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ABSTRACT

Antibiotic resistance is one of the major current health concerns and a stricter limitation of the use of
antibiotics in agriculture and farming is one of the adopted countermeasures. “Green” food
requirements indicated by the Next Generation UE platform are based exclusively on biocompatible
and biodegradable components.

Such a new perspective is very challenging and more innovative ‘paraphernalia’ are required,
including nanoformulations and physical stimuli as photoactivation (in both cases complexity is

brought into play since nanoscale exhibits nonstandard resonant effects).

Curcumin is largely employed in medicine due to its various and multiple potentials, which includes
anticancer, antioxidant and antibacterial activity, but it also has substantial drawbacks. For instance,
curcumin has extremely poor solubility in water (around 11 ng/mL). This makes it challenging to
apply it in a water-soluble system, because of instability in solutions, limited bioavailability, poor
absorption, and quick excretion from the body. Moreover, curcumin is also easily degradable under
light, heat and in the presence of oxygen. To overcome these issues, encapsulation of curcumin in
complexes or into nanobubbles (NBs) would strongly enhance its stability. Furthermore, curcumin
is a natural photosensitizer whose antimicrobial efficacy can be enhanced by photoactivation with

light of proper wavelenght.

In the first step of my work the antimicrobial effectiveness of a solution of curcumin in N-methyl-2-
pyrrolidone on 3 food-borne bacterial strains (i.e. Escherichia coli, Staphylococcus aureus and
Enterococcus faecalis) was evaluated both in the absence and in the presence of photoactivation with
blue LED light. Most of this activity was performed in the MicrobiologyUnit, Departmentof Sciences

of Public Health and Pediatrics, University of Torino.

In the second part of the research the effectiveness of a blue light photoactivated complex of
curcumin/B-cyclodextrin on berries (strawberries and blueberries, in particular) and the possible
impact on their shelf life was investigated under many point of views, including microbiological
assays, oxidation, curcumin deterioration, and volatile component assessments (related to the

retention of the original organoleptic properties).

According to the findings of this study, curcumin effectively preserves berries by decrease in bacterial
count, expressed as colony forming units/ml (CFU/ml), without dramatically changing their odor or

antioxidant qualities. Therefore, the investigated technique shows a good potential for a simple and



environmentally friendly approach to increase the shelf life of berries, which is possibly of interest
for the market.

Finally, 1 devoted my third year of activity to prepare, characterize, and investigate the impact of
curcumin-NBs on the food-born bacterial strains at the Deptof Drug Science and Technology. The
effects of NBs loaded with curcumin/chitosan and NBs loaded with curcumin/chitosan and oxygen
were studied. Their antibacterial properties were measured through microbiological and biochemical
assays of minimum inhibitory concentration minimum bactericidal concentration and Time Kill
kinetics. The bacterial membrane damage was investigated by the Lactate Dehydrogenase (LDH)

Release Assay.

According to the results of this study, it was ascertained that NBs (particularly those made of
chitosan/curcumin and containing oxygen) following LED irradiation results in a better prevention
of the microorganism proliferation with respect to that in absence of oxygen or photodynamic
activation.

Interestingly, the present study also showed that NBs (curcumin, chitosan, oxygen & LED) were able
to severely damage Gram negative bacteria, i.e E.coli, that are harder to kill in comparison with Gram
positive ones, due to the different characteristics of the bacterium's cell envelope.

Therefore, the outcomes of the proposed study results in an innovative and ‘green’ approach against
pathogenic microorganisms. Further study is required on the application of NBs directly on perishable
food, i.e berries, as well as against other bacterial strain and fungus. Moreover, in order to further
enhance the broad action of curcumin encapsulated into the NBs, more investigations are required to
convert this nanoformulation into an ‘antibiotic green drug’ of interest for the market.

So, these findings may be included into a more comprehensive approach to fight pathogenic
microorganisms that cause food deterioration in order to protect human health and raise food quality

globally.

The research is partially financed by the Italian Ministry for Economic Development (MISE)
and the POC TOINPROVE/2020 project of the University of Torino
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1.1 Food-related Bacteriaand their Characteristics

Nowadays, the possibility of preserving food in an optimal way for long periods of time is
increasingly important. In fact, food items are susceptible to more rapid degradation and may cause
significant foodborne diseases in the absence of treatments that assure their optimal storage and
decontamination from microbes [1]. Food canbecome contaminated by pathogenic microorganisms,
mainly bacteria, at a number of phases, including manufacture, processing, storage, and delivery of
the final product. Some pathogenic bacteria can create virulence factors and toxic compounds, like

toxins, during the replication process, which play arole in the pathogenesis of many diseases [2].

An example of a bacterial species responsible for foodborne illnesses is Staphylococcus aureus, a
Gram-positive, commensal, and opportunistic pathogenic microorganism that cancause a broad range
of infections (Figure 1.1a). S. aureus is well known for its resistance to a variety of chemical and
physical conditions. In fact, it thrives in environments with temperature ranges between 7°C and
48.5°C (optimal 30°-37°C), pH ranges between 4.2 and 9.3 (optimal 7 to 7.5), and sodium chloride
(NaCl) concentrations as high as 15%. Additionally, it can easily tolerate dry and stressful
environments, so it can remain on inanimate surfaces for long periods. All of these properties
encourage the growth of the organism in a variety of food products, which can serve as sources of
contamination, particularly when they are improperly handled. The foods most at risk of
contamination are vegetables, poultry, dairy, salads, and bakery items like pastries and cream-filled
sweets. S.aureus produces numerous staphylococcal enterotoxins (SES): i.e enterotoxin A is the most
common cause of staphylococcal food-borne disease (SFD) [3] and has been accountable for a
number of SFD epidemics in Japan, France, and the UK [4]. Generally, SFD has a rapid and sudden
onset and occurs soon after consuming S. aureus-contaminated food (about 3-5 hours). This is
because bacterial contamination at the optimum temperature results in the synthesis of one or even
more toxins, which are responsible for several symptoms, such as nausea, vomiting, abdominal
cramps in the presence or absence of diarrhea. Usually SFD is self-limiting and resolves within 24-
48 hours; however, it can be a severe condition if it affects infants, the elderly or
immunocompromised patients, leading to hospitalization. The recommended therapy does not include
the use of antibiotics: in fact, it is a mainly supportive therapy and full recovery takes about 20 hours
approximately [3].

Escherichia coli (Figure 1.1b) is a Gram-negative, commensal bacterium. Particularly the
enterohemorrhagic subtype O157: H7, is another causative cause of foodborne disease. Despite the
factthat the overall number of infections is fewer compared to other enteric pathogens like Salmonella

spp. or Campylobacter spp., this bacterium has caused significant public health concerns, particularly
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in North America, Europe, and other parts of the world. In the United States, Japan, and the United
Kingdom, E. coli O157:H7 has repeatedly been isolated from sick individuals [5], and it has also
recently been found in the gastrointestinal tract of cattle, the natural reservoir of this bacterium, in
water and in some contaminated foods, such as beef products and fresh produce polluted with fecal
material (unpasteurized milk, apple cider, fresh spinach, and radish sprouts). Inaddition, inter human
and zoonotic transmission has not been ruled out, as cases of infection have been reported in children
attending kindergartens [5] and in people who have visited places such as zoos [6], dairy farms, and
campgrounds within which livestock had previously grazed [7]. The majority of E. coli strains
harmlessly invade the gastrointestinal tracts of both people and animals; but certain strains have
developed virulence factors via plasmids, transposons, bacteriophages, and/or islands of
pathogenicity, making them pathogenic. Infact, E. coliO157:H7 produces multiple virulence factors,
includes pathogenicity island components, toxins, and F-like plasmid pO157 products. In addition, it
resists the acidic pH of the stomach and this characteristic increases the possibility of the bacterium
to colonize the intestine and cause infection [5]. Infection caused by E. coli O157:H7 usually occurs
asymptomatically or with episodes of non-bloody diarrhea, but cases of death following infection
have been reported. In fact, in most cases, the infection manifests with non-bloody diarrhea that
resolves without complications; however sometimes the infection can progress and lead to serious
complications, such as bloody diarrhea. In 5-10% of patients with such diarrhea, the disease can
progress to life-threatening sequelae, such as Hemolytic Uremic Syndrome (HUS) [8] or
thrombocytopenic purpura (TTP) [5]. Since there is no known treatment for E. coliO157:H7 infection
and the use of antibiotics may be prohibited, the most popular strategy is essentially supportive

therapy to reduce symptoms, stop the progression of the illness, and avoid systemic problems [5].

Another group of bacteria whose significance has increased dramatically over the past several
years are enterococci, which are by nature extremely resilient and capable of surviving, even for
extended periods of time, under a wide range of adverse conditions. Enterococci are typical
commensals of the gastrointestinal tract and are crucial for food maturation, the creation of distinct
flavors, such as in different cheeses, and the rotting of particular meats. Their presence may also serve
as an indicator of microbial contamination of fecal origin, in fact these Gram-positive bacteria can
also be found in food and are the causative agents of a number of nosocomial diseases. The most
common species among them is Enterococcus faecalis (Figure 1.1c), a bacterium frequently linked
to a number of clinical illnesses, such as bacterial infections of the urinary tract, bacteremia, neonatal
infections, dental diseases, and wound infections [9]. In addition, it has been found in some foods
such as raw milk and in pigs [10, 11]. For this reason, a possible transmission to humans, via the

zoonotic route, cannot be excluded [9]. E. faecalis possesses a number of toxic factors involved in
20



the pathogenesis of these infections, such as enterococcal superficial protein, hyaluronidase,
gelatinase, and aggregation substance. In addition, it produces biofilms, i.e. a matrix of
polysaccharides, proteins, extracellular DNA, and bacteria [12], that serves as a defense against
antimicrobials and the immune system of the host body. Thanks of it, bacteria may thrive in
unfavorable environments and proliferate across the ecosystem [13] and transfer their genes to other
species making them resistant to antibiotics [9]. In fact, E. faecalis possesses multiple resistance to
several antibiotics, such as, beta-lactams, glycopeptides, quinolones and macrolides. However, if the
bacterium does not exhibit higher resistance to beta-lactams, aminoglycosides and glycopeptides,
combination antibiotic therapy can be utilized to treat the infection. One can combine a beta-lactam
antibiotic or a glycopeptide with an aminoglycoside to have a bactericidal effect, or proceed to

administer the antibiotic for which the bacteremia has not developed resistance [14].

Figure 1.1: a. Staphylococcus aureus on Mannitol Salt Agar b. Escherichia coli on MacConkey

Agar (MAC) and c. Enterococcus faecalis on Brain Heart Agar.

Gram-negative bacteria are surrounded by a thin peptidoglycan cell wall, which itself is surrounded
by an outer membrane containing lipopolysaccharide (Figure 1.2). The outer membrane controls the
entry and release of numerous substances, including ions, nutrients, and environmental pollutants,
and it aids in osmoprotection and it acts as a permeability barrier. On the other hand, Gram-positive
bacteria have a thicker layer of peptidoglycan and an inner plasma membrane, but lack an outer
membrane that serves as protection [15]. Because of this, Gram-negative bacteria are more resistant

to antimicrobial agents than Gram-positive ones [16].
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Figure 1.2: Structure of the envelope in Gram-positives and Gram-negatives [17].

The above- noted pathogenic bacteria are not the only ones that can contaminate food; countless other
pathogens that cause diseases are also able to attack different food products. Scientific and
technological researchhas recently started to demonstrate adeveloping interest in the creation of new
antimicrobial materials and innovative techniques of food sanitization in order to avoid

microbiological contamination, increase the shelf life of food items, and assure human safety.

1.2 Microbiological Analysis and Evaluation of Antibacterial Agents Effectiveness

We have performed microbiological analyses by administrating the antimicrobial compound and the
photoactivation procedure on bacterial cultures and on foods, both by analysing the washing water or
directly on a small amount of substance, in our case fruit (in-fructo).

Details on the bacterial cultures will be given in the following chapters.

A number of microbiological testswere performed to test the effectiveness of the antibacterial agents.

Minimum Inhibitory Concentration

The Minimum Inhibitory Concentration (MIC) is the lowest concentration of an antimicrobial agent
or substance (expressed in pg/mL) which, under controlled in vitro conditions, completely prevents
any visible growth of the microbial teststrain [19]. The MIC experiments were carried out according
to the CLSI protocol [20]. MIC was used to evaluate the impact of different concentrations of an

antimicrobial agent on inhibiting the growth of the microbial population.
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Minimum Bactericidal Concentration
The Minimum Bactericidal Concentration (MBC) is the lowest concentration of an antibacterial agent

needed to induce a 3 log reduction in the size of the standard inoculum over a predetermined time of
incubation, such as 24 or 48 hours. The MBC can be measured to identify the concentration that
decreases the initial bacterial inoculum's survival by a specified reduction, such as > 99.9%. The
MBC is complementary to the MIC and it indicates the amount of bacterial killing: the MBC displays
the lowest concentration of antimicrobial agent that leads in microbial mortality as opposed to the
MIC test, which displays the lowest concentration of antimicrobial agent that significantly suppresses
their growth [21].

Time Kill Kinetic
Time Kill kinetic assays are performed to evaluate the in vitro reduction of a microbial population

after exposure to an antimicrobial agent along time. Time Kill is analyzed using the MIC values [22].

Also the analyses on fruits, i.c. the Washing water analysis and the ‘in-fructo’ analysis, will be fully

described in the following chapters.

1.3 New ‘green’ Food Sanitation Methods

Some of the traditional processes for food preservation, for example heating, freezing and drying,
have been used by industries. Adopting heat treatment and congealing processes, however, comes
with a variety of drawbacks. In fact, these treatments can act negatively on the organoleptic
characteristics of the food, determining, for example, the alteration of the consistency, the shrinkage
of the product, the loss of nutrients and organic properties. As a new and efficient strategy for food
preservation, additives, coatings, and various polyphenolic plant extracts have recently utilized in
chemical and microbiological treatments [23]. Additionally, there are new preservation methods that
are being developed or in used, such as, high pressure, electroporation, nanothermosonication, and
addition of bacteriolytic enzymes, act on the inactivation of counting-mining microorganisms [1]. In

any case it is essential to develop techniques that are unlikely to encounter or elicit resistance.
We will focus mainly on two innovative approaches:

- PhotoDynamic Inactivation

- Biocompatible nanosystems
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- PhotoDynamic Inactivation

Photodynamic Inactivation (PDI) has shown to be a useful ally in a variety of fields. The mechanism
of action is based on the locally or systemically activation of photosensitizers (PS) by light of proper
wavelength in the presence of an oxygen source, eliciting the production of reactive oxygen species
(ROS), which are responsible for the antimicrobial effects [24]. Generally, a PS agent is introduced,
allowed to propagate and then accumulate at the border or inside the treated cells [25]. Following the
accumulation phase, the PS agent exposed to a light of a certain wavelength while it is in its ground
state (PS0) (Figure 1.3). After illumination, the PS agent undergoes into the singlet excited state
(1PS*) by absorbing energy. The PS agent can either experience an intersystem crossover (ISC) into
the excited triplet state (3PS*) when in the singlet excited state (1PS*), or it can fluoresce back to the
ground state [26]. The photosensitizer in the triplet excited state can provide an electron/ hydrogen
atom or confer energy to molecular oxygen in its ground state (type | mechanism or type Il
mechanism, respectively). In the type | pathway, the PS interacts with the nearby tissutal
biomolecules while in the excited triplet state it picks up an electron or a hydrogen atom and produces
ROS, including hydroxyl ions (HO¢®), superoxide anion (O2 *), peroxide radicals (HO¢), and hydrogen
peroxide (H,O2) (Sun et al 2018). The subsequent set of oxidative reactions induced by ROS
eventually lead to cellular toxicity (Figure 1.3). On the other hand, energy is transmitted directly
from the triplet excited state of the photosensitizer to the oxygen molecule in pathway 11 producing a
highly reactive and cytotoxic singlet oxygen (102) [27]. The cytotoxic singlet oxygen interacts with
the surrounding biological molecules such lipids, nucleic acids and proteins of the cell membrane (or

bacteria) to trigger cell death by apoptosis or necrosis [27].
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Figure 1.3: Jablonski diagram outlining PDT's method of action.
24



In recent years, researchers have placed particular interest on improving the antimicrobial activity of
natural PS, such as curcumin or other natural substances by photoexcitation [28]. PDI has been
referred as a viable approach to combat food-borne microbes because of its advantages of safety,
environmental protection, and low energy consumption [29, 30]. The fundamental tenet of PDI is that
specific light wavelengths activate photosensitizers, which then produce ROS which trigger a
cytotoxic reaction that results in cell death [31]. For instance, targeting guanine nucleotides by ROS
may result in DNA damage, according to [32], and [33] concluding that cytoplasmic DNA and
proteins were degraded by curcumin-mediated PDI. Furthermore, the oxidative burst of ROS alters
the homeostasis of microbes, and the antioxidant enzyme system develops a crucial cellular defense
network: primarily catalase, superoxide dismutase, and glutathione peroxidase [34]. Several studies
have shown that some harmful bacteria can be photodynamically inactivated using a light emitting
diode (LED) light source [35]. Since curcumin is a naturally occurring photosensitizer, it can be
photoactivated by LEDs at a wavelength of 425 nm, which makes it suitable for decontamination of
food surfaces. LEDs provide a number of benefits over conventional light sources, including being
extremely energy-efficient, affordable, robust, and emitting little heat, which can be utilized to
sterilize food surfaces. Additionally, when curcumin exposed to light of proper wavelength, it
produces ROS including superoxide anion and hydroxyl radicals, among others, which inhibit the
growth of bacteria (Figure 1.4). Therefore, the use of photosensitizers in conjunction with LED
lighting would reasonably result in the deactivation of microbes on the surface of food. Additionally,
using photoactivated curcumin would be a good choice because it is secure, prevalent in nature, and

has no impact on the organoleptic qualities of food goods [28].

