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Abstract

This work is focused on the design, production and characterization of
sustainable active food packaging materials with antimicrobial and antioxidant
properties to ensure the safety and quality of foods and prolong their shelf-life.

Firstly, a microfluidic device combining dielectrophoresis (DEP) and Raman
spectroscopy was developed for a fast and dynamic characterization of different
bacterial strains, including food-related pathogens (i.e. E. coli and S. aureus),
directly in planktonic suspension. Predictive models to identify bacterial cross-
induced resistance to antibiotic within few hours were built using this method,
overcoming the overnight incubation required by classical microbiological assays.
Furthermore, Raman imaging was employed to detect the spatial distribution of
different biomolecules at single cell level.

Then, the antibacterial properties of innovative silver and carbon-based
nanosystems and their inclusion in prototype packaging materials were studied.

Differently sized silver nanoparticles, from 6 to 50 nm, were compared for
their antibacterial efficacy in suspension and immobilized on glass. For the first
time, the surface minimal bactericidal concentration (SMBC) of silver needed to
kill 99.9999% of bacteria, was determined by ISO 22196, thereby facilitating the
comparison between measurements and minimizing the amount of silver on the
materials surface (0.023-0.034 pg/cm?2) as well as their cost of production and
toxicity.

Colloidal carbon nanoparticles (CNP), obtained by a green chemistry
synthesis, were tested against Gram + and a Gram — bacteria, by classical
microbiological assays and the DEP-Raman system, revealing a rapid interaction
with the bacteria but not significant bactericidal effects. Thus, CNP were loaded
with an antimicrobial peptide which increased their antibacterial activity,
especially against S. aureus.

Finally, new antioxidant packaging modified with grape and olive industrial
waste products and Moringa oleifera leaves obtained by different extractive
procedures were produced and characterized. The antioxidant efficacy of many
fractions of the plants extracts were analyzed by multiple standard assays and the
results were correlated with their content of polyphenols obtaining higher values
for anti-solvent and maceration extract fractions. The latter, resulting from a more
sustainable extraction procedure, were included in cellulose-based active
packaging systems. The antioxidant properties of such films were measured by



indirect and direct analytical methods demonstrating good free radical scavenging
properties for all the three kind of active agents and a higher radical reduction
capacity of moringa. Additionally, the ability of the packaging coated with
moringa (5% w/w) of delaying fresh ground beef oxidation was tested. This film
was chosen as the best alternative to obtain the highest oxidative protection of
meat on the basis of the in vitro results and ensuring a direct food-contact
mechanism of action. This packaging revealed to prevent meat from lipid
oxidation by at least 60% after 16 days compared to simple cellulose.
Additionally, in situ analysis of the meat performed by vibrational spectroscopies
evidenced also a protective action against protein and lipid degradation.

This work could be considered valuable in the field of food packaging
because the use of sustainable and degradable materials to prolong the food shelf-
life perfectly fits in the actual compelling need to reduce pollution and global
waste production. This is in accordance with the 12th Sustainable Development
Goal of the European Green Deal purpose to halve the global food waste
production per capita by 2030, ensuring an efficient and sustainable use of natural
resources. Hence, an innovative way to recover food industry waste is proposed
and their antioxidant efficacy in active food packaging was demonstrated even on
real food matrices with many different techniques strengthening the reliability of
the results.
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Thesis aim 1

Chapter 1

Introduction

1.1 Thesis aim

The aim of this thesis is to develop and characterize new active food
packaging materials based on biopolymers functionalized with biocides and
natural antioxidants. These agents include nanostructures and natural plant
extracts, in order to increase the shelf-life of food products, to guarantee the food
safety and quality, ensuring compliance with international regulations and
providing strong and reliable dataset based on standard measurement procedures.

