was 100%. The obtained data
indicated that Chl without light had no effect on Botrytis (Figure 3.12 a). After
2 days of growth the diameter of Botrytis in control reached 4.33 cm. When
fungus was incubated with 1.5-10* M Chl and illuminated with visible light
(illumination dose 35 J/cm?) it resulted in 3.35 cm diameter growth (28%

inhibition) (Figure 3.12 b).

3.4. Evaluation of cell membrane integrity and structural damage in bacteria

after Chl-based photosensitization

In order to understand the cell-PS interaction we measured fluorescence
spectra of Chl when Gram-negative S. enferica and Gram-positive L.
monocytogenes cells were incubated with Chl and compared with Chl spectrum
in supernatant and Chl spectrum in cells alone (without supernatant) (Figure
3.13). Data in Figure 3.13a indicate that most of the Chl remained in the
supernatant and just small part was bound to Gram-negative Sa/monella. We

proposed the idea that this small fraction of Chl-attached Salmonella cells was
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damaged after photosensitization treatment. Data in Figure 3.13b indicated that
~ 50% of the Chl remained in the supernatant and ~ 20% was bound to Gram-

positive Listeria.
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a) - - - Supernatant | ) = = = Supernatant
----- Cells witout supernatant - - -+ - Cells witout supernatant
===+ Cells with supernatant + Triton X-100 80— ] Cells with supernatant + Triton X-100
wlk = Supernatant + Triton X-100 F --=-- Supernatant + Triton X-100
=== Cells witout superatant + Triton X-100 55 |- -—-- Cells witout supernatant + Triton X-100
9 r
800 |
| °
S 700 | B B
s < [
> L = F
Z 60 @ [
[ 5}
o =
£ S0 £
8
§ 400 |- £
8 2
© 300} £
S »
2 [
o 200}
100
Vi v e q v
] L i N it T S e e
560 580 600 620 640 660 680 700 720 740 560 580 600 620 640 660 680 700 720 740
Wavelength (nm) Wavelength (nm)

Fig. 3.13 Fluorescence spectra of 1.5:10° M (a) and 1.5-107 M (b) Chl (in 0.01 M
PBS) after 60 min incubation with S. enterica and 2 min incubation with L.
monocytogenes cells respectively.

Also, examination of fluorescence spectra of supernatant and separated
cells alone, presented in Figure 3.13 propose that Chl molecules probably tend
slightly to aggregate in PBS, since fluorescence intensity slightly increases
when 20 pl 0.001% Triton-X100 was added to the solution.

In order to test whether the binding of Chl to the Salmonella and Listeria
cells was important we carried out the studies both “without” and “with a
wash”, a centrifugation step after Chl incubation and before NaN; addition. For
experiments using Chl, the effectiveness of photosensitization was
dramatically reduced when Chl was washed out of the cell suspensions -
centrifugation step after Chl incubation and before photosensitization treatment
(Figure 3.14). This was applied to both microbial species - Gram-negative
Salmonella and Gram-positive Listeria.

The inactivation of Gram-positive L. monocytogenes by Chl-based
photosensitization (1.5-107 M Chl with 0+25.3 J/cm® of 405 nm light) “with”
(after centrifugation) and “without wash” (without centrifugation) is shown in
Figure 3.14a. There was 7 log of inactivation obtained after Chl-based
photosensitization treatment, and “no wash” killing was higher than the killing

observed after a wash. As depicted in Figure 3.14a, after 2 min of incubation,
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following centrifugation and illumination (illumination dose 1.3 J/cm®) steps,
the number of surviving Listeria cell count decreased by 2.2 orders. However,
killing increased to 5.7 log when cells after incubation with Chl were

illuminated “without a wash” (Figure 3.14a).
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Fig. 3.14 Inactivation of bacteria by Chl-based photosensitization as function of
illumination dose: a) L. monocytogenes - 1.5:107 M Chl, incubation time 2 min b)
S.enterica - 1.5-10° M Chl, incubation time - 60 min. Every point is average of 36
experiments, and error bars sometimes are too small to be more visible.

The same set of experiments was done with the Gram-negative S.
enterica by Chl-based photosensitization (1.5-10° M Chl with 0+88.7 J/cm® of
405 nm light) as shown in Figure 3.14b. The killing was more effective with
“without a wash” step than it was “with a wash”. As depicted in Figure 3.14b,
after centrifugation step and following 70 min of illumination (illumination
dose 88.7 J/cm?), the number of surviving Salmonella cell count decreased by
1.7 orders. However, killing increased to 5.4 log when cells after incubation
with Chl were illuminated “without a wash” (Figure 3.14b).

So, in the next step it was interesting to assess whether singlet oxygen
participate in the Chl-based photosensitization induced damage and asses their
impact on Listeria and Salmonella survival. The bacteria cell suspensions were
amended with the exogenous scavenger NaNj (physical quencher of '0,). We
established that NaNj; alone incubated with bacteria did not begin to show any
toxicity until the NaN; concentration reached 40 mM (Table 2.4).
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Table 2.4 Effect of NaN3 on L. monocytogenes cells viability without a centrifugation step.

NaN; concentration (mM)
0 5 10 40
Control 8.00+0.03 | 7.86+0.07 | 7.80+=0.11 | 7.99 +0.03
1.5-10° M Chl* 7.92+0.07 | 7.90+0.07 | 7.94+0.03 | 7.97 £0.08
1.5-10° M Chl + light** | ND* ND ND ND

* Incubation time — 2 min. ** illumination dose 2.5 J/cm~; Results are expressed as
mean values of three replicate measurements + standard deviation. * ND- not
detectible level.

The effect of added NaN; on Chl-based photosensitization of L.
monocytogenes “without a wash” step is shown in Table 2.4. Bacteria (~1-10°
cells/ml) were incubated with 1.5-10° M Chl for 2 min followed or not by
addition of NaN; (0+40 mM) and illumination at 2.5 J/cm® of 405 nm light.
There was 8 log (not detectible level) of inactivation obtained after Chl-based
photosensitization treatment. The addition of NaNj (0+40 mM) was no effect

on the inactivation efficiency (Table 2.4).
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Fig. 3.15 Effect of NaN; on Chl-based photosensitization treatment of L.
monocytogenes after centrifugation step. Bacteria were incubated with 1.5-107 M Chl

for 2 min followed or not by addition of NaN3 and illumination up to 25.3 J/em? of
405 nm light.

Figure 3.15 display the survival fraction curves obtained with 1.5-107 M
Chl for L. monocytogenes (~1-107 cells/ml) with and without 10 mM NaNj
after centrifugation step (“wash”). The addition of NaNj; after centrifugation
step to Chl-based photosensitization treatment, did not quench the L.
monocytogenes killing, but potentiated it. As depicted in Figure 3.15, after
centrifugation step (without 10 mM NaN;) and following Ilumination

(illumination dose 6.3 J/cm?), the number of surviving Listeria cell count
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decreased by 3.9 orders. However, killing was increased to 7 log (not
detectible level), when bacterial cells after centrifugation and addition of 10
mM NaN; were illuminated with visible light (illumination dose 6.3 J/cm?)
(Figure 3.15).

It is important to note that the presence of widely accepted 'O,
scavenger NaN; at nontoxic concentration (10mM) reduced the killing
efficiency of Chl-based photosensitization in statistically significant way (p <
0,05) and most Gram-negative Salmonella cells survive (“without a wash”)
(Figure 3.16a). The lack of killing at 0 J/cm® shows that neither Chl in the dark
or NaN; displayed any appreciable dark toxicity. The addition of NaNj
inhibited the Chl-based treatment killing of S. enterica at 38 and 88,7 J/cm® by
1,3 and 2,4 log respectively (Figure 3.16a).
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Fig. 3.16 Effect of NaN; on 1.5:10° M Chl-based photosensitization treatment of S.
enterica: a) without centrifugation step; b) after centrifugation step. Incubation time
with Chl-60 min.

So far, very small effect of NaN; on survival of Salmonella was
observed when cells were centrifuged after incubation with Chl and before
NaNj (Figure 3.16b). Bacteria (~1- 107 cells/ml) were incubated with 1,5-10° M
Chl for 60 min followed by centrifugation step and addition of NaN; (10 mM).
Then the cells suspensions were illuminated at 88,7 J/cm® of 405 nm light. As
depicted in Figure 3.16b, the number of surviving Salmonella cell count
decreased by 3.9 orders after addition of NaNs.

In order to find new effective combination of antimicrobial treatments it

is important to know cell injuries which are produced by each of them. For this
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purpose, we exanimate the effects of Chl-based photosensitization treatment on
main L. monocytogenes and S. enterica target membrane integrity. It was
assessed by measuring the absorption at 260 nm (DNA absorption peak) and
280 nm (protein absorption peak) of cell free filtrates in control and treated

samples (Figure 3.17 and 3.18).
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Fig. 3.17 Release of intracellular components (at 260 and 280 nm) from S. enterica
after 1,5-10”° M Chl -based photosensitization treatment. Every point is the average of
3 experiments, and error bars sometimes are too small to be more visible.

The results indicated that the release of intracellular components
absorbing at A=260 nm and A=280 nm in control Salmonella samples is
insignificant and did not depend on illumination dose. On the contrary the
release of intracellular components (both absorbing at A=260 nm and A=280
nm) in treated bacteria increased since absorption changed from 0.01 to
0.146+0.164 when S. enterica was treated by photosensitization (60 min
incubated with 1.5:10° M Chl and afterwards illuminated, illumination dose
0+46.8 J/cm?®). It means that some cell membrane injuries occur in Salmonella
after Chl-based photosensitization (Figure 3.17).

The effects of Chl-based photosensitization treatment on Gram-positive
Listeria cells membrane integrity were assessed by measuring the optical
density at 260 nm (DNA absorption peak) and 280 nm (protein absorption
peak) of cell free filtrates (supernatant) in control and treated samples (Figure
3.18). The results indicated that the release of intracellular material absorbing

in control supernatant 0 and 60 min after photosensitization-based treatment
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was insignificant: at A=280 nm - 0.053 and 0.056;at A=260 nm — 0.077 and

0,086 respectively.
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Fig. 3.18 Release of intracellular components at 260 (a) and 280 nm (b) from L.
monocytogenes  (~1-10° cfu/ml) after 1.5-10° Chl-based photosensitization.
Measurement was made after 0 and 60 min after treatment.