ROS L A
_— Bacterial 7
damage AR}~

Figure 1.4: Curcumin as a photosensitizer with photodynamic therapy.
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- Biocompatible Nanosystems

Nanotechnology, from the Greek term ‘nano’ that refers to "dwarf", is the technique of creating,
manufacturing, and modifying particles with sizes generally less than 500 nanometer. The numerous
tools developed by nanotechnology are used at the molecular level to identify and cure a wide range
of diseases [36, 37].

Nanotechnology has incredible potential for enhancing drugs effects by improving their
pharmacokinetic profile, boosting solubility, bioavailability, delivering prolonged release, or eventhe
targeted administration by the conjugation with specific ligands. There are many different kinds of
nanomedicines  being  studied, including  nanoemulsions,  nanosponges,  nanobubbles,
nanosuspensions, and nanotubes. Over the last two decades, it developed into a well-known and
successful formulation strategy in the pharmaceutical sector. It is expected to expand quickly through
all phases of development, from initial detection to late-stage drug testing [38]. We will mainly focus
on NanoBubbles (NBs).

Nanobubbles (NBs), commonly referred to as ultrafine bubbles, are incredibly small in comparison
to micron (MBs, around 1000 nm), and typical air bubbles (CBs, >10 um), exhibit a variety of distinct
physical and physicochemical characteristics [39]. Although showing some similarities with Surface
nanoparticles bulk nanobubbles (NBs), and micro-pancakes , (the formation of surface NPs occurs at
solid-liquid interfaces, micro-pancakes are quasi-two-dimensional gaseous domains, while bulk NBs
are spherical and generally have diameters of 100-200 nm [40, 41]), they differ for the presence of a

solid-gaseous interface mediated by a surfactant layer.

The idea of NBs was first proposed in 1954 as result of the expansion as gas nuclei developed upon
cavitation [42]. A research at McGill University in the start of the 1990s examined the function of
cavitation and gas nucleation in flotation [43]. Later in 2000, Lou et al. [43], who acquired the very
first image of NBs on the hydrophobic solid surface, revealed the morphology of NBs using atomic
force microscopy (AFM). Liquids containing NBs have gained interest in recent years in industry and
academics due to their unique characteristics as well as several uses, namely nanoscopic cleaning
[44], slip control in microfluidics [45], mineral flotation [46-49], chemical industries [50], and the
treatment of wastewater [51]. Additionally, several investigations on the NB's dimensions, shape,
surface charge properties, stability, and dynamics have been conducted [52-54]. The extraordinary
stability of NBs, which can continue for many weeks or even months, has recently come to the

attention of the scientific community [55].
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Oxygen, Perfluorocarbons,
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chemically or electrically
linking active agents

Figure 1.5: Nanobubbles structure

Figure 5 depicts the three components that make up an NB: the core, shell, and interface (surfactant
layer). For the nanobubble's formulation, it is best to choose components that are safe, biocompatible,

biodegradable, and regulatory agencies.

1.4 NBs Biodegradable Shell Components

Shell composition is a crucial aspect to take into account while formulating bubbles. Lipids, or
polymers are frequently used to create the exterior (shell) of nanobubbles [56]. Shell composition
impacts on how gases are exchanged from the core to the exterior medium [56]. Shell composition
can significantly affect bubble half-life, in fact, nanobubble stability is influenced by shell thickness
and elasticity [57]. For example, extremely delicate shells can break with relatively small pressure
changes, whereas highly stiff shells cannot oscillate (as often desired when used as contrast agents
for sonography). Phospholipids are the building blocks of the most elastic shells; and the hydrocarbon
tails of these lipids have a considerable effect on the properties of the shell. Increasing the amount of
carbon atoms lowers surface tension and improves gas permeation resistance; however, prolonging
the carbon chain's extension increases the viscosity of the shell that results in astronger, echo-resistant
bubble. Polymers are often used as alternative. The shell of polymer-based NBsis thicker (150-200
nm), has better acoustic characteristics, is more biocompatible, and has a longer half-life [58].

Moreover, the polymeric shell may enable the incorporation of a greater quantity of drug [59].

For this reasons we selected polysaccharides as shell component. Polysaccharides are long, linear or
branching chains of sugar units that are bonded together by glycosidic linkages. They are naturally
quite abundant, are often relatively cheap to process [60]. They can be of algal, plant, microbial or

animal origin. Polysaccharides are thought to be promising biopolymers for achieving desired
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increased functionality since they have several reactive groups, a wide range of molecular weight,

and diverse chemical compositions.

The primary structural components of plants and animals’ exoskeletons are naturally occurring
polysaccharides for example carrageenan, chitosan, cellulose, chitin, etc. Natural polysaccharides
including chitosan, starch, cellulose, cyclodextrin, and dextran have all been thoroughly investigated
and altered with a range of reactants. Chitin and chitosan are increasingly getting more attention
because of their fundamental physicochemical and biological characteristics. Chitosan and chitin
have a number of noteworthy properties, including non-toxicity, ability to form films and fibers, the
capacity to bind metal ions, the ability to coagulate solutes or suspensions, and a variety of
bioactivities. As aresult, chitosan and chitin are recognized as bio-functional polymers with increased
prospective in a variety of disciplines. They are noteworthy not only as abundant resources but also

as an unique type of polymer [61].

A polysaccharide known as chitosan is formed when the chitin in crab shells is deacetylated in an
alkaline environment. Its deacetylation levels range from 40 to 98 %. Due to its ability to bind to
lipids, it finds extensive usage in the pharmaceutical industry, biological applications, and as a diet
adjuvant [62-64]. In 1859, Rouget figured out the process by which chitin partial N-deacetylation
produces the chemical chitosan (Figure 1.6) [65]. It has a helix-like structure comprised of hydrogen

bonds that join D-glucosamine with N-acetyl-D-glucosamine.

N - -
o NHCOCH;
0 0
HO 0
Lo o o
NH NH»
HO 2 OH HO .

Figure 1.6: Chitosan chemical structure [65].

NBs Interface

The phase between the shell and the core is known as the interface. In this area, amphiphilic
surfactants and co-surfactants form an interfacial monolayer that lowers interfacial tension, controls

the size of nanobubbles, and enhances system stability. Stability rises as nanobubble diameter
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decreases. NBs are stable at ambient temperature, but when heated to physiological body

temperatures, they may aggregate to form microbubbles.

For the formation of stable NBs, Laplace pressure is one of the parameters that must be considered
(Equation i). Laplace pressure is the term used to describe the pressure difference between the interior
and exterior of a bubble [56], where ris the bubble's diameter and 6 is the interfacial tension. Inverse

relationship exists between NB size and Laplace pressure.
AP =P inside — P outside = 260/r Equation (i)

The interfacial tension is decreased by the addition of surfactants and co-surfactants. The inclusion

of the polymer shell can prevent NB coalescence [58].

NBs Core

A hydrophobic gas or vaporizable compounds, such as sulphur hexafluoride and perfluorocarbons
(PFCs), is used to create the core [66].

The stability of the NBs is influenced by the kind of PFCs in the core [67]. PFCs have different
transitional characteristic from the liquid to gas phase (many of them, as perfluoropropane or
perfluorobutane are gaseous at ambient temperatures, while perfluropentane and decafluoropentane
are liquids) and this term refers as acoustic droplet vaporization (ADV). The boiling temperatures of
each PFC measure the amount of energy requirement for this phase-shift from a liquid to a gaseous

form [68]. Notably, oxygen can be loaded in the core thanks to its huge solubility in PFC.

The NBs developed in this dissertation for the delivery of curcumin, being manufactured using

decafluoropentane, which is liquid at room temperature, should be referred as nanodroplets
(NDs), but we generalized the term NBs for sake of simplicity.

1.5 Applications of NBs Technology to Food

Nanotechnology has recently emerged as a crucial tool for many applications, including effective
solutions for extending the shelf life of food. When nanoscale particles (100-500 nm) are utilized,
materials acquire distinctive and enhanced properties, such as the ability of releasing their cargo in a
controlled and prolonged way. This approach enables the use of hydrophilic and lipophilic chemicals
with antibacterial and antioxidant characteristics in the food industry. The shelf-life of a variety of
products, including fruits, vegetables, dairy products, and other food items, can be extended by
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releasing these substances during storage times. Using edible coatings, a thin layer that is applied to
the food's surface to prolong its shelf life, is the best technique to maintain a food's characteristics,
functioning, and organoleptic features. These coatings can be applied quickly and easily using
rubbing, dipping, or spraying methods. Additionally, they are made using natural polymers that are

cheap, accessible, and free of toxins, such as essential oils and other natural extracts [69].

In the last few years, these applications have often been used as vectors to deliver natural substances
with antimicrobial and antioxidant activity [70], including essential oils, vitamins, as well as other
plant products including polyphenols [69]. Polysaccharide or protein-based substances called
"nanocomposites” contain nanosystems (such as nanoemulsions and polymeric nanoparticles). The
production of nanocomposites has made it possible to deliver active ingredients through edible
coverings. Additionally, biodegradable synthetic polymers and liquid or solid lipids can be used to
create nanosheets at room temperature, which maintain the appearance of the nanosystem while
extending the food's shelf life [69].
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CHAPTER 2: CURCUMIN AS A ‘GREEN’ PHOTOSENSITIZER ANTIMICROBIAL
COMPOUND

Extended report from:

2022 Exploitation of the Antibacterial Properties of Photoactivated Curcumin as ‘Green’ Tool for Food
Preservation [*N. Mandras and E. Ficiara are the corresponding authors]. DOI: 10.3390/ijms23052600. In
INTERNATIONAL JOURNAL OF MOLECULAR SCIENCES vol. 23 (5)
Munir Z.; Banche G.; Cavallo L.; Mandras N.; Roana J.; Pertusio R.; Ficiara E.; Cavalli R.; Guiot C.
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2.1 Role of Curcumin

Turmeric/curcumin has been utilized as spice for centuries, especially in India and other Asian
nations. Additionally, it is widely used to treat pathological conditions, particularly inflammatory
ones [1]. The rhizomes of the plant Curcuma longa L. are the source of a polyphenolic compound
known as curcumin (C21H2006; 1, 7-bis-4-hydroxy-3-methoxyphenyl-1, 6-heptadiene-3, 5-dione,
molecular weight = 368, 38 g/M) (Figure 2.1).
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Figure 2.1: Curcumin's structural composition (A); demethoxycurcumin & bis-demethoxycurcumin
(B); functional groups of the curcumin (C) [2].

Curcumin has a seven-carbon aliphatic chain connecting two highly polar aromatic rings, as well as
two, B-unsaturated carbonyl groups (B-diketone) in its chemical structure. Curcumin acquires its
hydrophobic characteristics from this chain, which also has the tautomeric conformations ketone and
enol. These two forms are present because the [-diketone molecule facilitates the intramolecular
transfer of hydrogen atoms. Due to the strong intramolecular hydrogen bonding, this form is more
stable than the ketone form both in solution and in the solid phase.

The tautomeric ketone form is more prevalent in cell membranes and acidic/neutral aqueous
solutions, while the enolic form is more prevalent in alkaline conditions. Some of the factors that
affect the proportional contribution of tautomeric forms in solution include temperature, aromatic
ring substitution and solvent polarity [3]. However, certain cutting-edge nuclear magnetic resonance
(NMR) experiments have revealed that the enolic form of curcumin predominates in the majority of
organic solvents [4]. Furthermore, it is not completely ruled out that the two forms could re-
equilibrate in certain circumstances (such as an acidic environment). In nonpolar, aprotic solvents,
the transformation of curcumin to the enolic form is mediated via intramolecular hydrogen transfer
(i.e. deuterated chloroform), while curcumin is converted from its enolic form to its ketonic form in
protic solvents (such as methanol) via the breakage of an intramolecular hydrogen bond with an
intermolecular hydrogen bond [3]. This step is important because inter- and intra-hydrogen bonding
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may be the reason of curcumin's poor solubility in aqueous solutions [5]. Usually, the numerous
biological functions of curcumin are determined by the presence of different functional groups in the
curcumin molecule, such like carbon-carbon double bonds, g-dictyl groups and phenyl rings with
different methoxyl and hydroxyl substituents. Curcumin, for example, has a strong antioxidant
activity and has the ability to neutralize a wide range of reactive species, such as nitrogen dioxide
radicals, superoxide anion and ROS [6]. By neutralizing these chemicals, biomacromolecule damage
canbe avoided. On the other hand, curcumin exhibits both anti- and pro-oxidant action; in fact, when
exposed to light, it can generate cytotoxic ROS [3]. Curcumin's oxidation mechanism and antioxidant
power are governed by the number and orientation of its hydroxyl groups inside the aromatic ring,
which also makes the enolic form of the compound more oxidizable than the ketone form.

Curcumin has a number of biological properties, including the potential to heal wounds and exhibit
antibacterial and antiproliferative properties against certain cancer cells [7]. It interacts with a variety
of targets implicated in the inflammatory response, including interleukins and tumor necrosis factor
alpha [1]. For example, in the case of Helicobacter pylori infection, curcumin inhibits NF-xB
activation, 1L-8 release, and cellular shedding, leading to a reduction in gastric tissue inflammation

[8]. It also has in vitro antibacterial properties against a variety of pathogens [1].

2.2 Antibacterial Properties: Mechanisms of Action

The curcumin antibacterial properties are especially effective against pathogenic microorganisms. In
order to prove its antibacterial action, several investigations have been carried out; for instance, in
one study, turmeric oil was examined, and its antibacterial activity against Bacillus subtilis, B.
coagulans, B. cereus, S. aureus, E. coli, and Pseudomonas aeruginosa was confirmed [9].
Additionally, curcumin has been proven to suppress methicillin-resistant S. aureus (MRSA) strains
[10]. Curcumin's antibacterial properties originate from its capacity to prevent bacterial cell
development [7] and by acting as an anti-biofilm. This was proven by a study performed on plants
(Arabidopsis thaliana) and animal models (Caenorhabditis elegans) contaminated with Ps.
aeruginosa, where the capability of curcumin to suppress the expression of genes essential for the
initial generation of biofilms was demonstrated [11].
Curcumin's main mode of action is by interference with the functions of Filamenting temperature
sensitive mutant Z (FtsZ), a protein essential for bacterial cell division of the eukaryotic tubulin-
containing cytoskeletal protein. Curcumin actually has the ability to stop the assembly of FtsZ and
the Z-loop, which are required for bacterial cytokinesis and as a result inhibits the bacterial growth
[7].
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Curcumin sensitivity to the bacterium depends on the structure of the bacterial cell membrane (see
figure 2 in Introduction): consequently, compared to Gram-negative bacteria, Gram-positive
bacteria exhibit higher curcumin sensitivity [12].

Numerous investigations have been conducted to determine the antibacterial effectiveness of
curcumin against various bacterial strains. For instance, researches on MRSA were performed to
verify curcumin's antibacterial effectiveness against this Gram-positive bacterium showing that
curcumin can adhere to the cell wall and challenge the integrity of the bacteria. Actually, it harms cell
membranes; in fact, transmission electron microscopy (TEM) revealed that after 8 hours of curcumin
treatment, the cytoplasmic membrane was destroyed, leading to cell lysis [13]. Similar findings from
another investigation on B. subtilis were published. Following curcumin administration, it was
discovered that several proteins, mostly involved in bacterial cell division, cell wall production, fatty
acid synthesis, and central metabolism were damaged. In fact, fluorescence microscopy revealed
considerable changes in the morphology of bacterial cells [14]. In order to assess the antibacterial
activity of curcumin on Gram-negative bacteria, a recent investigation was carried out on a strain of
E. coli. An apoptotic-like baptismal response was observed at high curcumin doses. In fact, at these
doses, curcumin really led to DNA fragmentation, membrane depolymerization, ROS accumulation,
altered membrane potential, and cell death [15]. In order to stop bacterial development, curcumin can
either target the bacterial cell wall, membrane, protein, DNA, and other cellular components or it can

prevent bacterial growth by disrupting the quorum sensing (QS) mechanism (Figure 2.2).
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Figure 2.2: The various mechanisms used by curcumin to prevent bacterial growth: by specifically
targeting the cell wall, protein, DNA, and other cellular elements. Additionally, it has the ability to

disable the quorum sensing (QS) mechanism [16].

Quorum sensing (QS), a communication method among microbial cells, uses chemical signals (self-
inducers) that are produced and perceived to assess cell density and species complexity in a
population. QS enable bacteria to actas a cohesive community by regulating collective activity [17].
Several ways exist for how curcumin suppresses QS activity (Figure 2.3). It can reduce QS-
dependent components including exopolysaccharide production in bacteria like E. coli, P.
aeruginosa, andS. aureus. Curcumin has also been demonstrated to reduce a number of phenotypes
linked to QS suppression, such as motility and clustering, two of the most detrimental factors in the
formation of biofilms in various bacterial strains. Through the QS system, curcumin can lessen the
traits associated with virulence. The virulence factors can change in response to the signaling
molecules of the QS system [18]. Additionally, curcumin prevents the formation of biofilms by
interfering with the bacterial QS system. This is accomplished without harming the microorganisms
or removing the developed biofilm. Clusters of microbial tissues that are covered in extracellular
bacterial macromolecules are known as biofilms. The QS system regulates dynamic processes such

as bacterial adhesion, biofilm maturation, and development in order to create biofilms [19].
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Figure 2.3: Curcumin reduces QS function in a number of different ways.

2.3 Curcumin as Natural Photosensitizer

Recently, research has focused on employing photoexcitation to boost curcumin's antibacterial
activity [3]. Curcumin is photodegradable (light-sensitive) in agqueous solution and self-degrades in
dark [20]; however, via illumination (400-500 nm wavelength), natural photosensitizers, such as

curcumin, produce ROS, and hydroxyl radicals, able to kill bacterial cells [21].

The ability of curcumin to absorb light is partly a result of its chemical components and is mostly
attributable to the carbon chain's alternating single and double bonds. Curcumin is capable of
absorbing a wide range of light, including visible light and light with a wavelength of around 430 nm,
1.e. in the range of blue light. However, when curcumin transforms into its ketone form, it absorbs
the UV radiation (approximately 389 nm) [3].