1.2 Food packaging

1.2.1  Whatis food packaging?

The food package plays three fundamental roles: to contain the food, to
protect and preserve it from the external environment influences and damages and
to provide consumers with ingredients and nutritional information [1]. Besides,
the importance of ensuring traceability, convenience and tamper indications are
issues of growing interests in this field. The goal of food packaging is to satisty
customers and industry requirements containing the food in a cost-effective and
appealing way, while maintaining intact the safety and quality of the product and
minimizing the environmental impact [2]. In the past two centuries, under the
pressure of military and commercial requirements, there has been an evolution of
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the food packaging from being a simple container for the product to becoming a
critical challenge to prolong the product shelf-life as much as possible while
maintaining integral or even improve its quality, nutritional values and safety
upon international standards. Nowadays, led by the increasing demand of ready-
to-eat products due to the busy lifestyle of the consumers, protection, hygiene and
food safety have been the major drivers of advances in food technology and
packaging innovation.

1.2.2  Active, smart and improved food packaging

In this frame, the importance of food shelf-life prolongation and safety
preservation has driven technology advancements and innovations in the direction
of development of new food packaging materials declined into three major areas
of research and application: active, smart or intelligent, and improved packaging.
All three of these functions work in synergy to ensure correct packaging and
storage of food, each one focusing on a specific aspect of these phases.

Active food packaging can be defined as the positive interaction process that
occurs between food, its package and the environment to improve the shelf-life
and product safety [3]. As defined in the European regulation (EC) No 450/2009,
active packaging systems are designed to “deliberately incorporate components
that would release or absorb substances into or from the packaged food or the
environment surrounding the food”. Indeed, the term “active” can be used
referring to a food packaging when it represents more than a simple inert barrier
to the external environmental conditions, performing a specific role in food
preservation [4, 5]. It is important not to confuse “active packaging” with
“intelligent” or “smart packaging” because these last two terms are related to the
packaging that is able to sense and provide information about the function and
properties of the packaged food throughout special devices or materials which are
incorporated in the package. These devices could be time and temperature
indicators, gas sensing dyes, microbial growth and physical or thermal shock
indicators, etc. which are all very useful for products requiring an uninterrupted
cold chain [6]. They could either rely on the migration of a dye through a porous
material, which is temperature and time dependent, or employ a chemical reaction
(initiated when the label is applied to the packaging) which results in a colour
change that alert the consumer or the seller. More recent developments include
oxygen indicators based on TiOz nanoparticles or nanocrystalline SnO> [7] or
freshness indicators and pathogen sensors which are able to detect food-spoilage
organisms such as Bacillus cereus, Vibrio parahaemolyticus and Salmonella.
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Therefore, on the one hand active packaging usually improves the packed
food product reducing its oxidation or degradation processes resulting in its shelf-
life extension, on the other hand intelligent or smart packaging is a material that
monitors the food and its surrounding environment providing qualitative
information through visual colorimetric changes.

Finally, improved packaging consists in the common practice of optimizing
the packaging material characteristics by adding, for example, nanofillers to
increase their stiffness, flexibility, gas barrier properties and temperature/moisture
stability. The advantages, as said above, originate mainly from the type, amount
and effective distribution of the fillers, as well as from the level of adhesion to the
matrix.

In summary, improved packaging provides high performance materials with
enhanced characteristics to contain food and beverage; smart packaging ensures
the proper detection of storage conditions and the presence of pathogens; active
packaging offers effective solutions to avoid product deterioration.

Thus, according to regulation 1935/2004/EC and 450/2009/EC active
materials and articles are intended to extend the shelf-life or to maintain or
improve the condition of packaged food applying different strategies like oxygen
removal, moisture and temperature control or addition of chemical or natural
compounds with particular properties, such as bactericidal or antioxidant efficacy
[8, 9]. Indeed, active packaging is designed to deliberately incorporate various
substances that would release or adsorb substances into or from the packaged food
or the surrounding environment [10, 11]. The package can be functionalized with
the active compounds in many different ways in order explain its properties with
the highest efficacy: through direct food-contact, including the substances on the
internal surface of the package, or acting on the atmospheric concentration of
gaseous compounds inside the packaging manipulating the selectivity. The latest
can be obtained by coating, micro perforation, lamination, co-extrusion or
polymer blending [12]. In this thesis the research is focused on the development
and characterization of natural and nanofabricated compounds with antibacterial
and antioxidant properties in order to develop new prototype materials for active
food packaging [13].