The release of intracellular components (both absorbing at A=260 nm
and A=280 nm) after Chl-based photosensitization (2 min incubation with
1.5:10° M Chl, illumination dose 0+11.52 J/cm®) treatment increased just
while increasing light dose. For instance, absorption at A=260 nm increased
from 0,086 OD (illumination dose 0 J/cm?) to 0.136 OD and absorption at
A=280 nm increased from 0.06 OD to 0.084 OD, when L. monocytogenes was
illuminated with light (11.52 J/cm® illumination dose) and the measurements
were made immediately after treatment (Figure 3.18). No significant difference

was detected 60 min after treatment.

Fig. 3.19 SEM analysis of S. enterica and L. monocytogenes cells after Chl-based
photosensitization treatment in comparison with control, not treated ones: a) and c)
untreated Salmonella and Listeria cells respectively; b) Salmonella cells after 1.5-107
M Chl-based photosensitization (incubation time 60 min; illumination dose 23 J/cmz);
d) Listeria cells after 1.5-10”7 M Chl-based photosensitization (incubation time 2 min;
illumination dose 1.3 J/cm?).
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Scanning electron microscopy (SEM) images presented in Figure 3.19
showed the multiple morphological changes in Gram-negative S. enterica
serovar Typhimurium DS88 and Gram-positive L. monocytogenes ATC;C
7644 cells induced immediately after photosensitization treatment (Sa/monella
— 1.5-10° M Chl, 60 min. incubation, illumination dose 23 J/cmz; Listeria —
1.5-107 M Chl, 2 min. incubation, illumination dose 1.3 J/cmz). It seems that
intensive shrinkage of bacterial cells, leakage of intracellular components and
eventually death took place in antimicrobial action of photosensitization. Thus,
these images confirmed our previous data about membrane disintegration and
leakage of some intracellular components in Sal/monella and Listeria after

photosensitization (Figure 3.17-3.18).

3.5. Antibacterial effect of photoactivated Chl-CHS conjugate against

pathogens and harmful microfungi in vitro

To increase susceptibility of tested bacteria to photosensitization we
used photoactive Chl-CHS conjugate. In order to confirm the structure of Chl—
CHS conjugate the absorption and fluorescence spectra were analyzed. Figure
3.20a indicated that the absorption spectrum of Chl-CHS conjugate in 0.9%
NaCl solution had peaks at A=405 nm and at A=652 nm.
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Fig. 3.20. Chemical formula (b), absorption and fluorescence spectra (a) of 0.001 Chl
— 0.1 % CHS solutions in 0.9% NaCl (at 20 + 2 °C).
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Examination of fluorescence spectrum of Chl solution indicated that Chl
molecules tended slightly to aggregate in NaCl (468 a.u. at 662 nm), since
fluorescence intensity slightly increased when 20 pL of Triton X-100 was
added to the solution (732 a.u. at 671nm) (Table 3.5). The fluorescence spectra
presented in the same table indicated very low (88 a. u.) fluorescence intensity
(peak at 647 nm) of conjugate (Table 3.5). Just adding of 0.001% Triton X-100
to the conjugate solution monomerized Chl and increased the fluorescence
intensity to 663 a.u. (peak at 674 nm).

Table 3.5 Fluorescence spectra peak of Chl and ChlI-CHS conjugate in 0.9 % NaCl
and 0.1 M PBS solutions.

Peak wavelength (nm): fluorescence intensity (a. u.)

0.01 M PBS 0.9% NaCl

Without With Without With

Triton Triton Triton Triton
0.001% Chl 662.5: 638 670: 768 | 662: 468 670.5: 732
0.001 Chl-0.1% CHS | 662.5: 256 670: 732 | 647: 88 674: 663

Taking into account the structure of both compounds, the interaction
between positively charged chitosan NH;' group and negatively charged Chl
COO" group is most probable (Figure 3.20b). In order to check the
complexation of Chl with CHS, the absorption spectrum of conjugate was

recorded every time before experiments.
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Fig. 3.21 Inactivation of S. enterica a) by photoactivated 0.001 Chl-0.1% CHS
conjugate as function of illumination dose (incubation time 1 min); b) by 0.1% CHS
(pH 3.46), photoactivated 0.001% Chl (pH 6,96) and 0.001 Chl-0.1% CHS conjugate
(pH 3.95) as function of incubation time (illumination dose 38 J/cm?). Every point is
the average of 3+6 experiments, and error bars sometimes are too small to be more
visible.

68



The antimicrobial activity of Chl-CHS conjugate on Gram-negative S.
enterica and Gram-positive L. monocytogenes has been examined. The
susceptibility of S. enterica to photoactivated Chl-CHS treatment is illustrated
in Figure 3.21. Experiments confirmed clearly that the light alone (A=405 nm,
illumination dose 0+38 J/cm”) had insignificant effects on the viability of
bacteria as well (Figure 3.21a). Previous experiments indicated that the activity
of Chl is substantially higher against Gram-positive bacteria (L.
monocytogenes and B. cereus) than against Gram-negative bacteria (S.
enterica) and mold (B. cinerea) which meant we used a Chl-CHS conjugate
concentration 100 times higher for S. enterica (0.001-0.1%) than for L.
monocytogenes (0.00001-0.001%). The dark toxicity of ChI-CHS conjugate to
Salmonella was negligible (illumination dose 0 J/cm?). Just illumination with
visible light (A=405 nm, illumination dose 0+38 J/cm®) decreased the number
of bacterial cells more considerably. As depicted in Figure 3.21a, 1 min of
incubation and following illumination at 38 J/cm® led to 3.6 log reduction of S
enterica.

The dark toxicity of Chl to S. enterica was negligible (Figure 3.11 and
3.21), since the cell viability after 120 min incubation reduced only by 0.12
log. Incubation of cells with Chl (0+120 min) and subsequent illumination with
visible light (\=405 nm, illumination dose 38 J/cm®) decreased the viability of
cells more considerably: in this case the photosensitization treatment led to 1.7
log reduction (Figure 3.21b).

The antimicrobial properties of Chl-CHS conjugate were assessed
comparing its antimicrobial efficiency in the dark and with that of CHS alone.
Thus, dark toxicity of Chl-CHS conjugate slightly depends on incubation time.
As depicted in Figure 3.21b, viability of Salmonella incubated with CHS alone
(1+120 min) was diminished by 2.15 log. It indicated that Chl-CHS conjugate
exhibited some antibacterial action (1.37 log) which was close to that of CHS
alone. Just photoactivation of this conjugate drastically reduced the viability of

Salmonella by 7 log at 2 times shorter incubation time (Figure 3.21b).
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Since different experimental conditions (6 samples) may change the pH
of bacterial suspension and hence affect the viability of bacteria it was
necessary to measure pH values in all samples. It was determined that pH value
of the bacterial suspension in 0.01 M PBS shifted from 7.4 to 6.8 when the cell
suspension was mixed with Chl or Chl-CHS conjugate. However, when PBS
was replaced by 0.9% NaCl, pH value after mixing with Chl-CHS conjugate
decreased from 7.3 to 3.95. One might consider that antibacterial effect is
related to relatively low pH value of the suspension in 0.9% NaCl. This was
not the case, however, since it was found, that Sa/monella cells kept their
viability (7.2 log) incubated for 120 min in 0.9 % NaCl acidified by HCI to pH
4.4.

8

- _ [ Control
ChI-CHS
Il Photoactivated Chl-CHS

Cell number, log, (cfu/ml)

ot —

Incubation time 2 min

Fig. 3.22 Inactivation of L. monocytogenes by photoactivated Chl-CHS (0.00001—
0.001%) conjugate (illumination dose-2.9 J/cm?). Every point is the average of 3+6
experiments, and error bars sometimes are too small to be more visible.

As depicted in Figure 3.22, significant antimicrobial effects of Chl-CHS
conjugate without light activation were observed on Gram-positive bacteria
Listeria. Moreover, in the case of Gram-positive bacteria the antimicrobial
activity of Chl-CHS was quite strong. Inactivation of Listeria by 2.1 log was
achieved after 2 min of incubation. Photoactivated Chl-CHS reduced the
viability of Listeria by 7 log within very short 2 min incubation time when 2.9
J/em?® illumination dose has been used (Figure 3.22). This means that Gram-
positive food pathogen L. monocytogenes is more susceptible to photoactivated

Chl-CHS conjugate treatment than Gram-negative S. enterica.
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It was found in previous research (Figure 3.12), that Botrytis has low
susceptibility to Chl-based photosensitization (28 % inhibition). It was
important to test whether Botrytis can be effectively inactivated by
photoactivated Chl-CHS conjugate. Thus, for inactivation of Botrytis with

photoactivated Chl-CHS conjugate higher illumination dose have been used.

a
b
After 2 days
100 | .

[ control

[ chi-CHS
T e} 27 Chi-CHS+ight
g
o
b -
= = Control Chl-CHS Chl-CHS+light
§ After 3 days
5 40
S
@
g
s 20

s
0

After 2 days After 3 days Centrol Chl-CHS

Chl-CHS+light

Fig. 3.23 Mycelial growth of B. cinerea 2-3 days after treatment by photoactivated
0.001 Chl-0.1 % CHS conjugate (illumination dose 76 J/cm®) (a); visualization of
mould growth (b).

The obtained data indicated that Chl-CHS conjugate without light had
some little effect on Botrytis. Data presented in Figure 3.23 illustrated the
inhibition of mycelial growth of B. cinerea after treatment with 0.001 Chl-
0.1% CHS. The diameter of the B. cinerea in control sample was 100%. 2 days
after the Chl — CHS treatment without light mycelial growth reduced by 39%
compared to the control. Thus, photoactivated Chl-CHS conjugate in
comparison with its dark toxicity was much more effective. After 24 h
incubation of B. cinera with Chl-CHS conjugate and following illumination
(illumination dose 76 J/cm®) led to 59% reduction of diameter of fungal
monocolony ) (Figure 3.23). 3 days after treatment the mycelial growth of
Botrytis remains the same (60% inhibition).

Also, we examined the effects of photoactivated Chl-CHS treatment on
main S. enterica target membrane integrity. It was assessed by measuring the
optical density at 260 nm (OD,4y) and 280 nm (ODygy) of cell free filtrates

(supernatant) in control and treated samples (Figure 3.24). The results indicate
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that the release of intracellular material absorbing at A=260 nm and A=280 nm
in control samples is insignificant. On the contrary the release of intracellular
components in treated bacteria increases from 0.01 to 0.138 and 0.101 OD
(ODy¢p and ODyg respectively) when Salmonella was treated by photoactivated
Chl-CHS conjugate (60 min incubated with Chl-CHS and afterwards
illuminated, light dose 38 J/cm?). It means that some cell membrane injuries
occur in Salmonella after photoactivation of Chl-CHS conjugate and depend

on light dose (light dose 0+38 J/cm?).
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Fig. 3.24 Effect of photoactivated 0.001 Chl-0.1% CHS conjugate treatment on the
leakage of UV-absorbing materials at 260 and 280 nm of S. enterica (illumination
doses 25 J/cm® and 38 J/cm?). Every point is the average of 3 experiments.