Less is known about the light intensity and the time of irradiation required for effective antimicrobial
photoinhibition.

The Figure 2.4 shows as such light produced by LED (LES Flex Strips LEDYDEL IP64, Turin, Italy)
with a wavelength between 465 and 470 nm arranged in order to obtain a uniform illumination of the
targets.
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Figure 2.4: Irradiation chambers using LED (LES Flex Strips LEDYDEL IP64, Turin, lItaly).

In our irradiation chambers the light flow per unit surface of 700 + 25 Ix, measured with the
luxmeter mod. LMT B500 s/n 0180233 (photocell mod. P30SCO, s/n 287032) produced by LMT
Lichtmesstechnik GmbH.

Curcumin exhibits antioxidant properties. The most often used lipid peroxidation product for
antioxidant assays to evaluate the antioxidant activity of substances in lipid peroxidation systems is
the malondialdehyde (MDA) test. MDA is produced when polyunsaturated fatty acids undergo
oxidative degradation in acidic environments. MDA then reacts with thiobarbituric acid (TBA) to
form the MDA-TBA adduct [22]. The MDA-TBA assay gained popularity in lipid peroxidation
studies and is still frequently used to evaluate the antioxidant properties of various natural substances
In the current study, photoactivation was also utilized to enhance the antibacterial activities of
nanostructures containing curcumin and chitosan shells.

Since the antimicrobial activity elicited by photoexcitation is based on oxidation processes, some
caution is required when the treatment targets fruits which are often preferred because of their natural
antioxidant properties, like blueberries, raspberries and strawberries, etc.

In conclusion, curcumin now appears to be of tremendous interest to the food industry due to its
accessibility, affordability, natural chlorination, antimicrobial, and flavorful characteristics.
Additionally, due to its property of being a natural photo-sensitizer, it might be utilized to disinfect
the surface of food while combating a variety of pathogens. Because of this, it is regarded as a secure
and "green" alternative compared to typical antibacterial drugs manufactured by pharmaceutical

companies [3].
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2.4 Low Curcumin Solubility in Water
Curcumin is largely employed in medicine due to its several potentials, which include anticancer,

antioxidant and antibacterial activity but it also has substantial drawbacks, for instance, poor
solubility in water (around 11 ng/mL) [23, 24], instability in solutions, limited bioavailability, poor
absorption, and quick excretion from the body. This makes it challenging to apply curcumin in water-
soluble systems.

Different approaches are possible:

2.5 Use of Organic Solvents
Since curcumin has poor water solubility, there is a need for an organic solvent for its dissociation.

The polar aprotic solvent N-methyl-2-pyrrolidone (NMP), which has been demonstrated to increase
the solubility and permeability of a variety of compounds, also reported as a co-solvent and a
complexing agent in other applications [25-28] was selected. Additionally, the choosing of a solvent
should also consider its biological characteristics. In the pharmaceutical industry, N-methyl-2-
pyrrolidone is used in the formulation for drugs by both oral and transdermal delivery route [29, 30].
In rats, NMP is absorbed rapidly after inhalation, oral, and dermal administration, distributed
throughout the organism, and eliminated mainly by hydroxylation to polar compounds, which are
excreted via urine. About 80% of the administered dose is excreted as NMP and NMP metabolites
within 24 hours (from Wikipedia). Additionally, the utilization of N-methyl-2-pyrrolidone as a

solvent in the production of curcuminoids was already addressed by our research team [31].

This highly soluble curcumin in NMP solution was added to the in-vitro cultures in both the
microbiological investigations on the effect of ‘bulk’ curcumin (explained in this chapter 2) and of

the curcumin-loaded nanobubbles (described in chapter 4).

2.6 Encapsulation/ inclusion complexation

Since curcumin is easily degradable under light, heat and in the presence of oxygen [32] the choice
of a mean able to increase its solubility which could at the same time overcome these issues, is

encapsulation in derivatives of cyclodextrins (CD) i.e B cyclodextrin.

With the use of cyclodextrins, several drugs have been rendered more soluble [33] and more than 30

pharmaceutical preparations based on cyclodextrin are available on the market [34]. Cyclodextrins
are therefore intriguing options for enhancing curcumin solubility.

44



The cyclic oligosaccharides known as cyclodextrins are made up of (a-1,4)-linked -D-glucopyranose
units. They comprise a hydrophilic external surface and a lipophilic hollow in the center (Figure 2.5).
The naturally occurring a-, B- and y-cyclodextrin are composed of glucopyranose units, that are
divided into six, seven, and eight glucopyranose units, respectively [35].

Hydrofobic cavity

Hydrophilic
outer zone

Figure 2.5: The general composition of cyclodextrin [36].

An inclusion complex is a type of supramolecular system that is created when one component (the
host molecule) effectively encapsulates another. In the host's cavity, the enclosed substance (guest

molecule) is present without materially altering the host's framework structure (Figure 2.6).

Host Guest Inclusion complex

Figure 2.6: The concept of inclusion Complex [37].

Despite being completely soluble in water, the CD molecule's interior is generally non-polar and
produces a hydrophobic microenvironment. CDs are therefore hollow, cup-shaped structures having

an interior hydrophobic chamber and an exterior hydrophilic surface (Figure 2.5) [36]. They can
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bind insoluble substances inside of their hydrophobic core, enhancing solubility and, as a result,
improving chemical and enzymatic stability [38]. The cavity size enables 3-CD to create the proper
inclusion complexes with molecules that include aromatic rings [39],like curcumin [40] (Figure 2.7).
Cyclodextrins enhance aqueous solubility of compounds i.e it shows about 100-fold increase in the

solubility of curcumin.

Figure 2.7: Schematic representation of curcumin in CD [40].

Phase solubility studies are widely used to determine the possibility for complexation to enhance
substrate aqueous solubility. It provides a clear picture of the formed complex by the calculation of
a number of essential features, such as the stability constant (k) and the complexation efficiency (CE)
as well as the complexation ratio. Additionally, it enables quick determination of the solubilizing
effectiveness of the cyclodextrin and the optimal molar ratio between the cyclodextrin polymer and
the substrate that under investigation. Asa result, it is crucial in assessing the use of cyclodextrin in

pharmaceutical formulations [41].

The Higuchi and Connors method can be used to conduct phase solubility investigations [42].
Curcumin was added in excess to a number of aqueous solutions that contained an increasing
concentration of 3 -cyclodextrin (0 to 70 mM). Mixtures were constantly shaken at 500 rpm in the
dark at room temperature for 72 hours. The resultant suspensions were then centrifuged for 25
minutes at 6000 rpm to separate the supernatant, which contained the curcumin. The supernatant’s
curcumin concentration was determined using a spectrophotometer at wavelength of 425 nm,
referring to a previously obtained calibration plot. The apparent stability constants (Ks) of curcumin-

BCD complexes were determined by the phase-solubility diagrams (where the acqueos P —
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cyclodextrin concentration is reported in the abscissa and the curcumin solubility in the ordinate)

using the equation:

_ slope
~ 5° (1 —slope)

Ks

Where the slope of the phase solubility diagram's linear plot, S°, represents the intrinsic solubility of
curcumin in the absence of cyclodextrin polymer. The following equation was used to compute the

complexation efficiency, which is equivalent to the complex that was formed:

slope

CE= (1 — slope)

And finally the following equation [43] was used to compute the molar ratio of curcumin to CD:

slope

C in: BCD =14+ ——7"——
urcumin: 3 + (1= slope)

2.7 Possibility of Curcumin Nanoformulations

Oxygen-loaded Nanocarriers/Nanodroplets manufactured with natural polymers i.e chitosan have
great impact on the enhancement of drug bioavailability and exhibit robust antimicrobial effects.
Based on these promising results we purposed this study to produce and characterize polymeric
nanobubbles effectively loaded with curcumin and verifying their antimicrobial effect against
bacterial strains. Nanobubbles with a perfluoropentane core and a biopolymer shell have already been
described in the literature to release curcuminoids (Curc) and encapsulate curcumin in various

quantities depending on the dose required [31].

These NBs are created by covering nanobubble core with a polysaccharide i.e chitosan whose
chemical modifications is facilitated by the presence of reactive amino groups and hydroxyl groups.
Therefore, a lot of work has been done recently to functionalize chitosan to increase both its solubility
and effectiveness [44-47]. Numerous studies have demonstrated the feasibility of structural
modification techniques for producing more desired chitosan derivatives, including carboxylation
[48], alkylation [49, 50] and physiologically active molecule conjugation [51, 52]. The majority of
the fundamental components of chitosan conjugates include chitosan transporters, conjugated bonds,
and active molecules (drugs, small molecule, natural substances, proteins, nucleic acids, etc.).
Depending on this conjugation approach, it was discovered that active substances suchas ferulic acid
[53], tannic acid [54], catechin [55], curcumin [56], eurycomanone [57], and streptomycin [58]

successfully link with chitosan.
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There have been several research papers on polysaccharide conjugates in the last 10 years, as well as
some interesting conclusive publications [59, 60], but with regard to antibacterial chitosan conjugates.
Chitosan conjugates, which are employed in antimicrobials, did not receive significant attention until
2010. Furthermore, the coupling of natural compounds like polyphenols such as curcumin [61],
organic acids [62], lysozyme [63], or commercial antimicrobials products like sulfadiazine and
gibberellin [64] was shown to be a common coupling technique for chitosan conjugates. Due to the
variety of coupled functional molecules, wide ranges of coupling techniques have been employed.
The Schiff Base coupling was used as coupling method in this study, although these covalent
techniques for chitosan conjugates and their potential uses in antibacterial characteristics have not
been thoroughly evaluated and reviewed yet. As a result, our effort will concentrate a lot on the
conjugation method of chitosan conjugates with curcumin, which are then used as a shell component

in nanobubbles for antimicrobial applications.

Among the many possible chitosan conjugates, there hasrecently been a lot of interest in imine-linked
chitosan conjugates. It is simple for the main amino group in the chitosan skeleton to condense with
anacyl molecule (aldehyde, ketone), forming a Schiff base (Figure 2.8) [65-70]. During the reaction,
no harmful chemicals are added. Due to its high selectivity and environmental friendliness, the
reaction has several benefits. The successful coupling of curcumin [56], inulin [71], and caffeic acid

[72] with chitosan to produce the appropriate conjugates has already been demonstrated in literature.
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Figure 2.8: Curcumin-Chitosan Conjugation [65].

2.8 Possible Adverse Curcumin Organoleptic Properties
Organoleptic analysis can be performed either based on qualitative and quantitative basis.

1) Qualitative: This analysis is based on the judgement of trained or untrained people. Many

characteristics may be evaluated such as: O: Olfaction, V: Sight, G: Taste, T: Touch

2) Quantitative: This analysis is based on the electronic nose technique thatis described below.

The management of aromatic properties in food production is crucial for determining the product's
suitability. Furthermore, before a product is ready onto the market, it can also be part of the product
design to meet customer satisfaction. Food's aromatic attributes are influenced by a variety of
chemicals that also give it flavor and distinguishing characteristics. A crucial continuing effort in the
creation of new products is accurately defining and quantifying optimal flavor and its attributes. This
difficult task has generally been handled by so-called odor experts. However, the distinctive
assessments of these specialists always include subjective aspects of personal opinions. The electric-
nose can be used instead to avoid this subjectivity. The idea of anelectronic nose (e-nose) ingerating

chemical sensors and pattern recognition was initially described by Persaud and Dodd in 1982 [73].
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An electronic nose is a machine that utilizes a sensor array composed of typically generic (non-
specific) sensors that have been treated with various odor-sensitive chemical or biological substance
to identify and differentiate between complex odors [74]. So, the e-nose system consists of non-
selective sensors which interact with volatile molecules (gases or liquids), generating a physical or
chemical alteration that transmits a signal to a computer, that subsequently categorizes the material
based on a calibration and mentoring process that results in pattern recognition (Figure 2.9). The e-
nose allows for measurements that are objective, repeatable, dependable, and economical. E-nose
analysis is quick, easy, and possible in real time. It is intended to test, identify, and specify volatile

compounds at extremely low concentrations (parts per billion).

The possibility of e-nose development for new product creation in the food sector was validated by
recent research. For instance, Ortega et al. carried out an e-nose investigation to comprehend the
crucial elements for Internet connectivity operations in the olive oil industry [75]. Other methods
have emphasized on examining the fundamental ingredient, or water, that was utilized to make the
supplied food. As a result, it has been feasible to roughly categorize the quality of this key raw
resource [76, 77]. Other research have primarily focused on categorization methods to identify if the
food is fresh or contaminated, such as chicken or fish [78-81]. Some other studies have attempted to
categorize various liquids, like alcohol, and sesame oil, with positive outcomes [82-84]. Additionally,
the researchers of [85-88] have categorized additional goods as black tea, green coffee, and several

kinds of rice.

Signal Signal
interaction generation proccessing Identification

—_— O — - O — O - | Strawberries

Electronic nose

Figure 2.9: Electronic nose system [89].
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There are two common methods used to analyze volatile ingredients in food: quality sensory panel
assessment and conventional gas chromatography with mass spectrometry. These two methods,
however, require a lot of time, effort, and money. They also have a minimal ability to create new

products. On the contrary, the e-nose could be a good replacement for existing methods.

The current work utilized the Portable Electronic Nose (PEN3) System, which is based on a metal-
oxide gas sensor array, to assess volatile substances. Ten distinct metal oxide single thick film
sensors were employed for this study. The metal-oxide sensor's conductance changes as a result of
gas molecule adsorption. This alteration in conductivity can be used to determine the quantity of

volatile organic compounds adsorbed.
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3.1 EXPERIMENTAL DESCRIPTION
3.1.1 MATERIAL AND METHOD

N-methyl-2-pyrrolidone and curcumin (Mw = 368.5) were acquired from Sigma-Adrich (Munich,
Germany) and utilized as received). The following products were purchased from Oxoid SpA
(Garbagnate Milanese, Italy): Brain HeartInfusion (BHI) broth, Trypticase Soy broth and agar (TSB,
TSA).

The bacteria used in this study were from the American Type Culture Collection (ATCC) including
Gram negative (Escherichia coli ATCC 25922), and Gran positive (Staphylococcus aureus ATCC
29213 and Enterococcus faecalis ATCC 29212) strains. These strains were stored in the commercial
Microbank Bacterial Preservation system (Pro-lab Diagnostics, Austin, Tex). Vials were inoculated
according to the manufacturer's instructions and were kept in a —80°C freezer. LED system (Blue
LED (LES Flex Strips LEDYDEL IP64, Turin, Italy) with wavelength from 465-470). All other

chemicals, used and not listed above, were commercially available analytical grade product

3.1.2 Curcumin Solution Preparation

N-methyl-2-pyrrolidone and 0.9% saline solution were mixed in a 1:1 ratio to form a stock solution
of 1 mg/ml of curcumin, which was then kept in the dark. The solution was then diluted in BHI
according to the protocol to ascertain the minimum inhibitory concentrations (MIC) and minimum

bactericidal concentrations (MBC).

3.1.3 Bacterial Inoculum

An inoculum was prepared for each bacterium from Microbank. Five tubes containing 5 ml of BHI
broth were set up and scalar dilutions of 500 pl in 500 pl were made. Growth tests on TSA were
performed in parallel. Subsequently, the tubes were kept at 37°C overnight. From the overnight
culture, inocula were prepared in 0.9% sterile saline solution to reach 0.5 McFarland turbidity
standard and diluted in BHI broth medium to final concentrations of 5 x 105 CFU/m.

3.1.4 Set-Up of Multiwell Plates

For each bacterial strain, two 96-well microtiter plates were set up, one of which was a control plate
without irradiation and the other subjected to 3 h of LED treatment. One hundred pl of BHI was
placed in each well of the plate, except for the first well in which 200 pl of curcumin was put at 1
mg/ml of a concentration.

Then, serial dilutions were made, resulting in the following final concentrations of curcumin (mg
/ml):
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1 0.50 0.25 | 0.125 | 0.06 0.03 | 0.015 | 0.0075| 0.0037| 0.0017 | 0.0009

100ul of each bacterial suspension (inoculum in 10> CFU/mI) were then added to each well, resulting

in a total volume of 200 pl per well. The final concentrations (mg /ml) obtained were as follows:

0.50 | 0.25 | 0.125 | 0.06 | 0.03 | 0.015 | 0.0075 | 0.0037 | 0.0018 | 0.0009 | 0.00046

In addition, three controls were set up: the medium control (200 pul BHI in one well), the bacterial
fertility control (100 pl inoculum + 100 pl BHI) for each strain, and the curcumin solution control
(100 pl curcumin 2 mg/ml + 100 pul BHI). One plate was subjected to PDI treatment by visible light
at a wavelength of 425 nm (Light Emitting Diode, LED) for 3 hours, while the control plate without
treatment was left under a fume hood covered with aluminium foil for the same time. A thermometer
was associated to the container, on whose lid the LEDs were placed, to monitor the temperature

during the application of PDI treatment (Figure 3.1).

Figure 3.1: Container containing the LEDs for photodynamic treatment.

At the end of 3 hours, the 96-well microtiter plates were kept in thermostate at 37°C for 24 hours.
After 24 h, MIC reading was performed, indicating positivity in case of the presence of turbidity of
the wells within the multiwells. MIC is established as the concentration corresponding to the first

clear well without visible bacterial growth.
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3.1.5 Minimun Bactericidal Concentration Dete rmination

In order to establish the MBC, aliquots of 10 pl from all the wells which showed no visible bacterial
growth were plated on BHA and incubated for 24 h at 37°C. The MBC corresponded to the first

dilution in which the number of CFU was less than or equal to three (Table 3.1).