1

260 nm

SEM images presented in Figure 3.25 show the multiple morphological
changes in Salmonella cells, which were induced immediately after
photoactivated 0.001 Chl-0.1% CHS conjugate treatment (incubation time 30
min; illumination dose 12.7 J/cm?). SEM images, presented in Figure 3.31b
indicate that ChlI-CHS biopolymer covers all surface of bacterium and after

interaction and photoactivation cells undergo shrinkage.

Fig. 3.25 SEM analysis of S. enterica cells after photoactivated Chl-CHS conjugate
treatment in comparison with control, not treated ones: a) untreated cells; b) cells
after photoactivated 0.001 Chl-0.1% CHS conjugate treatment (incubation time 30
min; illumination dose 12.7 J/cm?).
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3.6. Decontamination of food-related packaging from adhered pathogens by
ALA and Chl-based photosensitizations

In order to evaluate antibacterial efficiency of ALA and Chl-based
photosensitization for decontamination of surface, B. cereus, L.
monocytogenes, S. enterica were attached onto food packaging material
provided by LINPAC (Figure 2.4). Samples of the packaging material (4 x 8
cm) with bacteria attached to it were treated by photosensitization-based

treatment. Afterwards treatment-survived bacteria were counted.

a b 4
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5L 1 ALA + 0 Jiem®
4 f —a— Incubation time 10 min =1 ALA + 24 Jicm®

LR Nt

Cell number, log, (cfuicm®)
Cell number, log, (cfu/cm®)
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I 1 I 1 0k — -_—
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lllumination dose (J/em?) Incubation time (min)

Fig. 3.26 Inactivation of B. cereus, attached on packaging samples by 3- 10° M ALA-
based photosensitization as function of illumination dose (a) and of incubation time
(b). Every point is the average of 3+6 experiments, and error bars sometimes are too
small to be more visible.

Data depicted in Figure 3.26a describe the ALA-based photoinactivation
of Gram-positive B. cereus as function of illumination dose. It is clear, that 18
J/em? illumination dose is more than enough to inactivate B. cereus by 4 log,
when incubation with ALA time is 10 min. Results, presented in Figure 3.26b
indicate, that antibacterial efficiency of ALA-based photosensitization is a
function of incubation with ALA time as well. When incubation with ALA
time is short (5 min), the production of endogenous PSs in bacteria is
insufficient and consequently inactivation of Bacillus reached just 3.3 log.

Further prolongation of incubation with ALA time up to 10 or 20 min increases
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antibacterial efficiency up to 4 log. Results, depicted in Figure 3.26 indicated
that selected experimental parameters (incubation with ALA time, illumination
dose) were optimal to decontaminate packaging materials from B. cereus at

certain experimental conditions.
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Fig. 3.27 Inactivation of S. enterica, attached on packaging samples by 7.5:10° M
ALA-based photosensitization as function of incubation time. Every point is the
average of 3+6 experiments, and error bars sometimes are too small to be more
visible.

The amount of S. enterica cells adhered onto one coupon of packaging
material reached 7 log. Afterwards coupons of packaging material with the
adhered bacteria were soaked in 7.5-10° M ALA solution and illuminated with
light A=405nm (illumination dose 0+24 J/cm®). The data, depicted in Figure
3.27, clearly indicated that 24 J/cm® illumination dose can inactivated
Salmonella cells just 4.2 log, when incubation with ALA time is 30 min. The
obtained results indicated that ALA-based inactivation of S. enterica depends
strongly on the incubation time and illumination dose (Figure 3.27). When
incubation with ALA time is 10 min, the production of endogenous PSs in
bacteria is insufficient and consequently inactivation of Salmonella after
illumination (illumination dose 24 J/cm?) reached just 1.5 log. Further
prolongation of incubation with ALA time up to 10 or 30 min increases
antibacterial efficiency up to 4.2 log. Results, depicted in Figure 3.27 indicated
that Gram-negative S. enterica, adhered onto packaging material, incubated
with ALA and then illuminated with light is rather resistant to

photosensitization.
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Data, depicted in Figure 3.28 describe the Chl-based photoinactivation
of Gram-positive B. cereus and L. monocytogenes. Samples of the packaging
material with Bacillus and Listeria attached to it were treated by 1.5-107 M

Chl-based photosensitization.
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Fig. 3.28 Inactivation of B. cereus and L. monocytogenes, attached on packaging
samples by 1.5-107 M Chl-based photosensitization. Incubation time -2 min. Every
point is the average of 3+6 experiments, and error bars sometimes are too small to be
more visible.

Gram-positive L. monocytogenes and B. cereus were attached to the

surface of packaging material and samples were soaked in 1.5:107 M Chl
solution for 2 min. The dried packaging samples were illuminated with 405 nm
(illumination dose 1.4+3.6 J/cm?®). Following 24 hours treatment-survived
bacteria were counted. It was determined that 1.5-107 M Chl-based
photosensitization was very effective and reduced the Bacillus and Listeria

population by 3.3 and 4.4 log respectively (Figure 3.28 ).

3.7. Decontamination of strawberries by Chl-CHS conjugate: comparative

analysis of different antimicrobial treatments
3.7.1. Microbial decontamination of strawberries by different treatments
As it was mentioned above strawberries are highly contaminated with

molds and yeasts what is the main reason for their fast spoilage. Data presented

in Figure 3.29 allowed us to compare antimicrobial efficiencies of different
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surface decontamination techniques. Photosensitization-based treatment, CHS-
based and photoactivated Chl-CHS-based treatments were compared with
conventional surface treatments such as washing with NaOCIl. It is obvious that
washing with 200 ppm NaOCI diminishes population of mold and yeasts on the
surface of strawberry by 0.55 log, Chl-based (0.001%) photosensitization
reduces mold and yeasts in the same level, but increase of Chl concentration
(0.1%) 1s able to enhance antimicrobial efficiency up to 0.9 log. CHS alone is
less effective antimicrobial in comparison with that of Na- hypochlorite (0.4
log). The highest inactivation of yeasts and microfungi was found when
strawberries were treated by photoactivated 0.001 Chl-0.1% CHS conjugate
(1.4 log)(Figure 3.29).

[ Control

HEHH 200 ppm NaOClI

Photoactivated 0.001 % Chl

5 E= Photoactivated 0.1 % Chl

0.1 % CHS

[ITTT] Photoactivated 0.001 Chl-0.1 % CHS

% 7

Cell number, log, , (cfu/g)

Fig. 3.29 Comparative analysis of different antimicrobial tools: efficiencies of
inactivation of molds and yeasts on the surface of strawberries (200 ppm NaOCl-1
min treatment; 0.001 and 0.1% Chl, 0.001 Chl-0.1% CHS conjugate—30min
incubation, illumination dose 76 J/cm*; 0.1 % CTS — 30min incubation). Every point
is the average of 3+6 experiments.

Figure 3.30 illustrates the visual growth of molds and yeasts on the
surface of strawberries after treatment with NaOCl (200 ppm, 1 min
treatment), Chl-based photosensitization (0.001% and 0.1%, illumination dose
76 J/cmz) and photoactivated Chl (0.001%)—CHS (0.1 %) (illumination dose 76
J/em?).
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Fig. 3.30 Decontamination of strawberries by different antimicrobial treatments: a)
untreated; b) 200 ppm NaOCl-1 min treatment; c) 0.1% CHS-30 min incubation ; d)
0.001% Chl-based photosensitization—30 min incubation; e) 0.1 % Chl-based
photosensitization—30 min incubation; f) photoactivated 0.001 Chl-0.1% CHS
conjugate — 30 min incubation. Illumination dose—76 J/cm®.

3.7.2. Evaluation of visual quality and shelf-life of treated strawberries

Table 3.3 shows the effect of different treatments on the visual overall

quality of treated strawberries during storage at 22 + 2 "C for 10 days.

Table 3.3 Changes in the visual overall quality of strawberries treated with different
antimicrobial tools during storage at (22 = 2 °C).

St(.)rage Chl-CTS Photoactivated Photoactivated NaOCl
time Control (0.1%) Chl-CTS Chl (0.001%) | (200 ppm)
(day) ’ (0.001-0.1%) )

0 9.0+0.0 |9.0£00 [9.0+£0.0 9.0+ 0.0 9.0+ 0.0

1 74+10 |7.7+1,6 [8.6+0.5 8.4+0.6 7.5+0.5

2 60+15 |63+21 [82+0.8 79409 7.1+0.8

3 48+1.8 [48+24 |72+1.5 6.8+1.2 5.6+1.1

4 32+£21 |3.0+23 [53+£23 57+19 48+1.8

5 1.7+£14 |19+£1,7 |3.9+25 47+24 37423

6 1.1+07 |16+1,4 [2.8+23 34124 27+2.1

7 1.0+£00 |1.3+£0,9 [24+2.0 25+1.8 22+£2.0

8 1.0+£00 |1.0£00 [1.9+1.7 1.9+1.7 1.9+1.6

9 1.0+£00 |1.0£0,0 [1.7+1.5 1.6+1.5 1.7+1.6

10 1.0+£00 |1.0£0,0 [1.4+1.0 1.4+1.0 1.6+1.2

Results are expressed as mean values of three replicate measurements + standard

deviation
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There were no significant difference between control and treated
samples at day 0 of storage. The visual overall quality of strawberries
gradually decreased over storage time. The score decreased from 9 to 4,8 after
3 days in control and from 9 to 5.6 in 200 ppm NaOCI treated strawberry
group, from 9 to 4.8 in CHS treated strawberry group, from 9 to 6.8 in Chl-
based photosensitization treated group, from 9 to 7.2 in Chl-CHS conjugate
and light treated group. Also photoactivated Chl and Chl-CHS conjugate is
most effective tool in delaying strawberry spoilage.

It is obvious that the most important advantage of any antimicrobial
technology is ability to extend the self-life of treated berries. Shelf-life of berries
was evaluated visually from surface color changes (visible fungi) (Figure 3.31).
The overall appearance of treated strawberries during storage at 22 + 2 °C for 10

days was examined. Generally, the visual overall quality of strawberries

gradually decreased over storage time.

Fig. 3.31 Visual quality of strawberries after treatment (after 4 day storage at 22 + 2
°C): a) control group; b) 0.001 Chl-0.1% CHS conjugate; c) photoactivated 0.001%
Chl (illumination dose 76 J/cm®); d) photoactivated 0.001 Chl-0.1 % CHS conjugate
(illumination dose 76 J/cm®).

Our data on visual quality of control strawberries coated with Chl-CHS
conjugate without illumination, and strawberries treated by photoactivated Chl —
CHS conjugate (in every case 60 strawberries have been used) indicate that it is
possible to achieve some delay of spoilage when berries are coated with Chl-
CHS and illuminated. For instance, control strawberries 7 days after treatment
were totally infected (visually detected spots of infection), whereas coating of
strawberries with Chl-CHS (Figure 3.31c, dark toxicity) reduced the natural
spoilage. But, it is obvious that Chl-based photosensitization (Figure 3.31a) and
photoactivated Chl-CHS conjugate (Figure 3.31d) were most effective tool in
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delaying strawberry spoilage. Thus, as depicted in Figure 3.31, the disease-free
period of treated strawberries was prolonged about 3 days in comparison with

control. This is a significant effect for strawberry producers.
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Fig. 3.32 Shelf-life (storage at 22 + 2°C) of strawberries treated by 0.001% Chl-based
photosensitization —30min incubation, illumination dose 76 J/cm® (a), 200 ppm
NaOCl —1 min treatment (b), 0.001 Chl-0.1% CHS conjugate — 30min incubation (c),
photoactivated 0.001 Chl-0,1% CHS conjugate — 30min incubation, illumination
dose 76 J/em? (d).

Measuring extension of shelf-life of treated strawberry was evaluated
according to Kittemann (136) system (1+6 scale), 7 day storage makes all
control beries (100%) infected and disease index (N) was the highest N=6,
whereas just 76% of Chl-CHS treated berries were damaged by spoilage

microorganisms, thus disease index was significantly lowered (N=4.6) (Figure
3.32d).

3.7.3. Total antioxidant activity

According to the obtained results depicted in Figure 3.33 the total

antioxidant activity in control berries was 17,11 mmol Fe*'/kg whereas in
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treated berries it increased to more than 20,33 mM Fe*'/kg. This statistically
insignificant increase (19%) of total antioxidant activity was observed in the
strawberry immediately after photosensitization and does not reduce during

next 48 hours.

30 L

[—_1Control group
221 Treated group

25 -

20 - 7
_ 0 )

mM Fe*/kg dry weight

Oh after treatment 48h after treatment

Fig. 3.33 Total antioxidant activity in strawberry after photoactivated 0.001 Chl—
0.1% CHS coating of fruits in comparison with control during 0 and 48 h after
treatment keeping them at 5 = 0,5 °C.

3.7.4. Measurements of strawberry color and weight losses

The other important characteristic which can be influenced by treatment is the

appearance of berry, especially its color.

—— Control group
10 - S ---- Treated group

Optical density

350 400 450 500 550 600 650
Wavelenght (nm)

Fig.3.34 Strawberry color changes after photoactivated 0.001 Chl-0.1% CHS coating
of fruits (illumination dose 76 J/cm?): absorption spectrum of strawberry extract
samples in visible region.
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To determine whether photoactivated Chl-CHS coating of fruits had any
negative effects on the color of the strawberry they were analyzed immediately
after treatment. For this purpose absorption spectroscopy was used to analyze
the spectrum of berry extract in visible region. It is evident from Figure 3.34
that no significant color changes are detected over all visible spectrum region

(350+650 nm) meaning that photosensitization has no significant impact on

strawberry color.
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- ]
@ S
T

Weight loss (%)
5
T

[
T

-}

Storage time (days)

Fig. 3.35 Weight losses during storage in control and photoactivated Chl-CHS coated
strawberry 5 days after treatment (a) and FT-Raman spectra of control (lower
spectrum) and Chl-CHS coated berries (upper spectrum)-(b).

Figure 3.35a shows weight loss during 5 day storage of control and Chl
— CHS coated strawberry. All samples (every consisted of 20 berries)
demonstrated a gradual loss of weight during storage. Throughout storage, the
loss of weight of control berries was significantly greater than that of coated
ones. At the end of storage, uncoated strawberry showed 22% loss in weight,
whereas the weight loss of coated strawberry was just 12%.

These data were confirmed by FT-Raman spectroscopy data of Chl—
CHS coated strawberry (upper spectrum) in comparison with not coated
control ones (lower spectrum) (Figure 3.35b). It is obvious that peak at 3200
cm’' (typical water absorption) has much higher intensity for Chl-CHS coated

strawberry in comparison with that of not-coated control ones.
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3.7.5. Detection of free radicals in treated strawberry by electron paramagnetic

resonance (EPR)

The data presented in Figure 3.36 show EPR spectra of control and
photoactivated ChlI-CHS coated strawberry in a wide field range (from 10 mT
to 600 mT). The spectrum consists of typical 6 signals which were separated
from each other by ~ 9 mT. According to Raffi and Stocker (141) these signals
from 320 mT to 380 mT belong to Mn>" which is normally in strawberry in
measurable amounts. According to P. Leveque (142) the signal in lower field
(170 mT) belongs to the Fe’". The number of lines from the hyperfine
interaction was determined by the formula:

n=2NIl+1,

where n i1s a number of spectral lines, N is the number of equivalent
nuclei, / is the spin.

In our case, N =1, I = 5/2 from the manganese nucleus, thus amount of
spectral lines was 6.

Comparison of spectra of control and treated strawberry supposed that

this treatment did not induce additional free radicals in the matrix of

strawberry.
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Fig.3.36 EPR spectra of strawberry: control (A) and (B) photoactivated Chl-CHS
coated strawberry. Mn®" lines (g=1.87608; 1.92801; 1.98124; 2.03521; 2.09085;
2.14451).
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4. DISCUSSION

Despite the tremendous progress in microbiology, food-borne diseases
continue to be one of important problems in the world. The development of
modern, ecologically friendly and cost-effective antimicrobial technologies,
which are integral to food production and manufacturing, is obvious. Benefits
from these technologies are numerous, ranging from providing high quality
and good physical condition crops to safe food products (18). In this context,
modern light-based technologies, including high power pulsed light or
photosensitization might serve as promising antibacterial tools
(42,74,143,144).

Since the beginning of the 20™ century it is well known that certain
microorganisms can be killed by the combination of dye and appropriate light
(53,145). Antimicrobial photosensitization-based technique has been
developed especially during the last 25 years (62). The main prerequisite for it
were growing concerns about the emergence of antibiotic-resistant bacterial
strains. One of the most important advantages of photosensitization-based
treatment in comparison with other antibacterial tools is the absence of any
bacterial resistance to this treatment (59,63,64). Also, it is important that all
cytotoxic reactions are local; this fact allows us to achieve an extensive
decrease in the population of pathogens with minimal damage effects on the
surrounding matrix (62). It was confirmed by a series of experiments that
photosensitization, in contrast to ionizing radiation, has no mutagenic or
carcinogenic effects on living systems (146). Several infections, such as
Helicobacter pylori, Propionibacterium acnes, Candida albicans, trauma-
associated and oral infections have been treated by photosensitization using
xanthene, acridine dyes and positively charged porphyrins (54). The
photosensitizing properties of cationic phenothiazine dyes on Gram-positive
and Gram-negative bacteria, yeast and viruses have been known since the
1960s and have been employed for sterilization of blood plasma in German and

Swiss centers since 1992 (147).
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The inactivation of pathogens on food or food-related surfaces by
photosensitization-based treatment is a novel approach (52,148). Undoubtedly,
the main premise in this case is the used PS, which besides its suitable
photophysical and photochemical properties must be a pure and water soluble
compound with a stable shelf-life, not bleaching and easy to produce.
Moreover, it must be food constituent or food additive. We compared the
antimicrobial  efficiency = of  aminolevulinic  acid-based  (ALA)
photosensitization and chlorophyllin-based (Chl) photosensitization treatments
against food pathogens Gram-positive L. monocytogenes and B. cereus, and
Gram-negative S. enterica. Our results indicate that Salmomnella is more
resistant to Chl-based photosensitization than to ALA-based, while Listeria
was more sensitive to Chl-based than to ALA-based photosensitization
treatment. Therefore Gram-positive Bacillus was sensitive to both
photosensitization types. Based on the experimental results, we suggested an
innovative approach to combat L. monocytogenes, B. cereus and S. enterica by
photosensitization in an effective and uniform way.

It is worth emphasizing that the phototoxic action on pathogens is
caused by the combined action of two factors — PS and visible light, which
separately are devoid of any detectable toxicity at used doses (62). The
selected PS must have suitable photophysical and photochemical properties
and be easy to produce and effective against foodborne pathogens. It must be
either a food constituent or at least be nontoxic at the concentrations required
for microbial inactivation. It is know that a fundamental difference exists in the
susceptibility to photosensitization between Gram-positive and Gram-negative
bacteria. It is well documented that photosensitization-based inactivation is not
enough effective to kill Gram-negative bacteria when neutral or anionic PSs
have been used. Neutral, anionic, or cationic PSs can inactivate mostly Gram-
positive bacteria (73), whereas Gram-negative bacteria due to more conjugate
cell wall structure and additional negatively charged outer membrane are less
susceptible to this treatment and need higher doses of PS and light (94).

Several attempts have been made to achieve identical and equal inactivation of
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naturally distributed microorganisms, consisting of both Gram-negative and
Gram-positive bacteria.

There are myriads of Gram-positive bacteria (69) which might be
destructed by the photosensitization-based technology. However, there are only
a few reports on photosensitization-based treatment against L. monocytogenes
(149-151). It is well known that neutral or anionic PSs can efficiently
accumulate in the cell and after irradiation inactivate Gram-positive bacteria.
High susceptibility of these bacteria is based on the structure of their
cytoplasmic membrane surrounded by a porous layer of peptidoglycan and
lipoteichoic acid, allowing PS to cross (59,65,95,96).

The envelope of Gram-negative bacteria consists of inner cytoplasmic
and outer membranes which are separated by the peptidoglycan-containing
periplasm. The outer membrane forms a physical and functional barrier for
different compounds. However, different approaches aim to overcome this
problem by, for example, creating positively charged (cationic) PS or by
coupling or combining the PS with positively charged entities such as poly-L-
lysine(152), polyethylenimine (153) and polymyxin B nonapeptide (PMBN)
(65). Nitzan and co-workers used membrane disintegrating agent polycationic
PMBN to increase the permeability of the outer membrane of Gram-negative
bacteria (65). After illumination viability of the bacteria was dramatically
reduced. Chlorin e6 (ce6) has been used as a second-generation PS since it
absorbs long-wavelength light and has a high photosensitizing efficacy (152).
A second approach for inactivation of Gram-negative bacteria can be the usage
of pre-treatment with toluene, ethylene diamine tetraacetic acid (EDTA) which
then induced susceptibility of Gram-negative bacteria to photosensitization
treatment (154,155).