3.1.6 Time Kill Kinetics

Time-kill kinetics assay wasanalyzed using the MIC values, which evaluated before the experiment. .
An overnight culture of bacteria was diluted in BHI broth. Test compound i.e curcumin solution was

added to logatithmic-phase broth cultures of approximately 10> CFU/mI. Six well microtiter plates
were prepared by using BHI medium, respective test compound at the concentration of 3xMIC and
bacterial inoculum. After one hour of incubation into the hood, one plate was placed under irradiation
of LED and other under dark for 3h. Then, the killing was evaluated at different time (TO, 1.5h, 6h,
20h, 24h, 48h and 72h). On the corresponding day, the bacterial colonies were counted and the time
kill kinetics were plotted as CFU/mL against time. The mean percentage of survival compared to the
non-treated (control) was used to determine bacterial survival. All experiments were performed in
duplicate.

3.2 Statistical Analysis

Whenever data were assumed to be normally distributed, the results were depicted as the mean
+ standard deviation (SD). The SD serves as a measure of the data's degree of dispersion from the
mean. In case of progressively halving discrete values (e.g. MIC) the relative error is assumed to be

0.5Microsoft Office Excel was used for statistical analysis
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3.3 RESULTS
3.3.1 Curcumin’'s antibacterial properties with and without LED irradiation

The broth microdilution method was used to determine the MIC of curcumin with and without LED
irradiation against all bacterial strains. According to the study's findings, curcumin has a strong
antibacterial impact on selected bacterial strains, with low MIC and MBC values under blue visible
light (LED) (Table 3.1).

3.3.2 Minimum Inhibiting and Bactericidal Concentration

The results showed that E. faecalis was highly susceptible to irradiation, being the MIC following the
curcumin administration equal to 0.125 mg/ml while after curcumin administration and under blue
light (LED) for three hours, the MIC drastically decreasedto 0.0037 mg/mL. Also S. aureus strain
was sensitive to curcumin followed by LED exposure, exhibiting a MIC equal to 0.0075 mg/ml ,
compared to the value of 0.06 mg/ml when not exposed to photodynamic treatment. On the contrary,
the MIC value (0.125 mg/ml) against E. coli was same with and without exposure to photodynamic
treatment. Table 3.1 displays the outcomes of MIC and MBC for all the tested strains of bacteria.

MIC MIC MBC MBC
Bacterial ~ without LED with LED without With LED
strains (mg/mL) (mg/mL) LED (mg/mL)
(mg/m)
E. faecalis 0.125 +0.063 0.0037 +0.002 >0.25 0.0037 +0.002
S. aureus 0.06 + 0.03 0.0075 = 0.063 >0.25 0.0075 + 0.004
E. coli 0.125 +0.063 0.125 +0.063 >0.25 >0.25

Table 3.1: MIC and MBC of curcumin without and with 3h photodynamic irradiation with LED.

The current study's findings demonstrated that curcumin with LED light exhibited a high level of
bactericidal activity against S. aureus and E. faecalis strains, with MBC values of 0.0075 and 0.0037
mg/ml, respectively. While for E. coli the MBC is greater than 0.25 mg/ml with both conditions with

and without LED light.
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The photo-activated curcumin exhibits a significant antibacterial effect against Gram-positive
bacteria but not Gram-negative bacteria, according to the findings of the MIC and MBC tests.

3.3.3 Time Kill Kinetics Assessment

Curcumin's antibacterial activity was tested against S. aureus, E. faecalis, and E. coli by performing
killing assays. Curcumin was administered at a dose of 3MIC, and therefore the absolute
concentration was different for the different strains and the different treatments. The results are shown
in Tables (3.2-4) and Figures (3.2-4). Due to high MIC values, curcumin demonstrated a powerful
killing capacity against E. coli (Figure 3.2) but, as expected, the effect of the LED irradiation was
negligible. Onthe other hand, some Killing potential was seenin S.aureus (Figure 3.3)and E. faecalis
(Figure 3.4) that gradually decrease with time but with comparison to E.coli apparently less bacteria
were killed due to the much lower doses of curcumin. In all cases, the result shows that at proper

concentration and longer duration of time (72 h), the bacterial killing was effective.
Escherichia coli ATCC 25922

The results about E. coli time Kill kinetics show that 3XMIC curcumin concentration is effective at
controlling bacterial growth for a longer time. E. coli is a Gram-negative bacterium, difficult to
destroy with a low curcumin dosage, as comparison of other Gram-positive bacterial strains but it can
be killed with a relatively high concentration of curcumin and is almost not affected by the exposure
of LED light. Nevertheless, this study revealed that the curcumin at high concentration was rapidly

bactericidal achieving complete elimination of E. coli (Figure 3.2).

Curcumin 3XMIC Curcumin 3XMIC
) Control (CFU/ml) _ )

Time (h) without LED with LED
(CFU/ml) (CFU/mI)

TO 4.8 x 108 2.2 x 108 3.1x10t
1.5 1.4 x 107 1.0 x 10t 1.0 x 101
6 3.3 x10° 1.0 x 10t 1.0 x 101
20 2.9x 10° 1.0 x 10t 1.0 x 10t
24 2.5 x10° 1.0 x 10t 1.0 x 101
48 4.7 x 108 1.0 x 10t 1.0 x 101
72 1.7 x 108 1.0 x 101 1.0 x 10t

Table 3.2: Time kill kinetics of curcumin without (WI) and with (LED) PDI treatment against E.coli.
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Figure 3.2: Killing activity against E.coli.

Staphylococcus aureus ATCC 29213

72h

According to the results, S. aureus growth was somewhat slowed down but not completely prevented

by administering curcumin at low doses, corresponding to one half of the dose used for E. coli without
LED irradiation and to about 6% of the case of LED irradiation (see Table 3.1) . Table 3 and Figure
3 indicate the decline in CFU/ml for bacteria treated with 3XMIC of curcumin after 20 hours of

incubation without LED illumination. This is as a result of the higher MIC value. However, because

of the extremely low curcumin concentration, the bacterial population in the 3XMIC of curcumin

with LED-treated bacteria did not gradually decline.

Control Curcumin 3XMIC Curcumin 3XMIC
Time (h) (CFU/mI) without LED with LED
(CFU/mI) (CFU/mI)
TO 8.3 x 10° 1.8 x 108 2% 108
1.5 6.7 x 106 1.8 x 108 3x 108
6 3.6 x 108 1.8 x 103 3.5 x 108
20 7.8x 108 1.5 x 108 6 x 103
24 2.6 x 108 5.5 x 10t 1.5 x 103
48 2.1 x10° 5.5 x 10t 1.5 x 103
72 2 x 100 55x10t 2.5 x 108

Table 3.3: Time kill kinetics of curcumin without (WI) and with (LED) PDI treatment against

S.aureus.
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The results of E. faecalis were relatively similar to S. aureus since the MIC for both under light

exposure was very low so, bacterial growth was not fully suppressed (Figure 3.4). Note that in this

case, the curcumin dosage without LED irradiation is the same of that used for E. coli but in the case

of LED irradiation was only 3% of the dosage (see Table 3.1) and is still effective in controlling the

infection.

Control Curcumin 3XMIC Curcumin 3XMIC

Time (h) (CFU/mI) without LED with LED

(CFU/ml) (CFU/mI)

TO 5.6 x 106 1.5 x104 1.2 x 104

1.5 9.3 x 108 1.2 x 102 1.3 x108

6 4.6 x 108 1.5 x 102 1.5 x 103

20 1.8 x 109 3.5 x 102 1.1 x108

24 2.5 x10° 5.5 x 10! 1.5 x 103

48 1x 109 5.5 x 101 1.5 x 103

72 1.2 x 10° 3.5 x 10t 1.5 x 103

Table 3.4: Time kill kinetics of curcumin without (WI) and with (LED) PDI treatment against

E.faecalis.
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Figure 3.4: Killing activity against E.faecalis.

As a consequence, the overall findings demonstrated that the killing potential against bacterial strains
depends on the concentration of curcumin, that here is expressed as multiple of the MIC, and that
LED irradiation is effective al low doses for gram-positive bacteria but does not change the required

inhibiting dose of curcumin for gram-negative bacteria.

3.4 DISCUSSION AND CONCLUSION

Curcumin administration followed by 3 hours of blue LED light irradiation affects Gram-positive
bacteria more than Gram-negative bacteria because the bacterial cell membrane structures are
different and impart different resistance to curcumin [1]. Inparticular, Gram-negative bacteria have
an inner cytoplasmic membrane surrounded by a thin layer of peptidoglycan and an outside
lipopolysaccharide membrane. The outer membrane assists in osmoprotection, and also serves as a
permeability barrier and regulates the in and out of a wide range of substances, including ions,
nutrients, and environmental contaminants. On the other hand, Gram-positive bacteria, lack an
external protective barrier [2]. As a result, these bacteria were more easily destroyed because of the
porous structure and simple penetration of photosensitizers. This explains why Gram-negative
bacteria have higher antimicrobial agent resistance than Gram-positive bacteria [1]. To manage this
problem, we have developed a number of bio-conjugates such as nanobubbles containing curcumin,
which are described in chapter 4.

Our results confirm what already observed in the literature. The antimicrobial activities of curcumin
were initially reported by Schraufstatter et al [3]. Numerous investigations on the broad-spectrum
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inhibitory action of curcumin against a number of Gram-positive and Gram-negative bacteria have
been conducted during the past seventy years. The concerned bacteria were Pseudomonas
aeruginosa, Klebsiella pneumoniae, Acinetobacter baumannii, E. faecalis, S. epidermidis,
Streptococcus pyogenes, Listeria innocua, S.aureus, Helicobacter pylori, Bacillus subtilis, E. coli,
B. cereus [4-8]. Curcumin has an antibacterial properties because it can make bacterial membranes

more permeable [9].

Interestingly, curcumin also has strong antibacterial activity against Multidrug-Resistant (MDR)
isolates including polymyxin-resistant K.pneumoniae and methicillin-resistant S. aureus (MRSA) [6,
8, 10]. Curcumin's MIC values against clinical isolates of MRSA were found to be between 125 and
500 pg/mL in a recent study by Batista de Andrade et al [11]. Another investigation by Yasbolaghi
Sharahi et al. found that the curcumin's MICs against A. baumannii, Klebsiella pneumoniae and P.
aeruginosa MDR ranged from 128 to 512 pg/mL [5]. Curcumin's MIC value was previously found
to be 18.42-250 pg/ml against S. aureus [12-15],93.8 pg/ml-250 pg/ml against E. coli [13, 14, 16],
and 62.5-293 pg/ml against E. faecalis [14, 17]. Importantly, multiple study groups observed
considerable variations in the MICs of curcumin against various strains [18]. This might be because
each research group used a different solvent (such water, DMSO, or ethanol), each of which had a
different degree of solubility for curcumin [18]. These variations might also be influenced by the MIC
test technique, the device's effect on the bacterial cell membrane, and the purity of the curcumin

utilized in the research [18].

Due to its inherent photosensitizing properties, curcumin has the potential to have antimicrobial and
antibacterial effects that can be strengthened by photodynamic activation. Recent suggestions for a
variety of applications demonstrate that photodynamic activation canbe a highly efficient sterilizing
method. A method called (PDI) depends on the activation of non-thermal photophysical and
photochemical processes, which depend upon light, photosensitizer, and the presence of oxygen [19].
It functions on the theory that photosensitizers may be triggered at specific wavelengths to produce
ROS with intense oxidation to inactivate abnormal cells and harmful microbes [20]. Due to its multi-
target nature, PDI has the benefit of not producing any harmful compounds, requiring just a light
source for energy, and having a minimal risk of generating microbial resistance [21]. Light-emitting
diode (LEDs), lasers, and halogen lamps are common light sources. The wavelength of the light is an
important consideration for PDI. LEDs offer the benefits of being inexpensive, having broader

emission bands, being simple to utilize, and having more irradiation time flexibility.

According to preliminary findings from our team's research [22], curcumin exerts a significant

antibacterial impact on a number of bacterial strains, with low MIC and MBC values. Additionally,
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the effects of curcumin coupled with photodynamic activation using LED light for three hours on two
strains of Gram-positive bacteria (S. aureus ATCC 29213 and E. faecalis ATCC 29212) and one
strain of Gram-negative bacteria (E. coli ATCC 25922) were examined. And at quite low curcumin
concentrations, the MIC was determined i.e 0.125, <0.0075, and <0.0037 mg/mL against E. coli, S.
aureus, and E. faecalis, respectively. (Table 1) [23]. According to these findings, the MIC of
antibacterial activity against Gram-positive bacteria drastically altered, sometimes by two orders of
magnitude, when curcumin was coupled with photodynamic therapy using LED light. Note that the
minimum amount of curcumin needed to kill S. aureus (MIC equal to 20.3 uM with LED irradiation
findings of this study) is significantly less than the amounts used to kill apples (80 pM) and beef,
poultry, and pork meat (40 uM) reported by Corréa et al. [24].

Overall, the research stated above demonstrates that the efficiency of PDI is substantially influenced
by the bacterial strain, Gram-negative strains being significantly less inhibited. Regrettably, quite few
researchers have looked into why the antibacterial action of curcumin appears to vary depending on
the bacterial strain. By generating membrane permeabilization, curcumin affects both Gram-positive
and Gram-negative bacteria in a comparable way, as demonstrated by Tyagi et al. [25]. LED
irradiation alone produced minimal antibacterial effects, according to Aurum et al. [26], whereas
photoactivated curcumin had substantial bactericidal effectsalso on E. coli. Our investigation showed
a small effectiveness in E. coli, and this finding may be explained by the various bacteria inocula,
curcumin formulations, and experimental setups we employed. These changes are conceivable
because Gram-positive and Gram-negative bacteria have differing cell wall compositions. Gram-
positive bacteria can more easily being destroyed because of their porous nature and the ease with
which photosensitizers can penetrate. Gram-negative bacteria, on the other hand, are more difficult
to be eradicated because of their outer membrane, which progressively suppresses curcumin's
penetration effect. Similar findings have been reported by various authors, and it has been
hypothesized that variations in results are due to differing membrane structures [27-29]. Curcumin's
method of biological action is dependent on the characteristics of the delivery mechanism, according
to conclusive evidence from Shlar etal. [1]. However, the outer membrane of Gram-negative bacteria
shields them from curcumin diffusion and photosensitization unless nanovectors are used, which are

predicted to enhance membrane crossing [30, 31].
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CHAPTER 4: EVALUATION OF THE EFFECTIVENESS OF PHOTOACTIVATED
CURCUMIN ON BERRIES SAMPLES
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4.1 PURPOSE OF WORK

The study aims at evaluating the effectiveness of a treatment based on a natural antibacterial photo-
activable compound, e.g.curcumin, in order to increase the fresh fruit’s shelf life, especially the easily
perishable berries (strawberries, raspberries, blueberries, etc.), preserving their organoleptic and

antioxidant properties.

Due to the administration of curcumin to foods, for both safety and organoleptic reasons, we
investigated the use of B-cyclodextrin as solubilization medium, assessing its effectiveness in term of

curcumin concentration in the berries and its impact on the fruit taste.
4.2 MATERIAL AND METHOD
4.2.1 Materials and Chemicals

Unless otherwise noted, Sigma-Aldrich (St. Louis, MO, USA) was the source of the components
used. B-cyclodextrin was a gift of Roquette (Roquette Freres, Lestrem, France). Curcumin from
Curcuma longa was purchased from Sigma Aldrich. For microbiological studies, Liofiichem ®

provides Tripticase Soy Agar (TSA) plates.

The used instrument were:

- Spectrophotometer: Duo Beckman

- Centrifuge: Rotofix 32A Hettich Centrifugen

- Lux meter: mod. LMT B500 s/n 0180233 (photocell mod. P30SCO, s/n 287032), LMT
Lichtmesstechnik GmbH

- Ultrasonic bath: Bandelin Sonorex Digitec; Bandelin Electronic GmbH & Co. KG, Berlin,

Germany

4.2.2 The Experiment's Setting

For the investigation, blueberries and strawberries were utilized in four separate tests that were each
conducted independently. All the berries were purchased in a nearby market in the summer of 2022.
They have not been frozen or put through any other kind of preservation process. The series of four
tests are listed below.

In the preliminary experiment (EQO), three experimental conditions were set up:

i. Blueberries treated with a solution of cyclodextrin as a control
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ii. Blueberries treated with solution of curcumin and B-cyclodextrin (1mg/ml) without being
irradiated.

iii. Blueberries treated with curcumin and cyclodextrin solution (1mg/ml) and exposed to LED light

for 6 hours each day for three days.

The three single-layer berries trays were prepared according to the above experimental setup and
treatment placed in a refrigerator at temperature (4°C). Three to four berries were randomly selected
from each tray every day at the same time, and transferred to tubes containing sterile water, and

shaken for a short period of time.

Full Experiment
In the first experiment (E1), 2 kg of strawberries were divided into four experimental groups:

I. berries without treatment (CTR);

ii. berries sprayed with B cyclodextrin solution (Cl);

iii. berries sprayed with a solution of 0.5 mg/ml curcumin in B cyclodextrin (CICU); and

iv. berries sprayed with a solution of 0.5 mg/ml curcumin in 3 cyclodextrin and exposed to blue light
for 3h (CICUB) after 1 h of incubation.

In the second experiment (E2), blueberries were divided into 4 groups:

1. berries without treatment (CTR);

2. berries sprayed with a solution of 1 mg/ml curcumin in B -cyclodextrin (CICU);

3. berries sprayed with a solution of 1 mg/ml curcumin in B -cyclodextrin and exposed to blue light
for 3h (CICUB) after 1 h of incubation;

4. berries prepared as CICUB and illuminated for 3h every day for three days (CICUBm).

In the third one (E3), blueberries were divided into five groups:

1 berries without treatment (CTR);

2. berries sprayed with B -cyclodextrin solution (CI);
3. berries sprayed with a solution of 1 mg/ml curcumin in B -cyclodextrin (CICU);
4. berries sprayed with a solution of 1 mg/ml curcumin in B -cyclodextrin and ex-posed to blue

light for 3h (CICUB) after 1 h of incubation;

5. berries prepared as CICUB and illuminated for 3h every day for three days (CICUBmM).
After treatment, all groups were stored at refrigeration temperature (4°C).