One of the most ordinary approaches to kill Gram-negative bacteria is
the use cationic PSs (56,156). George et al. (157) has found that the uptake of
cationic PSs by the cell is mediated by electrostatic interactions and self-
promoted uptake pathways. Usually, cationic sensitizers after accumulation in

the cell tend to bind DNA molecule. The cationic blue dyes known as
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phenothiazinium salts (toluidine blue O (TBO) and methylene blue (MB)) have
been studied for 40 years (153). Ozkanca et al. (158) demonstrated
photoinctivation of Salmonella typhimurium LT2 in filtered autoclaved
seawater microcosm by TBO and light. A 1.5 log reduction in Sal/monella cell
viable count was observed after 8 h treatment. The photoinactivation of S.
enterica using cationic dye malachite green resulted in 2.3 log reduction of
bacterial population (15).

In our opinion, the main disadvantage of photosensitization-based
treatment is high resistance of Gram-negative bacteria to this treatment.
Photosensitization of pathogen by endogenously produced porphyrins is
another effective approach to their eradication. It is well established that most
bacteria use the heme biosynthetic pathway to produce porphyrins from
precursor S-aminolevulinic acid (ALA) (66). These porphyrins represent
mixture of coproporphyrin, uroporphyrin and protoporphyrin (54) and after
excitation with A=405 nm light can produce photocitotoxic effects in bacterial
cells. ALA-based photosensitization was found to induce a more pronounced
antibacterial effect on Gram-positive bacteria than on Gram-negative ones.
Nitzan et al. (69) reported that upon illumination of 3.8 10° M ALA induced
bacterial strains with 407+420 nm light (50 J/cm® illumination dose) resulted in
5 orders of decrease of Gram-positive Staphylococcus strains as opposed to 1
order of decrease in Gram-negative strains. The dates obtained in this study
clearly indicate that Gram-positive L. monocytogenes, B. cereus and Gram-
negative S. enterica produce endogenous porphyrins in sufficient amounts
(Figure 3.2-3.4) and can be destructed by ALA-based photosensitization:
Bacillus — 6.4 log, Salmonella —5.9 log, Listeria — just 4 log.

The first results obtained in this study on the inactivation of bacteria
cells by ALA-based photosensitization in vitro look promising. It is important
to note that Gram-negative multidrug resistant food pathogen S. enterica,
which produced a smaller amount of endogenous PSs (Figure 3.4), was
inactivated by 7.5-10° M ALA-based photosensitization (60 min incubation

time, 24 J/ecm® illumination dose) in a slower but effective way (5.9 log
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inactivation) without leaving resistant cells (Figure 3.7). In addition, Gram-
positive biofilm forming food pathogen L. monocytogenes was most resistant
and after 60 min incubation with 7.5 10° M ALA and 20 min illumination (24
J/em® illumination dose) was inactivated only by 4 orders of magnitude (Figure
3.6). Other Gram-positive food pathogen B. cereus can effectively produce
endogenous PSs from exogenously applied ALA at 3-10° and 7.5-10° M
concentrations (Figure 3.2). Comparative analyses of fluorescence intensity of
endogenous PSs of all tested bacteria reveal that B. cereus, during 60 min
incubation with 7.5-10° ALA, is producing endogenous porphyrins 10 times
more efficient, than L. monocytogenes or S. enterica. As a consequence B.
cereus is more susceptible to ALA-based photosensitization than L.
monocytogenes. Really fast and significant inactivation (6.4 log inactivation)
of this microorganism can be achieved after ALA-based photosensitization
(Figure 3.5).

The data obtained in this study clearly indicate that the ALA-based
photosensitization treatment efficiency of inactivation strongly depended on
treated bacteria cells incubation with ALA time (produced endogenous
porphyrins) and illumination dose delivered to the bacteria. Hence, there are
enough ways to increase the inactivation efficiency of ALA-based
photosensitization, if necessary. These data are in line with the results
described by Fotinos et al. (66), who found that both Gram-positive
(Staphylococcus. aureus) and Gram-negative bacteria (Escherichia coli,
Pseudomonas aeruginosa) are able to produce endogenous porphyrins, and that
inactivation efficiency mostly depends on the concentration of produced
endogenous porphyrins.

Decontamination of packaging material from Bacillus and Salmonella
adhered to the surface by ALA-based photosensitization treatment seems really
promising. Even about 4 log inactivation was achieved after ALA-based
photosensitization treatment (Figure 3.26 and 3.27). The data, depicted in
Figure 3.27, clearly indicated that the inactivation of Gram-negative

Salmonella cells attached to the surface of packaging after photosensitization-
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based treatment reached just 4.5 log from initially attached 7 log. Meanwhile
data, shown in Figure 3.26 indicated that amount of Bacillus cells adhered onto
one coupon of packaging material was more lower (~4 log) and cells
inactivation after ALA-based treatment reached undetectable level .

The application of photosensitization-based inactivation is considered
for decontamination of food. Not every PS is possible to use for food
decontamination. First of all every photosensitizer interacts with food matrix.
ALA solution itself is colourless and odourless, thus its spraying on food
matrix will not change the organoleptic properties. According Luksiene et al.
(70) decontamination of wheat sprouts from microfungi by ALA-based
photosensitization revealed that besides significant antimicrobial properties of
this treatment ALA could stimulate the growth of wheat seedlings and roots,
increase photosynthesis rate and activity of antioxidant enzymes without
impairing the vigor of germination and the viability of seeds. Also ALA
increased the rate of photosynthesis and the activities of antioxidant enzymes,
which could be associated with enhanced cellular capacity to detoxify reactive
oxygen species (70). In addition, ALA is an essential precursor of such
tetrapyrole compounds as vitamin B12 and hemes (159).

Meanwhile, ALA is comparatively expensive compound to use it in food
industry. Moreover synthesis of endogenous porphyrins from ALA in the
bacteria requires additional time (20+60 min) what increases the duration and
the costs of technology (14). Chlorophyll and its derivatives are widely known
photosensitizer in PDT. Although different classes of porphyrins have been
tested against Gram-positive and Gram-negative bacteria, chlorophyllin-based
photosensitization and the concomitant inactivation of food pathogens has been
never investigated.

Data obtained in this study reveal that sodium chlorophyllin (Chl)
exhibits excellent photosensitizing properties. Chl is obtained by the
saponification of oil soluble forms. Chl provides an olive green shade and has
poor stability in both heat and light. Chl is a highly fluorescing food additive

(E140ii) known for its anti- mutagenic and anticarcinogenic properties (160),
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exhibiting high antioxidant capacity (161). The absorption and fluorescence
spectra, presented in Figure 3.8 indicate that 1.5-10° M Chl molecules tend
slightly to aggregate in PBS. Fluorescence intensity increase from 640 to 768
a.u. when 20 pl 0.001% Triton-X100 was added to the solution.

The analysis of bacterial survival curves indicates that Gram-negative
Salmonella is more resistant to Chl-based photosensitization than Gram-
positive Listeria and Bacillus (Figures 3.9-3.11). The different susceptibilities
of Gram-negative and Gram-positive bacteria to photosensitization-based
treatment can be attributed to the particular structure of their cell wall (74).
Theoretically, in Gram-positive bacteria the outer wall (15+80 nm thick)
contains up to 100 peptidoglycan layers which are associated with lipoteichoic
and negatively charged teichuronic acids. This wall is not act as a permeability
barrier for the most used PSs as porphyrins, whose molecular weight does not
exceed 1500+1800 Da (162,163). Thus, after accumulation of Chl (average
molecular weight 596 + 9 Da) by cell and ensuing photosensitization B. cereus
and L. monocytogenes were diminished by 7 log (undetectable level) using
very low PS concentration (1.5+7.5-107 M) in vitro (Figures 3.9 and 3.10 a).
As depicted in Figure 3.9, slower inactivation rate of B. cereus was observed
when lower 7.5-10"® M Chl concentration was used. The incubation of bacteria
with 7.5:10® M Chl and following illumination (illumination dose 6 J/cm?)
decreased cell number by 7 log. The incubation of Bacillus with higher 7.5-10”
M Chl concentration requires lower 2.4 J/cm” illumination dose to inactivate
them by 7 orders of magnitude. 10" and 10® cfu/ml cells concentrations of L.
monocytogenes were used for Chl-based photosensitization experiments
(Figure 3.10). The effectiveness of Chl-based photosensitization increased with
decrease of L. monocytogenes cell density (Figure 3.11b). After 2 min
incubation with 1.5-107 M Chl and 1 min of illumination (illumination dose
1.3 J/em?®) the 10® and 107 cells count decreased by 3.5 and 5.6 orders of
magnitude respectively. However inactivation of Listeria cells to undetectable
level requires higher illumination dose: 6.3 J/ecm® for 107 cfu/ml cells

concentration and 25.3 J/em? for 10® cfu/ml cells concentration. The incubation
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of 10® cells count bacteria with higher 1.5-10° M Chl concentration requires
lower illumination dose (2.5 J/cm?®) to inactivate them by 8 orders of
magnitude (Figure 3.10 b). As a role, the efficiency of photoinactivation
depends on the used PS concentration and illumination time, bacterial cells
concentrations. In this case we found that variation of incubation time with Chl
for 2+60 min does not influence the photoinactivation efficiency when all other
parameters were kept constant (Chl concentration, illumination time (dose)).
These data are in line with previously published results (164) indicating that
the extension of the incubation time from 2 min to 1+2 hours has no effect on
the amount of PS bound to the microbial cell. By no means, more detail
quantitative evaluation of cell-bound PS would give additional information
about kinetics of this process. Thus, summarizing our recent experience, all
experiments with Gram-positive B. cereus and L. monocytogenes were
performed using “shortest effective” Chl incubation time (2 min). The
comparison of ALA- and Chl-based photoinactivation of B. cereus and L.
monocytogenes indicates some advantages of last treatment. First, when we use
Chl as PS we can shorten the incubation time from 20 min to 2 min. Second,
we can reduce the illumination dose from 24 to 6 and 6.3 J/cm®. Third, Chl is
effective photosensitizing compound and “works” at extremely low
concentrations (1.5-10® M) whereas ALA “working” concentration was much
higher (7.5:10° M). Our data are in line with Kreitner et al. (165) who
examined the photosensitivity of Gram-positive bacteria and yeasts to sodium
chlorophyllin based photosensitization and found that S. aureus, B. subtilis,
Saccharomyces cerevisiae, Rhodotorula mucilaginosa were susceptible to this
treatment (3+5 log inactivation) after incubation with 10 M concentration PS
and illumination for 60 min with light.

In order to decrease microbial contamination, the fresh-cut industry
commonly uses NaOCI and acids as disinfection agents but by-products such
as trihalometanes and chloramines are potentially harmful for humans (14).
Inactivation of L. monocytogenes and B. cereus on the surface of packaging

material by Chl-based photosensitization indicates that this treatment can clean
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surface from Listeria and Bacillus totally (Figure 3.28). Comparative analysis
of efficiencies of different antimicrobial tools indicates that washing with
sterile water or NaOCl is less effective than photosensitization in the case of
Listeria and Bacillus strains.

It is well documented, that photosensitization-based inactivation is not
enough effective to kill Gram-negative bacteria when neutral or anionic PS
have been used. Gram-negative bacteria due to more complex cell wall
structure and additional negatively charged outer membrane are less
susceptible to this treatment and need higher doses of PS and light (94). Our
results, obtained on inactivation of Gram-negative S. enterica by negatively-
charged Chl-based photosensitization (Figure 3.11b) indicated that just 1.27
log reduction of microbial population can be achieved when cells were
incubated with 1.5-10° M Chl for 60 min and get 17.3 J/cm? illumination dose.
An extension of incubation time from 60 to 120 min enhanced the inactivation
of Salmonella to 2.05 log. However when illumination dose was increased to
51 J/em®, the number of surviving Salmonella cell count decreased by 2.5
orders (Figure 3.11b). This means that Sa/monella incubated with Chl and then
illuminated with light is rather resistant to photosensitization.

It is important to mention that we tested whether the binding of Chl to
the S. enterica and L. monocytogenes cells was important. We carried out the
studies both “without” and “with a wash”, a centrifugation step after Chl
incubation and before NaN; addition. Actually, there are three main ways for
cell-PS interaction. In the first case, PS does not bind to the bacterium, remains
outside and damages just cell wall. In the second way, it binds the bacterium
externally and damages extracellular structures. In the third variant, PS
accumulates inside the bacterium. In this case the PS is transported inside the
cell, were it associates with the key structures and irreversibly damages them
after photosensitization (52). It is important to note, that the increase of
incubation time from 15 to 120 min with Chl change cell inactivation level
slightly (Figure 3.11a) what means that probably Chl bound the cell from

outside and did not need longer incubation time to accumulate inside the cell.
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In order to understand cell-PS interaction intensity we measured fluorescence
spectra of Salmonela and Listeria cells incubated with Chl and compared with
that of supernatant and separated cells alone (Figure 3.13). Data in Figure
3.13a indicate that most of the 1.5-10° M Chl remains in the supernatant and
just small part is bound to Gram-negative Salmonella. So far, this small
fraction of Chl-attached Salmonella is damaged after photosensitization-based
treatment. Data in Figure 3.13b indicated that ~ 50% of the 1.5-107 M Chl
remained in the supernatant and ~ 20% was bound to Gram-positive Listeria.
Therefore the effectiveness of Chl-based photosensitization was
dramatically reduced when Chl was washed out of the cell suspensions -
centrifugation step after Chl incubation and before photosensitization-based
inactivation (Figure 3.14). This was applied to both microbial species - Gram-
negative Salmonella and Gram-positive Listeria. These data are in line with
Demidova and Hamblin (74) published results indicating that cationic TBO
was less effective after washing. As depicted in Figure 3.14a, after 2 min of
incubation with 1.5-107 M Chl, ensuing centrifugation step and illumination
treatment (illumination dose 1.3 J/cm?), the number of surviving Listeria cell
count decreased by 2.2 log. However, killing increased to 5.7 log when Chl
was not washed out of the cell suspension. The same decrease of cells
photoinactivation was obtained when experiments were performed with
Salmonella and 1.5-10° M Chl (Figure 3.14b). After centrifugation step and
ensuing illumination (illumination dose 88.7 J/cm?), the number of surviving
Salmonella cell count decreased by 1.7 orders. However, killing increased to
5.4 log when cells after incubation with Chl were illuminated without a wash.
In order to find new effective combination of antimicrobial treatments it
1s important to know cell injuries which are produced by each of them. The
question arise what is the mechanism of cell damage after Chl-based
photosensitization. Usually after light excitation the triplet-state PS interacts
with molecular oxygen, electron donors or acceptors and can produce ROS.
This interaction may proceed in two distinctly different ways: type 1

mechanism involves electron transfer and leads to free radicals, such as
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superoxide anion, hydroxyl radical. The type 2 mechanism leads to the
formation of 'O,, which is reactive and directly destroy bacteria. Both reaction
types can occur simultaneously and the ratio between them depends on the
structure of PS and microenvironment (148). It is know that Gram-positive
bacteria are more sensitive to 'O, and Gram-negative bacteria are more
susceptible to HO™ (56). However the intracellular uptake of PS is not severally
necessary to kill both type bacteria. ROS generated outside or at the cell wall
by PS that are bound to bacterial cells, maybe cause lethal damage to the cell
membrane by the process of diffusion (56,166,167).

NaNj is generally employed to quench 'O, during photodynamic therapy
(PDT), especially when PDT is used to inactivate bacteria in suspension (60).
Tavaras et al. (168) found that NaN; strongly inhibited the bactericidal
photosensitization effects of porphyrin-based PS. Huang et al. (60) observed
that addition of NaN; to Gram-positive and Gram-negative bacteria incubated
with cationic MB and illuminated with light have significantly increased
bacterial killing, unlike the conjugate PEI-ce6 showed reduced
photosensitization-based killing after addition of 10 mM NaNj. It should be
noted that NaNj is toxic to all Gram-negative but not many Gram-positive
bacteria (166,169). Initially, we checked that at 10 mM concentration for 60
min there was no NaNj toxicity to S. enterica and L. monocytogenes. We found
that the addition of 1040 mM NaNj in 1.5-107 M Chl and Gram-positive
Listeria suspension without centrifugation step was not effect on the cells
photoinactivation (Table 2.4). However data presented in Figure 3.16a indicate
that 'O, quencher NaNj can protect Gram-negative Salmonella from Chl-based
(1.5:10° M Chl) photosensitization induced killing (without a wash) what
means that type II mechanism took place in photochemical reactions. The
addition of NaNj inhibited the Chl-based treatment killing of Salmonella at 38
J/em® by 1.3 log (Figure 3.16a). However after Salmonella cell centrifugation
effect of NaN; was insignificant (Figure 3.16b). Also we demonstrated that 10
mM NaN; added after Listeria cell centrifugation in the presence of

photosensitization treatment with 1.5-10”7 M Chl potentiated photoantibacterial
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activity by 3 log (Figure 3.15). Similar result was demonstrated by other
authors. According to Kasimova et al. (166) there was a great variation in the
effects of NaN; on the photosensitization-induced killing in between PS and
also in between bacteria species. They showed that Gram-negative E. coli with
a wash shows potentiation by NaN; with every single phenotiazinium dye. The
differences in NaNj; inhibition efficiency may depend on differences in the
extent of FS binding to bacteria or differences in penetration of NaNj into cell
walls of bacteria.

In addition, SEM images of treated bacteria indicate intensive shrinkage
of bacterial cells which usually is result of leakage of intracellular components
in the cell (Figure 3.19). To confirm membrane disintegration in Salmonella
and Listeria after Chl-based photosensitization the leakage of some proteins
(280nm) and DNA components (260nm) has been evaluated (Figures 3.17 and
3.18). Data indicate that after photosensitization extensive leakage of DNA and
proteins was found in Gram-negative Salmonella what means that
photosensitization treatment induced significant cell membrane disintegration
what was confirmed by SEM images (Figure 3.19b). On the contrary, the
release of intracellular components (both absorbing at A=260 nm and A=280
nm) in Gram-positive Listeria supernatant was insignificant when 1.15 J/cm®
illumination dose was used. Only, when illumination dose was increased to
11.52 J/em®, the release of intracellular components in treated bacteria growth
to 0.136 a.u.

The results obtained in this work indicate that inactivation of Gram-
positive Listeria or Bacillus on the surface of packaging material by Chl-based
photosensitization is fairly effective and can significantly clean the surface
from the attached pathogens, spores and biofilms. Preliminary data indicate
that this treatment is less effective against Gram-negative bacteria. It was
determined that Chl-based photosensitization was very effective and reduced
the Bacillus and Listeria population on the surface of the polyolefine by 3.3
and 4.4 log respectively (Figure 3.28 ).
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In order to increase the susceptibility of pathogens to Chl-based
photosensitization the conjugate of Chl with chitosan (CHS) was performed.
CHS (polyB-(1, 4)-acetyl-D-glucosamine) is cationic linear polysaccharide,
obtained from deacetylated derivative of chitin—-most abundant polysaccharide
in nature after cellulose (170). It is tasteless fiber, non-toxic and biodegradable.
Antimicrobial activity of CHS was assessed for a wide variety of
microorganisms(171-174). Moreover, CHS is nutritional supplement which
exhibits film-forming properties. These features enable us to apply it as an
edible coating for different types of food (175). To effectively extend the shelf
life of postharvest fruit and vegetable, CHS-based coating is more and more
concerned in food industry in recent years. However, single CHS coating
sometimes demonstrates a certain defect, which includes limited inhibition to
especial microorganism that leads fruit to decay (171,172). To effectively
apply the CHS-based coating, the CHS was combined with organic
compounds, inorganic compound, biological control agents (170) or with
physical methods such as short heating, short gas fumigation, modified
atmosphere packaging, and so on (176-178). The aim of this study is to
improve antimicrobial efficiency of CHS coatings incorporating well known
PS and food additive Chl into this biopolymer. Thus, first, the antimicrobial
efficiency of photoactivated Chl-CHS conjugate against food pathogens and
harmful microfungi were investigated. Second, the impact of coating of
strawberry with Chl-CHS and illumination with visible light on microbial
contamination, shelf life, nutritional and visual quality of strawberry were
evaluated as well.

Data obtained from fluorescence spectra showed that remarkable
decrease of Chl fluorescence intensity at A=647 nm has been observed after
conjugation with CHS (Figure 3.20a). It supported the idea that due to the Chl—
CHS conjugate formation some aggregation of Chl and CHS in solution took
place. Just addition of small amounts of Triton-X100 disaggregated Chl-CHS
conjugates and recovered typical fluorescence intensity of monomeric Chl.