All experiments can be regarded as Closed Systems as no nutrients are added to the system and no
metabolic waste products are removed. When nutrients are lacking, growth stops and metabolic waste
products accumulate in the medium. In order to prevent this Death Phase, visual and microbiological

controls were performed in all four groups at the conclusion of treatment (TO0), as well as at one, two,
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and three days later (T24, T48, and T72). A longer period would also result in the fruits becoming
bad.

Quialitative analysis was performed for the preliminary experiment (EO).

In contrast, for quantitative study volatile compound analysis was carried out after four days for the
first (E1) and third (E3) tests, but not for the second (E2) test due to management issues. Additionally,
fruit samples treated with 3h of LED irradiation (CICUB1 and CICUB2, respectively) and sprayed
with two different concentrations of curcumin (CICUL with 0.5 mg/ml and CICU2 with 1 mg/ml)
were examined for oxidation and quantitative detection of curcumin content.

In Figure 4.1 the experimental procedure is sketched.
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Figure 4.1: Description of the experimental groups and treatments.

4.2.3 Phase solubility study of the B-cyclodextrin/curcumin inclusion complex

Phase solubility studies were carried out using the method developed by Higuchi and Connors [1].
An excess amount of Curcumin was added to a series of aqueous so-lutions containing an increased
concentration of -cyclodextrin (0 to 70mM) [2, 3]. Mixtures were continuously shaken at28 Relative
centrifugal force (RCF) for 72h atroom temperature in the dark. The resultant dispersions were then
centrifuged for 25 minutes at4025 RCF and the curcumin containing supernatant was separated and
its curcumin concentration was determined using a spectrophotometer at wavelength of 425nm. The

curcumin concentration was estimated on the basis of a previously obtained calibration plot. The
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apparent stability constant (Ks) of curcumin—BCD, complexes were calculated from phase-solubility
diagrams according to the following equation:

Slope

Ks =
s S° (1 — slope)

)

Where the slope is obtained from the linear part of the phase solubility diagram, and S°is curcumin’s

intrinsic solubility in the absence of cyclodextrin polymer.

4.2.4 Preparation of Curcumin /p-Cyclodextrin inclusion Complex 1:1
A 1:1 molar ratio of curcumin and -cyclodextrin was used to produce the inclusion complexes by

adding 10mg of curcumin to 10mL of a water solution containing B-cyclodextrin atthe concentration
of 3 mg/mL. Atroom temperature and in the dark, the mixture was stirred continuously for 48 hours.
The resultant dispersion was centrifuged for 10 minutes at 1370 RCF. Finally, the complex-containing
supernatant was collected for characterization and further studies. For both blueberries and

strawberries, this inclusion complex was employed.

4.2.5 Preparation of the Curcumin-Complex Solution

The curcumin B-cyclodextrin complex as freeze-dried powder was weighed and dissolved in water
under magnetic stirring to prepare two aqueous solutions of 0.5 and 1 mg/ml of curcumin respectively.

4.2.6 Curcumin Concentration in Fruits after Teatment

The concentration of curcumin on berries was assessed in three distinct situations to see whether the
sprayed curcumin/BCD complex adheres to the fruit peel efficiently and is not destroyed by LED
light. Just after the spraying the berries were eventually kept at ambient temperature for 1 h and then
treated for three hours using LED blue light (with or without waiting for 1 h between spraying and
light). This procedure was carried out on both types of berries and at two different curcumin

concentrations (0.5 and 1 mg/ml).

For curcumin quantitation, the following process was used: Approximately 15 berries were subjected

under three conditions i.e

(@) Curcumin-pCD (0.5 mg/ml & Img/ml) spray,

(b) Curcumin-BCD (0.5 mg/ml & Img/ml) spray, LED 3h

(c) Curcumin-pCD (0.5mg/ml & 1mg/ml) spray, 1 h rest, LED 3h
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5g of berries from each group were homogenized in distilled water using an Ultraturrax homogenizer
and the chloroform extraction procedure was performed to extract curcumin. For that, 4 ml of
chloroform and 2 ml of homogenized berries were combined, vortexed for 1 minute, and then cooled
in an ice bath. This process created two layers: an agueous one containing berries and curcumin and
other with chloroform. The extraction was performed twice or three times more (until reaching a
white color) after separating the chloroform layer. At the end of the extraction, a nitrogen pump was
used to evaporate the chloroform and then-1 ml of methanol was added to the dried curcumin, and
the absorbance of curcumin solution was determined using a UV spectrophotometer at 425 nm. A
calibration curve was also determined by comparing standard curcumin concentration and UV
Spectrophotometer lectures. After quantifying the absorbance of eachsample the calibration equation

was used to calculate the concentration of curcumin that is enlisted in Table 4.3.

4.2.7 Photoactivation

Blue LED (LES Flex Strips LEDYDEL IP64, Turin, ltaly) with a wavelength between 465 and 470
nm was used to photoactivate the curcumin. Berries underwent a 3-hour radiation treatment by each
side in one of the two available irradiation chambers. The first one, shown in Figure 4.2A, was used
to irradiate quantities of berries that weighed up to 0.25 kg and were placed on a grill at a half-height.
Ten led strips (each with 27 leds) were fitted on the base, and ten more were positioned on top, for a
total light output of 693 £83 Ix per unit surface. The experiment was carried out in a chemical hood
with laminar flow to avoid heating.

For the laboratory essays, such as the oxidation test, on tiny fruit samples (2-3 berries maximum), the
second smaller irradiation chamber (Figure 4.2B) was used. A Petri dish can be placed inside on the
plastic supports; three led strips (6 led each) on top, three on bottom and one on the edges of the box
generate a light flow per unit area of 700 + 25 Ix, which is similar to the other. The luxmeter mod.
LMT B500 s/n 0180233 (photocell mod. P30SCO, s/n 287032) developed by LMT Lichtmesstechnik

GmbH was used to measure the brightness.
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Figure 4.2: A) The larger structure on the left was designed to illuminate blue LEDs on up to 0.25
kg of berries after spraying with curcumin; B) On the right, the smaller one for in vitro study or a few
berries.

4.2.8 Microbiological Analyses

After the photoactivation treatments, the plate counting technique [4] was used to quantify the amount
of microorganisms on both the fruit samplesand the washing water.

In the preliminary experiment (EOQ) according to the experimental protocol, the washing water from
the treated berries was filtered using a vacuum filter. To evaluate the presence of bacteria and fungi,
the filter paper was then plated on BHA and SAB plates respectively. To enable for microbial colonies
development, all agar plates were incubated for 24-48 hours at 37 °C.

For experiment E1, E2 and E3; initially, 100 pl of washing water was plated onto the Trypticase
Soy Agar (TSA) plates, after washing the strawberries in 10 ml of sterile water. The bacterial counts
on these samples was labelled as “Berry” at different times in the Result section.

The samples of blueberries and strawberries (59 each) were taken out of the water, homogenized in
5 ml of sterile water, progressively diluted, and plated onto TSA.

Additionally, blueberries were put in tubes containing 0.9% NaCl saline solution and subjected to
sonication (35 kHz, Bandelin Sonorex Digitec; Bandelin Electronic GmbH & Co. KG, Berlin,
Germany) for 10 min to detach bacteria without affecting their viability in order to measure fruits-
adherent bacteria on berries [5]. After sonication, the fruits were taken out, and the tubes underwent
a 10-minute centrifugation at 1789 RCF. The resulting pellets were resuspended in saline solution,
and serially diluted. Each dilution was inoculated on TSA. The bacterial counts on these samples are
labelled as “Peel” at different times in the Result section.

Following 24-48 hours of optimum microbial growth on all agar plates at 37°C, the total numbers of

viable colonies on each plate were counted.
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4.2.9 Qualitative Organoleptic Analysis

In order to assessthe berries' organoleptic qualities for EO (sight, smell, touch, and taste), berries were
analyzed after being removed from the washing water. Volunteers A, B, C, and D were specifically
instructed to eat and evaluate the berries's appearance using their senses of taste, smell, touch, and
sight. They were then asked to give a score of O for an altered appearance and 1 for a normal
appearance.

4.2.10 E-nose Organoleptic Analysis

Volatile compound analysis was carried out for E1, E2, and E3 by using a commercially available
portable electronic nose (Win Muster Airsens Analytic Inc., Schwerim, Germany, Figure 4.3). This
nose isfitted with 10 metal oxide semiconductors (MOS) that have various chemical
compositions (see Table 1) and thickness to provide selectivity towards different classes of volatile
compounds as reported by Torri [6]. In particular, the sensors are W1C (Aromatic compounds), W5S
(Broad range sensitivi-ty, nitrogen oxides), W3C (Ammonia), W6S (Hydrogen, breath gases), W5C
(Alkanes, aromatic compounds), W1S (Methane, environment), W1W (Sulphur compounds), W2S
(Alcohols), W2W (Sulphur aromatic compounds), W3S (high concentrations >100 ppm, methane).

Name of the Sensitive substances Reference
sensor
wWiC Aromatic compounds Toluene, 10 ppm
W5S Broad range sensitivity, nitrogen oxides NO2, 1 ppm
W3C Ammonia Propane, 1 ppm
W6S Hydrogen, breath gases H», 100 ppb
W5C Alkanes, aromatic compounds, less polar | Propane, 1 ppm

compounds

W1S Methane (environment) CHg, 100 ppm
W1W Sulfur compounds, terpenes, limonene, pyrazine H,S, 1 ppm
W2S Alcohols, a broad range of aromatic compounds CO, 100 ppm
W2W Sulfur aromatic compounds H,S, 1 ppm

W3S Reacts on high concentrations >100 ppm, methane | CH3, 10CH3, 100 ppm

Table 4.1 Sensors' description of the used e-nose [6].
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Figure 4.3:PEN e-nose during an analysis of a group of strawberries (10 vials).

Each batch of berries was split into ten samples, of 10.0+ 0.1 g, and placed in conventional clear glass
vials (40 ml), which were hermetically sealed with a PTFE/silicone septum and a screw cover.

The vials underwent a one-hour equilibration period at room temperature (26 °C) and analyzed at the
same temperature in standardized conditions. At a rate of 400 mL/min for 30 s, the device probe
vacuumed the volatile components from the vial headspace through the sensor array. Before injecting
the next sample, the system was purged for 70 s at a flowrate of 600 mL/min with filtered air, allowing
the instrument to re-establish a baseline.

The Principal Component Analysis (PCA) of the data and hierarchical cluster on the first three factors
were performed using the XLSTAT statistical software package, version 2020.5 (Addinsoft, Paris,

France).

4.2.11 Oxidation Stress Analysis
Malondialde hyde test

Malondialdehyde (MDA) is the most used oxidative stress test for assessing the antioxidant activity
of substances in lipid peroxidation systems. MDA is produced when polyunsaturated fatty acids
undergo oxidative degradation in acidic environments. It then reacts with thiobarbituric acid (TBA)
to form the MDA-TBA adduct [7].

CTR, CTR + 3h LED, CICU1, CICU2, CICUBL1 and CICUB2 groups were tested. A control (only
with Linolenic acid) was prepared following the same procedure without a test sample. The tested
samples consisting in 100 W of homogenized berries were added to 0.1mL of distilled water, 0.2mL

of 4% sodium dodecyl sulfate (SDS), 1.5 mL of Phosphoric acid and 100l of 0.1% linoleic acid. The
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mixture was accomplished by adding 1 ml of TBA solution, and it was then heated for 45 minutes at
100°C. After cooling on an ice bath, 4ml of 1-butanol was added to generate two layers from which
the supernatant (containing the TBA-MDA adduct) was separated and were analysed by UV-
spectrophotometer (Duo Beckman) at 535nm.

For the MDA standard curve the same process was used, with the exception that instead of adding

100 pl of the sample solution, the standard solution (1,1,3,3 tetra methoxy-propane) was added.

DPPH Free Radical Scavenging Activity

Curcumin’'s antioxidant activity was investigated when it was sprayed on blueberries and strawberries
by testing its ability to scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH). Curcumin's DPPH free
radical scavenging capacity was also assessed three hours after exposure to blue light. A lipophilic
free radical known as DPPH exhibits purple coloration in solution and UV absorption ata wavelength
of 517 nm. When DPPH undergoes a redox reaction with an antioxidant, it turns yellow with a
decrease in absorbance at 517 nm.

To perform the DPPH free radical scavenging assay, 100 pL of each sample (i.e. homogenized berries
sprayed with curcumin) were added to a DPPH methanolic solution (900 pL, 0.1 mM) and incubated
at room temperature for 30 min in the dark. Absorbance was measured at 517 nm against a blank
using a spectrophotometer. All experiments were performed in triplicate. The percentage of
antioxidant activity was calculated according to the following formula:

DPPH scavenging (%) = [(A DPPH - A sample)/A DPPH] X 100.

4.3 Statistical analysis
The results of repeated microbiological experiments (in triplicate) were reported as averages with
standard deviations. Differences between observation times were studied with ANOVA, while
comparisons between curcumin concentrations and between oxidative tests were evaluated by t-test.
The p values were reported, considering a type | error of 5%. Calculations were done using SAS®
Statistic Software v 9.4.
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4.4 RESULTS

4.4.1 Phase Solubility Study

The solubility characteristic of curcumin increases in proportion to the amount of -cyclodextrin. The
curcumin/BCD inclusion complex's A type of solubility phase profile, as described by [1], shows a
linear rise in solubility asa function of B-cyclodextrin concentration (Figure 4.4). The resulting value
of Ks =834.4 M-1 assessed that curcumin was satisfactorily solubilized.

The slope of the resulting initial linear part of the solubility phase diagram was used to compute the
relevant parameters.

Phase Solubility Cur/B-CD

0.035 y =0.4215x+0.0014

0.03 R*=0.998 e
0.025 R
0.02
0.015

0.01

Curcumin concentration (M)

0.005 _
0«
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

B-Cyclodextrin concentration (M)

Figure 4.4: Phase-solubility diagrams of curcumin with BCD.

Equation R? | Ks(MY) | CE | Ratio | Type of
curve
Curcumin / pCD | y=0.4215x +0.0014 | 0.998 | 834.4 0.59 11 AL

(72h)

Table 4.2: The linear part of the phase solubility diagram was used as the basis for determining the

complexation constant (Kc), complexation efficiency (CE), and regression line equation.

4.4.2 Curcumin Concentration in Fruits after Treatment
The concentration of curcumin on berries was assessed in three distinct situations to determine if the
spraying was effectively adheres to the fruit peel and is not degraded by LED light: immediately

following the spraying and three hours after irradiation (with or without waiting 1 h between spraying
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and lighting). This procedure was carried out for all berry varieties and curcumin concentrations in
the spray solution (0.5 or 1 mg/ml).

Table 4.3 presents the findings in pg of curcumin per g of berries. P values describe a comparison
between fruits of irradiated and non-irradiated, with or without the restof 1 h. It is important to note
that the final concentration is solely dependent on the fruit's surface area. Actually, the solution
sprayed only covers the berry's surface, not its whole volume. A ratio of 0.5 between is expected
assuming that the mean surface of blueberries is around half that of strawberries.

The higher amount of curcumin was observed when berries were exposed to LED radiation 1 hour
after being sprayed, most likely as result of a better curcumin penetration across the peel. The
difference between the two concentrations of strawberries and the 0.5 mg/ml concentration of
blueberries is statistically significant, while the difference in 1 mg/ml concentration on blueberries is
not statistically significant. This is most likely caused by a maximum carrying capacity that is
achieved in the case of blueberries. The amount of curcumin observed per gram of fruit obviously

increased when the curcumin concentration in the sprayed liquid was doubled.

Blueberries Strawberries
Spray - Spray - -
0.5 P Spray 1 p- 0.5 P Spray 1 P
mg/ml Value mg/ml Value mg/ml Value mg/ml Value
] 0.69 + 09+ 035+ 0.39 +
. C‘f;‘gg‘(‘t‘:‘;:[‘ra 0.01 0.3 0.01 0.01
y Pry 1 Lgrg hg/g hg/g Hg/g
cyc(ljolzzIrec;(liflrliirﬁl :g;ay 0.6 + 1.16 + 0.33 + 0.47 £
biue liaht with LEIZS 0 2 ug_/g 0.29 0.05 0.14 0.01 0.03 0.03 0.004
T ' Ho/g Ho/g ho/g

Curcumin+g- 1.00 + 1.09 + 0.49 + 0.82 £

cyclodextrinspray, 1| o5 <0001 008 022 | 002 <0.0001 002 <0.0001
h rest, blue light with / / / /i
LED 3h HS Hoe M9 5

Table 4.3: Concentration of curcumin on berries, evaluated at different times.
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4.4.3 Preliminary Experiment (EO):

Antibacterial effectiveness of Curcumin and LED on Blueberries
The results showed that both bacterial and fungal growth were clearly inhibited in the third
experimental condition that comprised treating blueberries with a curcumin+f3 cyclodextrin solution

and exposing them to LED light for 6 hours (Figures 4.5-6).

Figure 4.5: Filter paper-based microbial growth on BHA (above) and SAB (below) plates: 1. Control
(washing water from blueberries in a cyclodextrine solution), 2. Washing water from Blueberries
treated with Curcumin/B-CD solution 3. Washing water from blueberries treated with Curcumin /-

CD solution- along with 6h blue LED light.

Figure 4.6: Microbial growth on BHA plates using unfiltered washing water: 1. Control, 2.
Curcumin+Cyclodextrin solution treated blueberries, 3. Blueberries treated with cyclodextrin and

curcumin solution along with 6 h Led light irradiation.

Quialitative Analysis (Organoleptic)
Table 4.4 shows the outcomes of the three samples' organoleptic quality analysis. Sample 1 that was
not rinsed with curcumin, has not changed taste smell and odour. Sample 2 that was rinsed with

curcumin solution showed that its organoleptic quality remained unaltered. The organoleptic
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characteristics of the last sample 3 remained unchanged after being rinsed with curcumin and exposed
to blue LED light for 6 hours.

1 2 3
Subject VIOITIG V/IOITIG V/IOITIG
A 1/1/1/1 1/1/1/1 1/1/1/1
B 1/1/1/1 1/1/1/1 1/1/1/1
C 11/11 1/1/1/1 1/1/1/1
D 11/1/1 1/1/1/1 1/1/1/1

Table 4.4: Three samples' organoleptic characteristics: 1. Control Blueberries (without any
treatment); 2. Blueberries washed with curcumin; 3. Blueberries washed with curcumin and exposed
to blue LED light for 6 hours; O: Olfaction, V: Sight, G: Taste, T: Touch; 0 indicates a change in the
characteristic, 1 indicates no change in the characteristic.

These findings were based on the assessment of four volunteers in order to understand the differences
between berries in the control group and treated, however there is a high chance that human errors or
low sensitivity contributed to the findings. According to the reports, human nose possesses 400 smell
receptors and is capable of detecting at least one trillion smells [8]. The human nose canrank smells,
but since people's opinions might be biased, it cannot for instance detect harmful gases. The human
nose also has limits on what gases it can detect. Because of these limitations, the human nose cannot
be used asa universal tool for all smell-related categorization and discrimination. So, that’s the reason

why e-nose technique was used for the E1, E2, and E3 experiments.

4.4.4 Full experiment

Microbial analysis on Blueberries and Strawberries

Microbiological studies were classified into "Berry" and "Peel" types. "Berry" refers to the
examination of the smoothed berry, and "Peel” to the water in which the entire berry was washed.
The test revealed that there were less bacteria in the CICU, CICUB, and CICUBmM groups, particularly
in the E3 experiment, which takes into account the greater curcumin content (see Table 4.5). In this
instance, the variations between the groups and the times are statistically significant (p-values for
washing water and smoothed fruit, respectively, are 0.003 and 0.01). However, the differences in E1

and E2 experiments, with the lowest curcumin concentration, were not statistically significant
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(p>0.05). Curcumin ata concentration of 0.5 mg/ml probably was not enough to kill bacteria for an

extended period of time.

) Washing water (peel) Smoothed berry (5 g)
Experiment Group
0 24 48 72|p-value 0 24 48 72|p-value
CTR 44 33 35 46 0.66| 2.3 28 29 26 0.66
Cl 46 27 39 51 19 28 21 30
Strawberries (1 mg/ml)
CICU 42 40 42 40 30 20 32 22
CicuB 41 36 41 34 22 25 27 20
CTR 54 53 69 6.0 094 15 31 33 51 0.60
CiCul 47 35 33 46 29 21 16 16
Blueberries (1 mg/ml)
CicuBl 58 47 7.0 48 21 41 28 16
CicCuBml| 29 32 44 48 14 16 28 29
CTR 3.3 37 58 39| 0003 21 20 31 31 0.01
Cl 50 54 41 49 30 30 29 29
Blueberries (2 mg/ml) | CICU2 42 43 56 3.8 25 24 32 26
CiCcuB2 32 39 37 34 23 27 24 25
CicuBm2 | 3.3 34 47 36 24 27 3.0 25

Table 4.5: Results of the three experiments. Values are in logarithms of the number of bacterial
colonies at TO and after 24, 48, and 72 h, for both peel and smoothed berries.

Odour Analysis

Concerning the odor analysis, the first two main components of PCA showed 75.38% and 84.87% of
the variance of data respectively in strawberries and blueberries' cases (Figure 4.7A-B shows the
biplots in output from PCA analysis on top).

The two principal components are F1 (sensors: W1C, W3C, W6S, W1W, W2W, W3S) and F2
(sensors: W5S, W5C, W1S, W2S). These two components can be given a practical meaning, as done
by [9] in a related situation. In reality, methane, ammonia, and breath gases have a significant
influence on F1, which signifies the 'degradation’ of berries. The 'fruitiness' is indicated by F2 because
it identifies esters, or the berries' natural odor. The radar graphs use these definitions (Figure 4.8).
In particular, CTR berries (light blue circles in top Figures 4.7A-B) are notdistinguishable by CICUB
(grey circles) ones, in both experiments, showing an overlap of odors of the two groups. CI (blue

circles) changes in the F1 component, probably because of the deodorant effect of B-cyclodextrin.
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The CICU group (red circles) is distinguishable from CTR in strawberries but not in blueberries. The
CICUBmM group has a strong F2 component, showing an alteration of the odor. Considering the
hierarchical clusters (bottom Figures 7A-B), calculated on factor scores, an overlap of groups is seen
in the strawberries' case. Indeed, two major clusters are found: the first one contains CTR, CICU, and
fresh CICU (in prevalence), but also some CICUB samples; the second one ClI and CICUB (in
prevalence), but also CTR and CICU samples. Inthe blueberries' case, CICUBmM createsa very strong
cluster, while the other groups are in another one. No significant changes in odor are therefore
assessed in the two cases, except for the CICUBm group. Multiple irradiations probably significantly
degrade the berries.

In conclusion, CI (blue area) does not exhibit any antimicrobial effect, but it is interesting to note the
cluster created by the CI (blue) group enhancing the ‘fruitiness’ of the samples is a natural deodorizing
product that can mask the volatile compound of berries. The addition of curcumin (CICU, red area),
although impacting the odor characteristics, improves the microbial resistance especially at 72 h both
in the fruits and in the washing water.

LED blue light irradiation (CICUB, grey area) further enhances the antimicrobial effectat all times.

The repetition of LED irradiation on different days (CICUBmM, yellow area) does not radically modify

the microbiological effectiveness but only worsens the fruit's pleasantness.
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Figure 4.7A. Top: PCA analysis of strawberries from e-nose data. Each dot represents a different

sample. Different colors represent different treatment groups. Bottom: hierarchical cluster based on
factor scores.
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Figure 4.7B. Top: PCA analysis of blueberries from e-nose data. Each dot represents a different
sample. Different colors represent different treatment groups. Bottom: hierarchical cluster based on

factor scores.

Global Gain Analysis

Figure 8 summarizes the outcomes of the three studies using radar graphs, while related images are
displayed above (Figure 4.8A & B). Inorder to compare the three tests, which differ from one another
in terms of methodologies and berries, radar charts were employed. Radar graphs are actually created
by normalizing the data in comparison to the control, which allows data from many tests to be

comparable, as is discussed in more detail in the following paragraphs.

To summarize the results, radar graphs in Figure 8A-B are produced by normalizing data concerning
the CTR group (green line). The area contained within the green line assesses to what extent the
treatment is less performant than no treatment, while the area that extends outside the green line

quantifies how the treatment is more efficient than the control.
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Figure 4.8: A) Radar graph about CI (blue area), CICU (red area) and CICUB (grey area) in respect
of CTR (green line). Blueberries and strawberries were both examined. All of the points outside of
the green line indicate a better behaviour with respect to CTR, whilst the points inside the curve
indicate a worse behaviour B) Radar graph about CICUB (grey area) and CICUBmM (orange area) in
respect of CTR (green line). A better behaviour with respectto CTR is shown by all the points outside

of the green line, whereas a worse behaviour was indicated by all points inside the line.
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4.4.5 Oxidative Stress Evaluation

In MDA test less oxidative stress was detected in CICUL, CICU2, CICUBL1 and CICUB2 (57 and 32
PPM, respectively) compared to CTR (220 PPM) and irradiated CTR with blue light (132 PPM)
(Figure 4.9B). DPPH test partially confirms this result, showing a better antioxidant activity in
CICUB groups, while a worse one in CICU groups (see Table 4.6). Indeed, the curcumin may
potentiate the antioxidative properties of the berries. Moreover, although LED irradiation is
responsible for some oxidative stress as expected, the curcumin (at both concentrations) counteracts

such effect by keeping the oxidative stress lower than the control values.
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Figure 4.9: A) calibration plot; B) oxidative stress in the five standard berries groups (CTR, CICU1,
CICU2, CICUBL and CICUB2) compared with standard control (linoleic acid) and berries+blue

LED. The treatment (grey bars) reduces the oxidative stress with respectto controls.

DPPH Scavenging Strawberries Blueberries | Only curcumin
(%) (%) (%) (%)
CTR 78 £3 76 £3 50 +2
CTR + blue LED 78 £2 79 1 89 +2
CICU1 (0.5 mg/ml) 71 +1 77 +£2
CICUB1 (0.5 mg/ml) 83 +3 76 +£3
CICU2 (1 mg/ml) 76 +2 73 2
CICUB2 (1 mg/ml) 84 +1 83 +3

Table 4.6: DPPH scavenging (%) of treated/not treated blue- and strawberries.
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4.5 DISCUSSION AND CONCLUSION

The results from this preliminary investigation confirm that curcumin is effective for berries
preservation, reducing microbial degradation without significantly affecting the odour and

antioxidant properties.

After showing that curcumin was satisfactorily solubilized, with a complexation Ks = 834.4 M-1
(Table 4.2), and that curcumin was effectively delivered to the berries, some further considerations
can be drawn from the global gain analysis.

Microscopic investigation of the CICU, CICUB, and CICUBmM groups demonstrated a decreased
amount of bacterial colonies, specifically in the E2 and E3 tests, which employed blueberries (Table
4.5). Strawberries typically respond less effectively to the treatment because of their surface's greater
porosity and irregularity. The assessmentof curcumin concentration after treatmentis also interesting,
showing that it remains on the berry's surfaces performing its antibacterial effectfor a long time. A
larger concentration in the solution or a slower release, e.g. by curcumin incorporation in more long-
lasting complexes, will keep on controlling the bacterial concentration on fruits possibly prolonging
berries' shelf life.

In terms of the odour analysis, the first two major PCA components : F1 (named ‘degradation’) and
F2 (named ‘fruitiness’) explain most of the data variances 75.38% and 84.87%, respectively, see
Figure 4.7.).

The radar graphs in Figure 4.8 A-B show that Cl (blue area) has no antimicrobial effects, but
enhances the “fruitiness” of the samples acting as a natural deodorant, which hides the volatile
chemical of berries. Despite having an effect on the organoleptic qualities, the addition of curcumin
(CICU, red area) increases microbial resistance, particularly at 72 hours, in both the fruits and the
washing water.

The antibacterial action is constantly enhanced by the use of LED blue light (CICUB, grey region).
Repeated LED irradiation on several days (CICUBmM, yellow region) does not significantly alter the
microbiological efficacy; instead, it merely makes the fruit less appealing. For all groups, the amounts
of berries discarded throughout the experiments were comparable.

The proposed treatments are safe, effective and the organoleptic and antioxidant properties of the
berries are retained.

In conclusion, also in the case of berries, we confirm the consolidated lettering and the results already
present in the literature. Curcumin is used and recognized worldwide for its wide range of potential
health benefits in many different ways. For example, curcumin has been used as a colorant in China,
a beverage additive in Korea, an anti-inflammatory in Pakistan, an antiseptic in Malaysia, and as a
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preservative and colouring agent in cheese, chips, and butter in the United States. Additionally,
curcumin canalso be found in a variety of products, such as capsules, energy drinks, ointments, soaps,
and tablets [10]. The US Food and Drug Administration (FDA) has designated curcuminoids as
"Generally Recognized As Safe” (GRAS) [10]. Because of its several potential advantages, curcumin
was employed in this study as a dose for red fruits. It is known that curcumin may have both
antibacterial qualities and displays photodynamic properties which would increase the effectiveness

of its antimicrobial activities [11].

According to the early findings of this study, curcumin effectively preserves berries by minimizing

microbial decay without dramatically changing the odour or antioxidant qualities.

The antibacterial impact is further enhanced by photodynamic activation in a targeted manner. We
can therefore extend to berries, which are highly expensive and sensitive fruits, a method that has
been effective on other fruits, such as dates, mango, litchis and kumquat [12-16], vegetables as
tomatoes and lettuce [17] and fresh-cut fruits [18-20]. After three hours of exposure to LED blue
light, the P -cyclodextrin/curcumin inclusion complex demonstrated its ability to stick to the fruit peel

and function as an efficient photosensitizer to induce PDI.

The organoleptic qualities of the fruits handled by this method are not harmful. The presence of the
B-cyclodextrin/curcumin inclusion complex lowers the amount of ROS, protecting the inherent
antioxidant qualities of berries provided by anthocyanins, even though the LED light, as predicted,

created considerable oxidative products when applied to untreated berries [21].

Repeating the LED illumination every day for three times results in a further development of the
antibacterial actions, but the berry's odour qualities drastically diminish. Additionally, it could be
challenging to establish multi-illuminations throughout the supply chain. In fact, berries should be
packed or at least crammed when being transported and stored in marketplaces, while their whole

surface should be exposed to blue light for the treatment to be successful.

It's also noteworthy to measure the curcumin concentration after treatment since it demonstrates how
long curcumin stays on berries to exert its antibacterial effects. In order to effectively manage the
amount of microbes on fruits and extend the shelf life of berries, the solution's concentration should

be higher or its release should be slower.

The solution's ingredients are all organic, risk-free, and have no known side effects [22]. Additionally,
the developed complex is a solution and does not contain nanodimensional ingredients, which the
European Food Safety Authority (EFSA) restricts in some circumstances since they may pose a harm

to human health [23].
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Further investigations, are ongoing. We aim to specifically shorten the illumination period to make
the treatment practical for companies. In fact, the current production process cannot support a three-
hour product halt in order to photoactivate the curcumin. In order to be effective, the treatment period
must be decreased to less than an hour. We are investigating a number of options, such as
photoactivating curcumin while spraying it or using other nanostructures to increase the curcumin
concentration and omit the illumination step. Additionally, more research about use-ef nanocarriers

able to slowly release curcumin is planned.

Finally, despite a number of limitations, such as the brief observation period and the small number of
samples, our experiments have demonstrated that the treatment based on the inclusion of B-
cyclodextrin and curcumin and LED blue light irradiation is a promising way to prolong the shelf-

life of berries without changing their aroma.
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CHAPTER 5: IN VITRO CHARACTERIZATION OF CURCUMIN-LOADED
NANOBUBBLES AND EVALUATION OF MICROBIOLOGICAL ASSAYS WITH AND
WITHOUT PHOTODYNAMICBLUE LED LIGHT ACTIVATION
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5.1 PURPOSE OF WORK

The objective of this study was the production and characterization of chitosan-shelled
nanoformulations (i.e nanobubbles) loaded with curcumin to evaluate their antimicrobial properties
against Gram positive and Gramnegative strains. Additionally, since curcumin is a naturally occurring
photosensitizer, the potential synergistic effect with visible light (Light Emitting Diode)

photodynamic activation was assessed on the chosen bacterial strains.
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Figure 5.1: The planned procedure is depicted graphically: nanostructures containing Curcumin (A)
interaction with pathogenic microbes (B), Curcumin-NB photo activation using LED light (C)

increases the system's ability to be toxic to microorganisms (D).
5.2 MATERIALS AND INSTRUMENTS
5.2.1 Chemicals

Decaperfluoropentane and ethanol purchased from Sigma-Aldrich (St. Louis, MO, USA). Cargill
kindly provided Epikuron 200® Palmitic acid was from Fluka (Buchs, CH). Curcumin (Mw =368.4),
Chitosan, 1 methyl-2-pyrrolidinone, Oxoid SpA (Garbagnate Milanese, Italy) provided the Trypticase
Soy Broth and Agar (TSB, TSA) and Sabouraud dextrose (SAB) broth and agar. The LDH release
assay was carried out using the LDH cytotoxicity test kit (Cayman Chemical # 601170). Assay Buffer
(Dissolve the Cell-Based Assay Buffer Tablet (Item No. 10009322) in 100 ml of purified water. At
room temperature, this buffer is stable for around a year). All additional chemicals that utilized but

not listed above were analytical-grade and commercially accessible.

101



5.2.2 Bacterial Culture

The study was conducted on three different bacterial strains:

I.  Staphylococcus aureus ATCC 29213 (Gram positive)
ii.  Enterococcus faecalis ATCC 29212 (Gram positive)
iii.  Escherichia coli ATCC 25922 (Gram negative)

The selected strains were seeded on Mannitol Salt Agar (MSA), Brain Hearth Infusion Agar (BHA),
and MacConkey Agar (MAC), respectively and incubated at 37°C for 24h. Young colonies (18—24 h)
were picked up to approximately 3—4 McFarland standard and inoculated into cryovials containing
both cryopreservative fluid and porous beads to allow microorganisms to adhere. After inoculation,
cryovials were kept at -80 °C for extended storage (Micro-bank, PRO-LAB Diagnostic, Canada).

5.2.3 INSTRUMENTATIONS
Dynamic Light Scattering

The average size and polydispersity index of the nanoformulations were ascertained by employing
photon correlation spectroscopy (PCS) and dynamic light scattering (DLS) with a 90 Plus particle
sizer (Brookhaven Instruments Corporation, USA) that outfitted with Mas option particle sizing
software. The investigations were carried out at 25°C and a fixed scattering angle of 90°. The samples
were properly dilute before each analysis. In the same equipment, an additional electrode was used
to measure the zeta potential.

High Performance Liquid Chromatography

High Performance Liquid Chromatography (HPLC) study, utilizing an HPLC system made up of a
Shimadzu system equipped with a UV/Vis detector, was used to determine the quantitative amount
of curcumin and the release of curcumin from nanobubbles. The procedure was specifically

developed for curcumin. Details are given in Table 5.1.
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Instrument Shimadzu system with UV/VIS

detector

Column Agilent RP-C 18

(250 mm x 4.6 mm)

Moblie Phase Acetonitrile and water (70:30 v/v)
Flow rate Iml/min
Wavelength 425 nm

LC time 15 minutes

Retention time 13.06

Table 5.1: Basic information about HPLC.

LED System

Blue light emitted diode (LED) (LES Flex Strips LEDYDEL IP64, Turin, Italy) of wavelength 425

nm— 470 nm was used in this study (Figure 5. 2).