Data obtained in the present study allow us to compare the susceptibility of
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Gram-positive and Gram-negative food pathogen to photoactivated Chl-CHS
treatment. It was found in our study that antimicrobial properties of CHS alone
or dark toxicity of Chl-CHS conjugate are rather low (Figures 3.21-3.22).
Chl-CHS conjugate in the dark exhibited some antimicrobial activity against
Salmonella (1 log after 2 hours incubation) and it was comparable with that of
CHS alone (Figure 3.21). On the contrary, significant antimicrobial effects of
Chl-CHS conjugate without light activation were observed on Gram-positive
bacteria Listeria after 2 min incubation (Figure 3.22). Inactivation of L.
monocytogenes by this conjugate in the dark was rather significant and after 2
min incubation reached 2.1 log. It is important to note that antimicrobial
efficiency of CHS depended on the incubation time, and these data are in line
with results published in (179). As development of novel antimicrobial
treatment mostly requires short treatment time we paid more attention to
inactivation level at 0+30 min incubation. It is clear that antimicrobial
properties of CHS alone are insignificant at short incubation time (at 30 min 0
log). Just at longer incubation time (120 min) it reduced viability of S. enterica
by 2 log. Chl-based photosensitization inactivated Salmonella by 2 log but not
more (Figure 3.21b), and inactivation efficiency did not depended on
incubation time (3.11a). It enables to presume that Chl interacts with the
bacterium just superficially. Photoactivation of Chl-CHS conjugate enhanced
drastically the killing efficiency and very sharp reduction of viable Salmonella
cell population (6.7 log) was achieved even after 30 min incubation.
Remarkable and very fast decrease of Salmonella viability (7 log) was
observed when bacteria after 60 min incubation with Chl-CHS conjugate were
illuminated by visible light (illumination dose 38 J/cm?). Photoactivated Chl—
CHS conjugate reduced the viability of Listeria by 7 log within very short
incubation time (2 min) when low light dose (2.9 J/cm®) has been used (Figure
3.22). This means that Gram-positive food pathogen L. monocytogenes is more
susceptible to photoactivated Chl-CHS conjugate treatment than Gram-

negative S. enterica.
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By no means, question arises, whether low pH (in final Chl-CHS cell
suspension in 0.9% NaCl, pH=3.95) or light alone (405 nm) can diminish
Salmonella population. It must be noted, that lowered bacterial suspension pH
(3.95) due to addition of ChlI-CHS was not the factor, influencing viability of
pathogens. Since different experimental conditions (6 samples) may change the
pH of bacterial suspension and hence affect the viability of bacteria it was
necessary to measure pH values in all samples. It was determined that pH value
of the bacterial suspension in 0.01 M PBS shifted from 7.4 to 6.8 when the cell
suspension was mixed with Chl or ChlI-CHS conjugate. However, when PBS
was replaced by 0.9% NaCl, pH value after mixing with Chl or Chl-CHS
conjugate decreased from 7.3 to 3.95. Also we indicated that Salmonella cells
preserved their viability 100% when being suspended and incubated for rather
long time (120 min) in 0.9% NaCl acidified by HCI to pH 4.4. Thus, just minor
impact of pH on viability of Chl-CHS treated Salmonella can be anticipated.
These results have showed that an acidic environment (pH 3.95) promoted the
effect of Chl-CHS photosensitization as opposed to an neutral pH conditions
(pH 6.8 in 0.01 M PBS) in which inactivation of Gram-negative Salmonella
decreased. It looks like Chl being negatively-charged has weak interaction with
negatively charged bacterium. But immobilization of Chl into positively-
charged CHS polymer enhances the Chl interaction with bacterium and after
illumination triggers effective killing.

Murdoch et al. (180) published data about possibility to inactivate
Escherichia, Salmonella, Shigella, Listeria, and Mycobacterium in suspension
by LED-based light (405 nm). Meanwhile, statistically significant inactivation
(3.5 log) of Salmonella was achieved at light dose 288 J/cm?, whereas in our
experiments just 38 J/cm” light dose has been used.

To understand whether Chl-CHS conjugate interacts with the bacterial
surface SEM images analysis of Salmonella incubated with this conjugate was
performed. The analysis of SEM images of Salmonella treated by
photoactivated Chl-CHS conjugate indicates clear covering of bacteria by this

biopolymer, shrinkage and reduction of bacterial volume and size (Figure

97



3.25). Taking into account that Chl-CHS conjugates have feature to form
polymers, such “photoactive “antimicrobial films can serve as carrier of wide

range of various antimicrobials in the future (181).

light

Fig. 4.1 Hypothetical model of Chl-CHS interaction with Salmonella.

It is important to note that antimicrobial properties of CHS alone or Chl-
based photosensitization against Salmonella are rather low (no more than 2
log) (Figure 3.21). Meanwhile the treatment of Salmonella by photoactivated
Chl-CHS conjugate and following illumination with visible light (dose 38
J/em?) reduced cell number by 7 log in very fast way.

What is the mechanism of this effective antimicrobial treatment? It is
known that PSs that were covalently attached to polymers demonstrated high
quantum yields of 'O, formation (182). 'O, is a reactive oxygen species, which
has been shown to induce bactericidal effects. Data reveal that after light
exposure (38 J/cm®) intensive release of intracellular components (DNA and
proteins) was detected in Salmonella what can be addressed to intensive
membrane disintegration induced by photoactivated Chl-CHS conjugate
(Figure 3.24). It looks like Chl being negatively-charged has weak interaction
with negatively charged Salmonella. But immobilization of Chl into positively-
charged CHS polymer enhances the Chl interaction with bacterium what
triggers after illumination effective killing. Figure 4.1 presents hypothetical
model of destructive Salmonella-Chl-CHS interaction.

Soft fruits, as well as strawberries, have high economic value but short
postharvest life. Losses from Botrytis cinerea are several billion US
dollars/year. The conventional treatment to reduce microbial load on the

surface of fruits is based on disease control by fungicides (preharvest) and
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subsequent postharvest storage at low temperature or modified atmosphere
(106). However, it has been confirmed that due to increasing microbial
resistance chemical fungicides are not enough effective (183). Moreover they
leave residues that are harmful to human and environment (184). It is worth
noting that multiple fungicide residues were found in more than 60% of
strawberry (185). Traditional postharvest storage at low temperature has
detrimental effects on nutritional properties as decreased the antioxidant
capacity and flavonoids in strawberry (106). The carbon dioxide treatment
reduced anthocyanin content and changed internal fruit color (107). Hydrogen
peroxide (1%) reduced the microbial load on strawberry by 1.46 log, but
parallel produced losses in color and content of total anthocyanins. Widely
accepted hypochlorite (200 pg/ml, 2 min) reduced the microbial contamination
of strawberry just 0.45 log (186). Moreover, hypochlorous acid, a substance
present in NaOCI solution, interacts with organic tissue and releases chlorine
(strong oxidant), which inhibits enzymes and chloramines that interfere in cell
metabolism (187) and eventually causes formation of highly mutagenic
compounds, trihalomethanes (188,189).

Thus, rapid development of alternative antimicrobial approach which
would be more effective, safe to humans and harmless to environment has
become imperative (190).

One of the innovative non-thermal techniques to extend shelf life of
fresh fruits is high-intensity focused ultrasound (HIFU). HIFU takes short time
(5-10 min), meanwhile, power higher than 60 W diminished significantly the
quality of berries (191). Meanwhile, total soluble solid content, color, textural
properties of treated strawberry diminished significantly at higher than 60 W
powers. An emerging approach to control strawberry microbial contamination
is atmospheric pressure plasma treatment (APPT). Misra et al. (192) observed
that the total mesophiles and yeasts/ moulds of strawberry treated for 5 min
with ACP were reduced by 2 log, meanwhile to control parameters of this
treatment is rather difficult. Luksiene et al. (43) indicated that high power
pulsed light (HPPL) inactivated naturally distributed mesophils on the surface

99



of strawberry by 2.2 log, inoculated B. cereus and L. monocytogenes by 1.5 log
and 1.1 log respectively, yeasts/fungi - by 1 log what eventually extended the
shelf-life of treated strawberry by 2 days. No significantly important changes
were observed in nutritional quality and organoleptic properties of berries after
treatment. Meanwhile, the limiting factor of this technology is significant
increase of temperature at longer treatment time (43). International
Consultative Group on Food Irradiation (193) allows irradiation of strawberry
with maximum dose of 3 kGy. Yu et al. (194) approved that this dose extended
the shelf-life of berries by a factor of 2, but induced significant changes in
texture and color. Moreover, the irradiated fruits are not popular among
consumers (195,196). Several attempts have been reported to extend shelf-life
of strawberry with gaseous and aqueous forms of ozone. Nadas et al. (197)
showed that gaseous ozone treatment (1.5 pl) reduced decay incidence, weight
loss and softness but caused loss of aroma in strawberry. Aday et al (198)
demonstrated that low (0.075 ppm) and middle (0.15 ppm) ozone
concentrations can be applied to extend the shelf-life of strawberry by at least 3
weeks under refrigerated conditions.

Photosensitization seems to offer a promising alternative as effective
non-thermal antimicrobial food preservation treatment which is environmental
friendly, saves water and energy at very reasonable costs (148). After spraying
of the PS on the surface of fruit most surface-distributed pathogens, harmful
bacteria, viruses and molds bind to the PS (70,92,139,199,200). The following
illumination of fruits with light induced photocytotoxic reactions and death in
surface-attached microorganisms without any harmful effects on the
environment (12,14,71). For instance, according to Aponiene et al. (199)
hypericin-based photosensitization reduced the amount of B. cereus and
surface-attached mesophilic microorganisms on FV (apricots, plumes, and
cauliflowers) by 0.77+1.3 and 0.6+0.72 log respectively when 30 min
incubation with 1.5 10° M Hyp and 6.9 J/cm® illumination dose was used. Data

reveal that Hyp-based photosensitization treatment has no significant impact
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on antioxidant activity and color of treated FV and was comparable with the
effects of HPPL.

Over the last decade, interest has been rapidly growing in the
development of bio-based packaging and coating. Edible coatings which can
generate moisture and gas barriers have recently drawn considerable interest
due to environmental concerns regarding not biodegradable plastic packaging
materials (201). Importantly, edible films containing antimicrobial agents
(such as green tea extract, essential oils, tocopherol, organic acid, and chitosan)
have been used to preserve the quality of strawberry during storage(202).
Chitosan has been used to maintain the quality of post-harvest fruits and
vegetables (173,203,204). CHS possessed excellent film-forming properties,
reduced moisture losses, controlled gas (CO,, 0'2) and extended the shelf-life
of strawberry, thus, can be applied as an edible surface coating to strawberry
(203,205). Pre-harvest chitosan spraying have been noted to be effective in
controlling post-harvest fungal infections in strawberry (206).