Figure 5.2: Blue led (LES Flex Strips LEDYDEL IP64, Turin, Italy).
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5.3 METHODS AND PROCEDURES
5.3.1 Curcumin Nanobubbles Formulation Preparation
1. Preparation of Chitosan Nanobubbles Loaded with Curcumin in the Core

In order to produce the nanoformulations, ethanol was used to dissolve Epikuron 200® (Cargill) (3%
w/w) and palmitic acid (0.5% wi/w), which was used as a co-surfactant. An appropriate amount of
curcumin solution was added in the mixture of Epikuron 200® and palmitic acid. Following that, 210
Wl of decaperfluoropentane wasgradually added. Using an Ultra-Turrax® high strength homogenizer,
the entire mixture was homogenized for 2 minutes after adding the suitable amount of distilled water,
resulting in the formation of a nanoemulsion. At 37°C, the nanoemulsion was saturated for 15
minutes. The nanobubbles’ polymeric shell was then formed by dropwise addition of an aqueous

solution of chitosan (2.7% w/w) in the nanoemulsion.
2. Method for Preparing Curcumin Conjugated Chitosan

By using the imine formation (Schiff base reaction) approach, curcumin conjugated chitosan (CCC)
was formed [1-5]. In order to prepare the conjugated complex, chitosan (2.7% w/w) was dissolved in
acetic acid buffer pH 4.5 under stirring at 500 rpm. The chitosan mixture was then mixed with 0.1%
curcumin solution that had been dissolved in 5 ml of ethanol. The reaction mixture was placed under
continuous stirring for 30 min at 700 rpm and, after setting the temperature controller to 50°C, was
maintained in continuous stirring and heat (60°C) overnight (Figure 5.3). The reaction mixture was

cool down at room temperature.
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Chitosan (2.7% w/w) in 1% N = —
acetic acid 0.1% curcumin Mixing and stirring (500 rpm)
in ethanol overnight at 50°C

Curcumin Conjugated Chitosan
(CCC)

Figure 5.3: Curcumin Conjugated Chitosan preparation.
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5.3.2 Nanobubbles Types

Table 5.2 lists the different types of NBs produced and tested in our Lab. Most of them were loaded

with curcumin, with a concentration, which typically ranges from 10 pg/ml to 749 pg/ml, as well as

with oxygen. Based on their MIC against bacteria we selected the most effective ones for additional

studies.

Types of NB Curcumin in Oxygen
core Shell
Chitosanshell NB No No No
(blank)
Curcumin loaded chitosan Yes No No
shell NBs
Curcumin- conjugated- No Yes No
chitosanshell NBs
Curcumin loaded Yes Yes No
curcumin conjugated
chitosanshell NBs
Curcumin oxygen loaded Yes No Yes
chitosanshell NBs
Curcumin oxygen loaded Yes Yes Yes
curcumin conjugated
chitosanshell NBs

Table 5.2: Detailed of the various NBs formulations that were investigated.
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5.3 3 Physico-chemical Characterization of the Nanobubbles

In order to analyze the physicochemical properties the zeta potential and the particle size of the
nanoformulations were taken into consideration. Dynamic light scattering spectroscopy (DLS) was
used to assess the diameter, polydispersity index (PDI), and zeta potential of the NBs at ambient
temperature. After dilution with ultrapure water (1:20 v/v), the analyses were conducted at a fixed
angle of 90° and a temperature of 25 °C. The zeta potential was evaluated using an electric field of

15 V/m. The PDI indicates the size distribution within a population of nanobubbles.

5.3.4 Morphological analysis

The morphology of each NBs formulation was analyzed using fluorescence microscopy, taking
advantage from the natural fluorescence properties of the curcumin, which emits light peaked around
543 nm [6].

5.3.5 Encapsulation Efficiency (EE)

One hundred ul of curcumin-loaded NBs were put into a volumetric flask and were diluted using
ethanol. The samples were ultrasonically disrupted for 15 minutes, and then 1 ml of the sonicated
samples was centrifuged at 15000 rpm for 15 minutes and analyzed by spectrophotometer and HPLC.
Encapsulation efficiency was calculated by subtracting the amount of free curcumin from the initial
added amount, by using the equation below (Eg. 1)

% EE= (Total drug-Free drug) / (Total drug) x 100 (Eq. 1)

5.3.6 Loading Capacity (LC)

In order to measure the loading capacity, freeze-dried NB samples were used. Around 5mg of freeze-
dried sample was weighed, and mixed in 1 ml of ethanol/methanol. After 15 minutes of sonication,
samples were centrifuged for 5 minutes at 15000 rpm. A spectrophotometer was used to examine the
absorbance at 425 nm of the sample's supernatant, and Equation 2 (Eq. 2) was used to determine the

loading capacity. The loading capacity was also checked by HPLC using the extraction method.

LC= (Total drug-Free drug))/ (NB weight) x 100 (Eg. 2)
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5.3.7 Determination of Curcumin Concentration

The concentration of curcumin was calculated based on standard calibration curves. For producing
the calibration curve an appropriate amount standard curcumin was weighed and mixed with
methanol in a volumetric flask, to create a stock standard solution. The mobile phase was then used
to dilute this solution, resulting in a series of standard solutions up to 50 pug/mL that were then injected
into the HPLC system. Linear calibration curves for curcumin were obtained with regression
coefficients of 0.999.

The chloroform extraction procedure was used to determine the curcumin concentration in the
nanobubbles. This was done by combining 3 ml of the appropriate NBs with 3 ml of chloroform,
vortexing the mixture for 1 minute, and then cooled in an ice bath. This procedure produced two
layers: one aqueous with curcumin and the other with chloroform. After removing the chloroform
layer, the extraction was repeated two or three more times (until the color turns white). Following the
completion of the extraction, the chloroform was evaporated using a nitrogen pump. After removing
the chloroform from the mixture, the dried curcumin was combined with 1 ml of methanol, and the
HPLC was used to determine the pack area of the curcumin solution in the mobile phase. Following
the determination of each sample's peak area, the calibration equation was applied to determine the

concentration of curcumin indicated in Table 5.5.
5.3.8 Physical Stability

The physical stability of NBs kept at 4 °C was assessed for up to eight weeks by repeating the
measurements of size, PDI, and zeta potential by dynamic light scattering.

5.3.9 InVitro Curcumin Release Study

A multi-compartment rotating cell was used to test the in vitro curcumin release from curcumin-
loaded NBs. Curcumin-loaded NBs were put inside the donor chambers. A semi-permeable cellulose
membrane (cut-off 14 KDa) was used to separate the receiving and the donor chambers. Beta-
cyclodextrin (5% wi/v) was used as the receiving phase for all formulations. Moreover, throughout
the 48-hour experiment, 1 mL of sample was extracted from the receiving phase at predefined
intervals. After each extraction, the receiving phase was refilled with 1ml of cyclodextrin solution.
HPLC (Shimadzu, UV/VIS detector SPD-20AV.) was used to monitor the curcumin release.
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5.3.10 Antioxidant Activity Evaluation
Thiobarbituric acid Test

Antioxidant activity was evaluated by thiobarbituric acid assay (TBA). For the present study blank
NB, Oxygen loaded NB, Curcumin loaded NB and Oxygen-curcumin loaded NB were tested.
According to the procedure each test tube was filled with 0.1 ml of distilled water, 0.2 ml of sodium
dodecyl sulfate (SDS) solution, 1.5 ml of phosphoric acid, and 100 ml of liposomes. Then 100 W of
the sample (NBs) was added to the appropriate test tube. The mixture was heated for 45 minutes at
100°C after adding 1 ml of the TBA solution (thiobarbituric acid). Before adding 4 ml of 1-butanol,
samples were cooled down on an ice bath. After the butanol was added, two layers formed, from
which the supernatant layer (TBA-MDA adducts) was separated. Using a UV spectrophotometer, the

samples (supernatant layer) were examined at A 535 nm.
5.3.11 Microbiological Assay

The MIC and MBC of NBs with and without exposure to 3h LED photodynamic activation were
determined using the microdilution method according to the CLSI guideline (CLSI, 2007) in 96-well
multiwell plates. For MIC an overnight culture of each bacterial strain was prepared. The inoculum
was prepared to a turbidity of 0.5 McFarland standard (5 x 108 UFC/ml) that was further suspended
in BHI media to get the concentration of bacteria cells of 105 UFC/mL ¢ further used in microdilution
plates with diluted test compounds (i.e curcumin, NBs). In two microtiter 96-well plates an
appropriate concentration of test compound was added in the first well that was further serially
diluted. So, each well of microtiter plate contains different concentrations of each respective test
compound. After, one plate was put under dark and the other one under LED system for three hours
and then incubated for 24h at 37°C. A 10 pl of inoculum was taken from each well showing no visual
growth after incubation; spotted onto BHA and incubated at 37°C for 24h. MBC was considered to

be the lowest concentration of nanobubbles that completely inhibited bacterial growth.

5.3.12 Time Kill Kinetics

The antimicrobial nanobubbles bactericidal or bacteriostatic activity against a bacterial strain was
evaluated using the Time-kill Kinetics test [7]. For time Kill kinetics assays a bacterial inoculum of
10° cells/mL for each bacterial strain was prepared from overnight culture. Six well microtiters were
prepared by using BHI media, each respective test compound at the concentration of 3MIC and
bacterial inoculum. After one hour of incubation into the hood one plate was placed under LED
irradiation and the other one under dark. Then, time Kill kinetic was evaluated at different time (TO,

6h, 20h, 24h, 48h, and 72h).
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5.3.13 Lactate Dehydrogenase Release Assay (Membrane Damage)

Lactate dehydrogenase (LDH) is a stable enzyme immediately released into the medium of the cell
culture when the plasma membrane is ruptured [8]. The LDH test, also known as the LDH release

assay, is a cytotoxicity/cell death assay that assesses the severity of plasma membrane damage.

To detect LDH leakage into cell culture medium, a tetrazolium salt is utilized in this assay. It consists
on two-step reactions. LDH catalyzes the reduction of NAD+ to nicotinamide adenine dinucleotide
NADH and H+ by oxidizing lactate to pyruvate in the first step. The second step uses newly formed
NADH and H+ in the presence of an electron acceptor to catalyze the reduction of atetrazolium salt
(INT) to a brightly coloured formazan that absorbs considerably at 490-520 nm [9]. The amount of
formazan produced directly corresponds with the amount of LDH released asamarker of cytotoxicity.

To perform this assay, a bacterial inoculum of 105 cells/mL for each bacterial strain was prepared
from an overnight culture. Two microtiter plates (twenty-four-wells) were prepared using BHI media,
eachtest compound (NBs, Curcumin) at a concentration of 3MIC, and the bacterial inoculum. After
an hour of incubation under a hood, one plate was set up to be exposed to LED light for three hours,
while another plate was set up to be placed into dark at room temperature. After the three hours, the
cytotoxicity protocol was followed. All samples were centrifuged for 10 minutes at 13000 rpm along
with samples for spontaneous release and maximum release, obtained by mixing 200 pl of bacterial
suspension with 20 Yl of assay buffer and 150l of bacterial suspension with 45ul of Triton X-100
(3%), respectively. Supernatant (100 pl) was transferred to a new 96-well assay plate, and 100 pl
LDH Reaction Solution was then added to each well. The plate was incubated at 37°C for 30 minutes
while being gently shaken on an orbital shaker. After 30 minutes the optical density (O.D) was
measured on a microplate reader at 490 nm. LDH was evaluated at TO, after 4h and at 24 h from
incubation. Each experiment's findings were represented as "% cytotoxicity,” which is a proportion

of the overall quantity of LDH that was present in the target cells (Eq. 4).

% Cytotoxicity = [(Experimental Value) - (Spontaneous Release) / (Maximum Release) -
(Spontaneous Release)] x 100 (Eq. 4)

5.4 Statistical Analysis

Results were shown as the mean + standard deviation whenever data were presumed to be normally

distributed (SD). For statistical analysis, Microsoft Office Excel was employed.
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5.5 RESULTS

5.5.1 Physicochemical Characterization of NBs Formulations

All nanobubbles’ physicochemical characteristics, such asaverage diameter, polydispersity, and zeta-

potential, assessed using DLS are shown in Table 5.3. The average size was 521 nm. With the

addition of oxygen, size diameter was slightly increased.

The chitosan on the NB surface was the reason of the positive value of the zeta potential. In

comparison to the blank, the zeta potential reduced after the addition of the drug (curcumin), but the

values were still high enough to prevent NB aggregation.

Additionally, the pH of all nanobubbles, which ranged from 4.8 to 5.4, was also assessed. Numerous

NB types were prepared (with different concentration of curcumin) and characterized; however, only

those containing a larger amount of curcumin were chosen for microbiological testing.

loaded chitosan
shell NBs

Formulation Average Diameter Polydispersity Zeta Potential
(nm) Index (mV)

Chitosanshell NBs

(Blank) 438+ 5 0.14 + 0.06 435+ 1

Curcumin loaded

chitosan shell NBs 472 +3 0.18 + 0.01 429 +2

Curcumin-

conjugated-chitosan 502 + 6 0.19 + 0.01 +30 + 1

shell NBs

Curcumin loaded &

curcumin- 511 + 4 0.28 +0.01 +30 + 2

conjugated-chitosan

shell NBs

Curcumin oxygen 519 £3 0.32 £0.01 +31+1
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Curcumin loaded &
curcumin- 521 + 3 0.39 + 0.02 131 +1
conjugated-chitosan

shell oxygen NBs

Table 5.3: The physicochemical characteristics of different formulations of NBs. The results were

presented as mean + SD.

5.5.2 Morphological Studies

All NBs formulations were examined for morphology using fluorescence microscopy. As shown in
Figure 5.4, the chitosan-shelled NBs with curcumin conjugated to them exhibited a spherical

morphology with well defined shells.

Curcumin in shell Curcumin in core & shell

Figure 5.4: Morphological representation by fluorescence microscopy shows curcumin conjugated

chitosan shelled NBs with (right) and without (left) curcumin in the core.

5.5.3 Encapsulation Efficiency and Loading Capacity

Equestions (2) and (3) were used to compute loading capacity (LC) and encapsulation efficiency
(EE), and the results are shown in Table 5.4. For all formulation LC values < 10%. The range of EE
for all formulations was between 80% and 88%. EE and LC slightly increased when curcumin was
present also in the shell. In comparison to Curcumin-NBs, Curcumin-Oxygen-NBs show a moderate
increase in both EE and LC. Despite the presence of oxygen, curcumin was encapsulated effectively
in the chitosan shell and beyond the surfactant interface layer. Therefore, the loading capacity and

encapsulation effectiveness of all formulations were unaffected by oxygen.
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Formulation Encapsulation Loading Capacity
Efficiency (%0) (%)

Curcumin loaded
chitosanshell NBs 84 15

Curcumin-
conjugated- 85.3 3.8
chitosanshell NBs

Curcumin loaded
& curcumin- 87.7 4.3
conjugated-

chitosanshell NBs

Curcumin oxygen
loaded chitosan 88.1 5.1
shell NBs

Curcumin loaded
& curcumin- 89.2 53
conjugated-
chitosan shell

oxygen NBs

Table 5.4: Encapsulation efficiency and loading capacity of NBs. Mean of the percentages (n=3) are

presented.

5.5.4 HPLC Analysis of Curcumin Concentration in Nanobubbles

HPLC was used to measure the curcumin concentration in all of the prepared NBs to see if the
theoretical and actual concentrations were comparable. The chloroform extraction-derived curcumin
solution was diluted in mobile phase before being injected into HPLC. The peak areas were
determined by HPLC, and the equation for the calibration curve was applied to calculate the
concentration of curcumin. The results were presented in Table 5.5.
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Theoretical Conc. of Curc.in Conc. of Curc.in NBs by
NB HPL
Type of Nanobubbles > c
(ng/ml) (ng/ml)
Curcumin loaded chitosan 335 + 30
shell NBs 341 + 25
Curc_umln- conjugated- 400 + 42
chitosanshell NBs 405 + 40
Curcumin loaded &
curcumin- conjugated- 3
; 743 + 44
chitosanshell NBs 759 + 55
Curcumin oxygen loaded
chitosanshell NBs
595 + 32
607 + 47
Curcumin loaded &
curcumin- conjugated-
chitosan shell oxygen NBs 759 £38 743 £49

Table 5.5: Curcumin concentration in all of the prepared NBs by HPLC.

Since according to both Table 4 and Table 5 the content in curcumin is maximal for the Curcumin
loaded & curcumin- conjugated-chitosan shell NBs (Curc-CS-NBs ) and the Curcumin loaded &
curcumin- conjugated-chitosan shell oxygen NBs (Curc-Oxy-CS-NBs ) only for these two samples

the results from further investigations will be reported.
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5.5.5 Nanobubbles Stability

The average diameter of all formulations was increased after an eight-week testing period, as shown
in figure 5.5. Diameter size increase ranged from 9.2% to 12.19%. Although the change in size is
statistically significant, however the NBs diameter kept always below 600 nm after 8 weeks. Zeta

potential, pH, and polydispersity indexes were quite close to those shown in the Table 5.3.

Physical Stability of Curc- CS-NBs & Curc-Oxy-CS-NBs

700

= 600 .
= T
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g f
g 400
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< 300
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“ 200
100
0
Blank NBs Curc - CS-NBs Curc - Oxy - CS-NBs

Figure 5.5: Physical stability of blank NBs, Curc-CS-NBs & Curc-Oxy-CS-NBs. Results are
presented as mean = SD (n=3). Both NBs were stored at 4°C and analysed for 8 weeks. Diameter size
increase of Curc- CS-NBs & Curc-Oxy-CS-NBs after 8 weeks of study. Blue: Week 0. Green: Week
8.