Thus, combining antimicrobial properties of photoactivated Chl with
that of biopolymer CHS is possible to achieve not just higher antimicrobial
efficiency but also to develop new generation photoactive edible antimicrobial
coatings for preservation of strawberry. Data presented in Figure 3.29 reveal
that conventional washing of strawberry with 200 ppm NaOCIl (2 min)
diminished population of yeasts/microfungi on the surface of berry by 0.55 log,
Chl-based photosensitization (0.001%) reduced yeasts/microfungi in the same
level, but increased Chl concentration (0.1%) enhanced antifungal efficiency
up to 0.9 log (Figure 3.29). CHS alone was less effective (0.4 log) in
comparison with that of NaOCl (0.55 log). The highest inactivation of
yeasts/microfungi was found when strawberry were coated with Chl-CHS and
illuminated with light (1.37 log). By no means, the irregularity and the
different light reflecting properties of the illuminated strawberry surface can
possibly account for the lower antimicrobial efficiency (1.37 log) treating food
matrix in comparison with data in vitro (as shown our result inactivation

reached up to 7 log). Nevertheless, taking into account that photosensitization
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efficiency depends on illumination time and light intensity the obtained
antibacterial efficiency can be significantly enhanced by usage of more
powerful light sources or longer illumination time (144).

The most severe strawberry pathogen under Central European climatic
conditions is B. cinerea (207). It was important to investigate whether this
fungus is susceptible to Chl-based photosensitization and photoactivated Chl—
CHS treatment. The obtained data indicated that Chl and Chl-CHS without
light had no effect on Botrytis (Figures 3.12 and 3.23). Data presented in
Figure 3.12 indicated that mycelial growth of Botrytis 2 days after Chl-based
photosensitization treatment when fungus was incubated with 1.5-10* M Chl
and illuminated with visible light (illumination dose 35 J/cm?) reached 3.35 cm
diameter. However, photoactivation of Chl-CHS conjugate with higher
illumination dose (76 J/cm?) enhanced inactivation of fungus by 60 %.
Mycelial growth of Botrytis 2 and 3 days after photoactivated Chl-CHS
treatment reached 2.2 and 3.6 cm growth respectively.

It is obvious that the most important advantage of any antimicrobial
technology is the ability to extend the shelf-life of treated berries. Shelf-life of
strawberry was evaluated visually by observing fruits surface color changes
(spots) (Figure 3.31). Thus, as depicted in Figure 3.32c, the disease-free period
of Chl-CHS (dark toxicity) coated strawberry prolonged just 1 day in
comparison with control (strawberry without any washing). Therefore, it is
obvious that Chl-based photosensitization and photoactivated Chl-CHS
(illumination dose 76 J/cm®) was most effective tool in delaying strawberry
spoilage. Thus, as depicted in Figure 3.32a and d, the disease-free period of
treated strawberry was prolonged about 3 days in comparison with control.
This 1s a significant effect as the Chl and Chl-CHS conjugate concentrations
were not high (0.001 and 0.001-0.1 % respectively). These data are in line
with the results of other authors. Luksiene and Paskeviciute (139) used a novel
approach to obtain the microbial decontamination of strawberry fruits using
1:10° M Chl-based photosensitization (illumination dose 14.4 J/cm®), where

they extended the shelf life by at 2 days under refrigerated conditions (+6 C).
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Measuring extension of shelf-life of coated strawberry according
Kittemann et al. (136) system (1+6 scale) it was found that 7 - day storage
made all control berries (100%) infected and disease index (N) was the highest
N=6, whereas just 76% of Chl-CHS coated and illuminated berries were
damaged by spoilage microorganisms, thus, in this case the disease index was
significantly lower (N=4.6).

It is clear that visual overall quality of strawberry gradually decreases
over storage time. Table 3.3 shows the effect of different treatments on the
overall appearance of treated strawberry during storage (10 days). On 4 storage
day the control berries were qualified as “not acceptable”, whereas coated with
Chl-CHS berries were qualified as “good”. It is obvious that for delaying
strawberry spoilage and for keeping visual quality Chl-CHS coating and
illumination with light was more effective tool than 200 ppm NaOCI (2 min).

The main beneficial properties of strawberry have been partially
attributed to the high content of antioxidant compounds (208). Antioxidants
can scavenge free radicals and ROS which usually induce toxic processes in
the living cell including oxidative damage to proteins and DNA, membrane
lipid oxidation, enzyme inactivation and gene mutation that may finally lead to
cancer genesis or other oxidative cardiovascular or inflammatory diseases
(209). Li et al. (210) examined effects of UV(C) irradiation on antioxidant
capacity of strawberry and found that this treatment during later period of
storage reduced antioxidant capacity of strawberry. Therefore, it might be
possible that photosensitization being an effective antimicrobial treatment
modality can affect and result in some negative impact on the strawberry
nutritional properties. Thus, it was necessary to investigate whether some
changes of antioxidant activity took place after Chl — CHS photosensitization
in strawberry. Data obtained in this study indicate that strawberry coated with
Chl-CHS and illuminated with light preserved their total antioxidant activity
(Figure 3.33). However, the mechanisms of these effects have not been
thoroughly elucidated so far. In fact, plant cells usually keep the ROS level

under tight control by production or activation of scavenging enzymes (211).
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The visual quality of the treated strawberries is a key parameter for
consumers. It is important to note that under this experimental set up no effect
on the color of strawberries have been found. The red color of berry is due to
the presence of anthocyanin pigments in the fruit epidermis and cortex (212).
In addition, factors such as copigmentation, pH and anthocyanin metabolism
may play a significant role in the expression of color in strawberry (213). The
most effective copigments flavonols are located in external tissue (214,215). In
order to find out whether photoactivated Chl-CHS coating has any effect on
the color of strawberry, the fruits were analyzed immediately after treatment.
According to the obtained data (Figure 3.34), the berry color was not affected
by the Chl-CHS coating and illumination with light. Other studies performed
on decontamination of strawberry using carbon dioxide treatment indicated
that fruit surface color did not change, but remarkable changes were observed
in internal fruit color (213).

Fruit weight loss is mainly associated with respiration and moisture
evaporation through the skin. Edible coatings act as barriers, thereby restricting
water transfer. Our data claimed that Chl-CHS coating preserved moisture in
berries (Figure 3.35). The weight loss increased throughout cold storage period
in photoactivated Chl-CHS coated and uncoated strawberry. Photoactivated
Chl-CHS coating limited fruit weight loss compared to uncoated berry, and a
better effect on delaying the weight loss of fruit during the five days of storage
was observed for the photoactivated 0.001 Chl-0.1%CHS. At the end of the
storage period, the uncoated strawberry showed 22% loss in weight, whereas
the weight loss of coated strawberry was just 12% (Figure 3.35a). These data
were confirmed by FT-Raman spectroscopy data of Chl-CHS coated
strawberry in comparison with not coated control ones (Figure 3.35b). It is
obvious that typical water absorption peak at 3200 cm™ has much higher
intensity for Chl-CHS coated strawberry in comparison with that of not-coated
control ones. Strawberry fruits are highly susceptible to a rapid loss of water.
These results are consistent with those of another authors studies

demonstrating that CHS coating acts as a semipermeable barrier against
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oxygen, carbon dioxide and moisture, thus counteracting the dehydration and
shrinkage of the fruit (111,216). So far, the immobilized Chl into CHS polymer
can serve in the future for the development of photoactive edible coating with
more pronounced antimicrobial properties.

Leveque et al. (142) found out that EPR imaging could be applied for
the monitoring of free radicals in various food samples. Other authors used
EPR spectroscopy to evaluate antioxidant activity of spices and herbs (217—
220). Moreover, EPR method was successfully applied to distinguish irradiated
and not irradiated fruits and vegetables. Raffi and Stocker claimed that it is
possible to detect irradiated berries (due to free radicals) as long as 25 days
(stored at 4+5 °C) (141). As photosensitization treatment involves radical
reactions it was important to check whether photoactivated Chl-CHS coating
induced additional long lasting ROS in strawberry. Data indicated that both
registered spectra (control and treated strawberry) (Figure 3.42) exhibited
strong signal due to the 6 lines of Mn*"(which is a transition metal ion linked to
enzymes in the strawberry) (141). Comparison of EPR spectra in control and
treated strawberry revealed that no radical-based fundamental changes
occurred 1 hour after treatment. It means that despite the high antioxidant
activity of these berries this treatment does not induce long-lasting free radicals
in the strawberry, as for instance do 2 kGy ionizing radiation (141). Hence, the
obtained data indicate that photoactivated Chl-CHS coating has potential to
combat harmful and pathogenic microorganisms distributed on the surface of
strawberry and can serve in the future for the development of photoactive

biodegradable edible coating with more pronounced antimicrobial properties.
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CONCLUSIONS

. Gram-negative food pathogen Salmonella enterica serovar Typhimurium
(5.9 log), as well as Gram-positives Listeria monocytogenes (4 log) and
Bacillus cereus (6.4 log) can be effectively inactivated by ALA-based
photosensitization (7.5-10'3 M concentration, 60 min incubation, 24 J/cm?
illumination dose) in the solution as well as adhered onto the surface of
packaging material (to an undetectable level).

. The present data clearly indicate that Gram-negative S.enferica and main
strawberry pathogen Botrytis cinerea are more resistant to Chl-based
photosensitization than Gram-positives L. monocytogenes and B. cereus in
vitro as well as adhered onto the surface of packaging material. Chl-based
photosensitization inactivated Salmonella by 2,5 log (1.5:10° M
concentration, 60 min incubation, 51 J/cm? illumination dose), Listeria and
Bacillus to an undetectable level (1.5-107 M concentration, 2 min
incubation, 2.4 and 6 J/cm? illumination doses), and 2 days after treatment
reduced B. cinerea mycelial growth by 28% compared to the control
(1.5 10 M concentration, 24 h incubation, 35 J/cm? illumination dose).

. Photoactive Chl-CHS conjugate exhibited high antimicrobial capacity
against food pathogens Gram-positive L. monocytogenes (7 log), Gram-
negative S. enterica (7 log), as well as against main strawberry pathogen B.
cinerea (60% inhibition).

. Data revealed extensive leakage of DNA and proteins after Chl-based
photosensitization and photoactivated Chl-CHS conjugate treatments.
Thus significant cell membrane disintegration occurred after the
photosensitization treatment.

. Overall reduction of yeasts/fungi on the surface of strawberry prolonged
the disease-free period of strawberry by 3 days (40%) after treatment by
photoactivated Chl-CHS conjugate without any negative impact on total
antioxidant activity, visual appearance, color or weight.

. Our date indicated that the Chl-CHS coating photoactivated with visible
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light can be a useful tool for the preservation of strawberries according to

the requirements of ,,clean green technology concept®.
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