5.5.6 In Vitro Release of Curcumin Study

In vitro release studies was conducted only on the selected NBs , i.e. Curc-CS-NBs and Curc-Oxy-
CS-NBs. The release study was carried out for 48 hours, as reported in Figure 5.6. The percentage
of curcumin released over ‘short time’ (Fig 5.7A) and ‘long time (Fig 5.7B)’ periods for both
formulations was assessed. The findings that after 48 hours, the drug released from Curc-CS-NB and
Curc-Oxy-CS-NB were 69.14% and 66.98% respectively (Figure 5.6B) showed that the effects were

prolonged (i.e sustained release).
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In vitro release of Curc-CS-NBs & Curc-Oxy-CS-NBs
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Figure 5.6: In Vitro release studies of the NBs. Results are presented as mean * standard deviation
(n=3). Green line: Curc-CS-NBs and blue line: Curc-Oxy-CSNBs. A). in the ‘Short time study’ (up
to eight hours), the release of curcumin was monitored to assess the burst impact. B). In the ‘long
time study’ up to 48 hours, the curcumin release was monitored to check whether it was sustained

over time.
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5.5.7 Antioxidant Activity

Thiobarbituric Acid Assay

The results report how much MDA was produced by the various formulations, estimated by a

calibration curve shown in Fig. 7A, and it is apparent that NBs loaded with curcumin produced
significantly less MDA (P <0.001) than the blank NBs Figure 5.7B. Areduced MDA production may

suggest that curcumin‘s inhibits oxidation or enhances scavenging during the oxidation process.
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Figure 5.7: A. MDA standard curve. B. Curc-CS-NBs and Curc-Oxy-CS-NBs significantly reduce

lipid peroxidation. Statistical significance ***indicates P < 0.001, *** indicates P < 0.0001.
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5.5.8 Microbiological Study

MIC and MBC

Based on their content in curcumin, only Curc-CS-NBs and Curc-Oxy-CS-NBs were investigated for

their antibacterial activity. MIC and MBC were evaluated both with and without photodynamic

activation by LED light. Following photoactivation the tested NBs showed to be more effective

against all the bacterial strains, especially for E. faecalis and S. aureus (Table 5.6).

Bacterial MIC pg/mi MBC pg/mi
Nanoformulation ]
strain No LED LED No LED LED
E. coli 46 +10 46 +10 93 +15 46 +10
Curc-CS-NBs S. aureus 93 +15 46 +10 93 £ 15 46 +10
E. faecalis 46 +10 23 7 93 +15 46 +10
E. coli
03 +15 46 +10 93 +15 46 +10
Curc-Oxy-CS S.aureus
46 +10 12 +5 93 +15 12 +5
NBs
E. faecalis
93 +15 46 +10 93 +15 46 +10

Table 5.6: MIC and MBC of Curc-CS-NBs and Curc-Oxy-CS-NBs tested with or without

photodynamic treatment on three different bacterial strains.
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The MIC range of E. coliwas 46.4 ug/ml and 92.8 ug/ml in the absence of photodynamic activation
for Curc-CS-NBs and Curc-Oxy-CS-NBs. The MIC, however, was 46.4 pg/ml when both types of
NBs were exposed to LED light.

S. aureus showed MICs for Curc-CS-NBs and Curc-Oxy-CS-NBs of 92.8 ug/ml and 46.4 ug/ml,
respectively, while not receiving photodynamic activation. The MIC for Curc-CS-NBs was
46.4p g/ml, while the MIC for Curc-Oxy-CS-NBs reduced to 11.6 pg/ml, which is a significantly

lower concentration.

E. faecalis’s MIC values of 46.4 ug/ml and 92.8 pg/ml without photodynamic activation; reduced to
23.2 pg/ml and 46.4 pg/ml, respectively for Cur-CS-NBs and Curc-Oxy-CS-NBs, following LED

exposure.

5.5.9 Time kill kinetics

The antibacterial activity of Curc-NBs and Curc-Oxy-CS-NBs against the bacterial strains was
examined at the concentrations of 3XMIC of curcumin either after 3h under dark or under LED
irradiations at different time points (TO, 90min, 6h, 20h, 24h, 48h and 72h). The percentage of survival
was calculated after comparing the NBs-treated bacterial samples with the control samples
(untreated). Stronger killing potential was shown for NBs with oxygen and LED irritation against all
bacterial strains. Meanwhile along with LED irradiation the killing potential also depends on the MIC
value (i.e the higher the MIC value the higher will be the killing activity).

Escherichia coli ATCC 25922

According to the results from the E. coli time kill kinetics, a number of parameters, such as the MIC
value, are crucial for effectively controlling the spread of the bacterium over several days. But
interestingly, our findings demonstrated that Curc-Oxy-CS-NBs at the low MIC concentration (46.4
g/ml) after 3 hours of LED irradiation were capable of killing bacteria for days as shown in Figure
5.8B green colour. This MIC value was three times lower than the MIC concentration of curcumin
alone (see the chapter 2). Thus, this study showed that the curcumin loaded NBs when combined
with oxygen and LED light can completely eradicate even gram-negative bacteria like E. coli. The
antibacterial effect was not so evident when evaluating the MIC and the MBC because those were
almost ‘instantaneous’ measures, and the curcumin content was only minimally released by the NBs.
On the contrary, in the time killing test, the antibacterial effectis enhanced by the longer sustained

release of the curcumin (and the oxygen as well) to be activated by the light.
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Figure 5.8: Graphical representation of killing activity against E.coli. A) Curc-CS-NBs with and
without LED light. B) Curc-Oxy-CS-NBs with and without LED illumination.

Sthaphylococcus aureus ATCC 29213

Generally, the results showed that both types of curcumin-loaded NBs (without and with oxygen) are
very effective in inhibiting the growth of S.aureus. The MIC value of 11.6pg/ml for Curc-Oxy-CS-
NBs upon photoactivation can damage the bacterial growth for days. The results also show without
LED irradiation a MIC value of 92.8ug/ml was required to kill this bacterium since, as shown in

Figure 5.9B, half concentration is not enough for controlling the bacterial growth for 3 days.

119



S.aureus (Curc-CS-NBs)

1.00E+11
1.00E+10
1.00E+09

1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02 I i
1.00E+01
- 00Es00 0 il il il il |

90min 20h 24h 48h 72h

CFU/ml

HCTL (mean) ®m3MICWI(mean) m3MIC (LED)

S.aureus (Curc-Oxy-CS-NBs)

1.00E+10

1.00E+09
1.00E+08
1.00E+07
1.00E+06
1.00E+05
1.00E+04
1.00E+03
1.00E+02
1.00E+01
1.00E+00

90 min

CFU/ml

M CTL (mean) 3MIC WI (mean) m3MIC (LED)

Figure 5.9: Graphical representation of killing activity against S. aureus. A) Curc-CS-NBs with and
without LED light. B) Curc-Oxy-CS-NBs with and without LED illumination.

Enterococcus faecali ATCC 29212

The result with E. faecali showed again a stronger killing potential of Curc-Oxy-CS-NBs at the
MIC value of 46.4pg/ml (Figure 5.10B). According to these findings, curcumin, oxygen, and LED
were all essential for inhibiting bacterial growth. The NBs were unable to kill bacteria for days if

even only one of these individual parameters was lacking.
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Figure 5.10: Killing effectagainst E. faecalis.
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5.5.10 Lactate Dehydrogenase Activity

In addition to evaluating the membrane's integrity, the lactate dehydrogenase (LDH) activity was

investigated to confirm the time Kkill studies. The results showed that Cur-Oxy-CS-NBs under LED

irradiation significantly damaged the integrity of bacterial membranes, resulting in the release of the
cytosolic enzyme LDH. The results were shown in Figure 5.11 A, B and C. The percentage of LDH
released for Curc-CS-NBs and Curc-Oxy-CS-NBs ranged from 6% to 49% under dark conditions, on
the contrary the percentage of LDH released for Curc-NBs and Curc-Oxy-CS-NBs ranged from 10%

to 85% under light conditions. The timing of the damage was different for the 3 investigated bacterial

strains, but in all casesthe presence of oxygen and the LED irradiations, responsible for the formation

of ROS, explain the effect on the bacterial membranes and the resulting antimicrobial action.
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Figure 5.11: LDH release activity of Curc-CS-NBs and Curc-oxy-CS-NBs under LED and dark
condition against the tested bacterial strains. A) LDH for E.coli, B) LDH for S.aureus, C) LDH for

E.faecalis.

5.6 DISCUSSION AND CONCLUSION

This study is focused on the proposal of a new approach to the dramatic problem of controlling the

bacterial infections by means of natural agents overcoming antibiotic resistance.

The innovative steps investigated here are two: first of all, curcumin is administrated via nanovectors

of average diameter around 500 nm.

The technological problems have been successfully solved, and curcumin loading inside the core and
also on the NBs shell allows the encapsulation of a satisfactory amount of curcumin, as proved also

by direct measures by HPLC.

Besides solving the problems related to unsolubility and degradation of the curcumin,
nanoformulations are also expected to improve the adhesion to the bacterial membranes (due to the
well known mucoadhesive properties of the chitosan) and, above all, to locally release the curcumin

in a continuous and sustained way.

After showing a satisfactory stability and the retention, or even an enhancement, of the antioxidant
properties of the curcumin, the antibacterial ability of two nanoformulations, namely the Curc-CS-
NBs and Curc-Oxy-CS-NBs, were tested.
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By comparing their MIC values with those reported in Chapter 2 [10], we note that that they are
comparable for the S. Aureus, which was already very responsive to curcumin, while the MIC of the

NBs is much lower that of the ‘bulk’ curcumin for E. faecalis and E. Coli.

These results suggest that a better penetration of the active principle is obtained. To appreciate the
effect of the slower release a comparison between the Time kill kinetics is needed and it is possible

since both for ‘bulk’ and nanoencapsulated curcumin the dosage was expressed as 3XMIC.

As far as the S. aureus is concerned, both the Curc-CS-NBs and Curc-Oxy-CS-NBs were very
effective at all times, enhancing the already very good results obtained by administering ‘bulk’

curcumin.

For E. faecalis and E. coli, on the contrary, possibly due to the fact that their MIC, and therefore the
overall administrated curcumin dose, was lower with respect to that of the ‘bulk’ curcumin, the

control of the bacterial growth along 72 hours is worse.

The second important innovative step of this study is the curcumin photoactivation by means of the
exposition to blue LED light for 3 hours. Since it is well known that most of the bactericidal effects
are due to the production of ROS, we expect that the Curc-Oxy-CS-NBs should exalt the toxicity of
the treatment, as confirmed by the observed increase of the bacterial membrane leakage showed by
the LDH test.

Looking at the microbiological data, the MIC for the Curc-CS-NBs and Curc-Oxy-CS-NBs following
3h of LED illumination were larger than those estimated for the ‘bulk’ curcumin in the two gram-

positive strains, while they were significantly lower for E. coli.

The results for E. faecalis and S. aureus are not surprising, since the MIC value is evaluated just three
hour after the administration of the NBs, and therefore the content of curcumin already released and

photoactivable is expected to be low.

The results obtained by the Time kill test, which show a much better bactericidal action, especially
by Curc-Oxy-CS-NBs, along 72 hours for all the strains and, in spite of the lower curcumin dosage,
expecially for E. coli, are in good agreement with our expectations related to the LDH release and the
ROS production.

Our results confirm the previous studies described in the literature. Poor absorption and rapid
degradation of curcumin has been an issue because of its poor solubility in water, instability at
physiological pH and bioavailability. Different studies have shown that curcumin can be encapsulated

in biocompatible nanosystems (such as polymeric nanoparticles and nanoemulsions), which have
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several advantages: such as antimicrobial properties, are able to increase the bioavailability and
solubility of curcumin [11, 12]. Another study demonstrated that encapsulated curcumin can be used

as carriers to transport natural substances with antimicrobial and antioxidant activity [13, 14].

Researchers already proved that curcumin produces a powerful photodynamic response to light by
showing that neither curcumin alone, nor curcumin in the absence of light, could result in significant
bacterial growth decreases. To measure the antibacterial photodynamic effects of curcumin against
Staphylococcus saprophyticus subsp. bovis and E. coli DH5 alpha, Agel et al. [11] developed
curcumin-loaded nanoparticles and curcumin-loaded nanoparticles with chitosan. The results of in
vitro investigations were validated by the enhanced adhesion of the chitosan-modified nanoparticles
to bacteria and the structural damage caused by photodynamic activation. Furthermore, the survival
rate of S. saprophyticus was reduced to less than 0.0001% (>6.2 logl0 decrease) when curcumin-
loaded nanoparticles were used in conjunction with LED irradiation. When combined with light and
nanoparticles containing curcumin and chitosan, the effectiveness was higher, with a survival rate of
0.0000045%. Contrarily, when applied to E. coli, the photoactivated curcumin-loaded nanoparticles
displayed asurvival rate of 0.13% (CFU only 2.9 log10) and an improvement in antibacterial efficacy
with the curcumin-loaded and chitosan nanoparticles with LED, with a reduction in CFU of up to 5.9
log10 (0.00013% survival) [11].

In conclusion, the objective of this work was to optimize, synthesize, and assess the bactericidal
activity of chitosan shelled, curcumin, and oxygen-loaded NBs. Curc-CS-NBs & Curc-Oxy-CS-NBs
designed and manufactured for the present study, have shown interesting physicochemical
characteristic and strong antimicrobial properties, further enhanced by the photodynamic activation
by visible light (Light Emitting Diode, LED). It was shown that a proper combination of Curc-Oxy-
CS-NBs and photodynamic treatment results in greater inactivation of the microorganism, compared

with the condition of no oxygen and LED exposure.

Interestingly, the present study showed that the Curc-Oxy-CS-NBs (chitosan-shelled and curcumin,
and oxygen loaded) when exposed to blue LED light were also able to damage gram negative bacteria
i.e E. coli that are hard to kill due to their different characteristics of the bacterium's cell envelope,
whose outer membrane contain lipopolysaccharide that serves as a permeability barrier, controls the
entry and exit of different substances, conferring greater resistance against antimicrobic [15-17].
Conversely, the outer membrane of Gram-negative bacteria shields them from curcumin diffusion
and photosensitization when curcumin is supplied by nanovectors (which are predicted to enhance

membrane crossing) [11, 15, 18].
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Therefore, the results of the proposed study will be useful in the defense against pathogenic
microorganisms affecting for instance the skin or other outer mucosae, since the current study
demonstrated that very common and diffuse bacterial strains can be successfully eradicated when
exposed to photoactivated curcumin and oxygen-loaded NBs. Additionally, further study is also
encouraged on the application of nanobubbles directly on food, either against bacteria and fungi.
Future researchs may aim to improve even further the experimental conditions by adding less
curcumin to the NBs while maintaining their effectiveness and subjecting the system to a briefer
photodynamic activation period still producing an effective antibacterial activity. These findings may
be included into a more comprehensive approach to combat pathogenic microorganisms that cause
ilinesses in order to protect human health and raise food quality globally.
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CONCLUSION

Bacterial infections are a serious threat for human health since the development of antibiotic resistant
strains. As a consequence, new interest towards natural, green and sustainable approaches arose in

the scientific community.

Although based on natural composites, such studies are not so naive as they can seem. On the
contrary, they make use of very sophisticated techniques, such as the bacterial Photo Dynamic
Inactivation (PDI), able to activate natural photosensitizers, like curcumin, to produce lethal Reactive
Oxygen Species (ROS) following visible light emission. Also the manufacture of nanovectors which
encapsulate the antibacterial substances for a sustained, long time release in the tissues is a modern
effective strategy to enhance the antimicrobial fight.

In the present dissertation three different investigations are described, aiming at proposing the
application of curcumin, undergoing PDI and nanoformulations treatment, for preserving from
bacterial infections, and therefore prolonging the shelf-life, of very delicate fruits such as berries,

with a very little impact on their organoleptic and antioxidant properties.

- The first part of the study quantified the antibacterial properties of the curcumin solubilized
in N-methyl-2-pyrrolidone, with or without PDI treatment, on both Gram positive and Gram-
negative bacterial strains, showing that the Minimum Inhibitory Concentration (MIC) and the
Minimum bactericidal Concentration (MBC) were very low with respectto other antibacterial

substances and allowed a sustained Kill Kinetics for days.

- The second study was focused on the goal of extending the shelf life of berries. Different
curcumin concentrations and irradiation approaches were used in three experiments. In
specifically, the effects of 0.5 and 1 mg/ml of curcumin in B -cyclodextrin and single or
multiple blue light irradiations were investigated. Due to the perishability of the berries and
the closed system employed for microbiological studies, the main limitation on this
preliminary study was the short observation period of 3 days. In spite of this, the treatment
was successful and proved to be a viable preservation technique. Numerous tests on the
solution's stability, adhesiveness, antioxidant, and preservation of organoleptic properties
were conducted in order to guarantee the efficacy of the therapy. The treatment's short- and

long-term effects on consumers' health was not investigated, although the safety of all
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substances employed has been thoroughly established and approved by the European Food
Safety Authority (EFSA).

- Following these encouraging findings, more research efforts have been done on novel coating
carriers including nano-crystals and nano-bubbles, which ought to be able to release curcumin
over a longer period. To sum up, the aim of the third part of the study was to optimize,
synthesize, and evaluate the bactericidal effectiveness of chitosan shelled and oxygen-loaded
NBs containing curcumin. Curc-CS-NBs and Curc-Oxy-CS-NBs were developed and
produced in the current work, which displayed intriguing physicochemical characteristics as
well as potent antibacterial capabilities. These features were further increased by
photodynamic activation by visible light (Light Emitting Diode, LED). It was demonstrated
that a proper combination of Curc-Oxy-CS-NBs and PDI treatment results in greater
inactivation of the microorganism, even also capable of damaging gram negative bacteria,
such as E. coli, that are difficult to kill due to their different characteristics of the bacterium's

cell envelope.

Thus, we hope that the proposed study's findings will be helpful in the fight against pathogenic
microorganisms that affect, for example, the skin or other outer mucosae, as the current study showed
that very prevalent and diffuse bacterial strains can be successfully eliminated when exposed to
photoactivated curcumin and oxygen-loaded NBs. Further researchis also encouraged on the use of
nanobubbles directly on food to fight fungi and bacteria. Future studies may further enhance the
antimicrobial effects by reducing the amount of curcumin in the NBs while retaining their efficiency
and exposing the system to photodynamic activation for a shorter amount of time while still creating
an effective antibacterial activity. These results may be included into a more thorough strategy to
fight pathogenic microorganisms that cause disease in order to safeguard human health and improve

food quality worldwide.
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