1.2.3 Biopolymers for the development of new
environmentally sustainable packaging materials

Since the mid-1920s, petroleum-based plastic materials have been widely
used among other classical packaging materials like glass, paper and metal thanks
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to their cost effectiveness, good aesthetic quality, and excellent physical, chemical
and mechanical properties.

However, the rising of global concern about environmental problems has
recently drawn the attention on the dangerous consequences of plastic materials
impact, especially the disposal of plastic wastes, on the planet health. This serious
issue has driven to a drastic reduction of the demand of classical plastic containers
and packaging materials bringing to a switch of the consumers’ inclination toward
more environmentally sustainable and more easily biodegradable products
possibly obtained from renewable biological sources such as biopolymers.

Nowadays, biopolymers are considered as the best candidates to substitute
non-biodegradable and non-renewable packaging materials thanks to their
environmentally friendly characteristics [14]. To better clarify, biopolymers
should be distinguished in natural biopolymers, which spontaneously occur in
nature (such as polypeptide, cellulose, starch, natural rubber, chitin/chitosan, etc.)
which can be produced by plants or animals, or bio-based polymers that are
artificially synthesized from natural renewable resources (vegetal, animal or
fungal) [15].

Biodegradable materials could be defined as “materials that are part of the
earth’s innate cycles like the carbon cycle and capable of decomposing back into
natural elements” [16]. Indeed, biodegradable polymers are those materials whose
chemical and physical characteristics deteriorate and completely degrade when
exposed to microorganisms, aerobic, and anaerobic processes [17].

ISO 14855 defines biodegradability as “aerobic biodegradability under
controlled composting conditions”

All natural biopolymers are biodegradable under open atmospheric conditions
for definition [18].

On the other hand, even if bio-based polymers derive from natural resources it
does not mean that they are biodegradable, since biodegradability is a special
functionality conferred to a material which is not entailed in bio-based polymers.
However, most of the polymers obtained from biological systems and bio-based
products, such as vegetable oils, animal fats and extracts of plant products, are
biodegradable.

It is important not to confuse the term biodegradable with compostable:
“which is capable of undergoing biological decomposition in a compost site such
that the material is not visually distinguishable and breaks down into carbon
dioxide, water, inorganic compounds and biomass at a rate consistent with known
compostable materials” (US standard ASTM D 6002).
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In Europe, biodegradable plastics normative is CEN/TR 159325. It states that
the characteristics of biopolymers and bioplastics can be applied to: 1) bio-genic or
bio-based plastic, in regard to the origin of raw materials (renewable sources); ii)
biodegradable plastics, in terms of their functionality; iii) biocompatible plastics,
in terms of compatibility with the human or animal body (medical applications
only).

Compostable materials in Europe must meet eight criteria stated by the
European Union standard (EN 13432:20006 for packaging and EN 14995:20067
for non-packaging) regarding:

e Chemical composition: volatile matter and heavy metals as well as

fluorine should be limited.

e Biodegradability: more than 90% of the original material should be
converted into CO,, water and minerals by biological processes within 6
months.

e Disintegrability: at least 90% of the original mass should be decomposed
into particles that are able to pass through a 2 mm X 2 mm sieve.

e Quality: absence of toxic substances and other substances that impede
composting.

In addition, ISO 17088:2012 currently defines plastics suitable for recovery
through aerobic composting and ISO 18606:2012 standardize the recycling of
biodegradable plastics.

Table 1 summarizes the main characteristics of the composition and principal
properties of biopolymers classified for their origin as natural, bio-based
biodegradable and microbial.

Table 1: Most common biodegradable polymeric packaging materials and their

properties
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Biopolymers are indeed one of the most dynamic polymer area and the
current production of these materials is around 15 Mt/year [15].

Nonetheless, despite the many advantages that those new materials could
bring, several issues remain unsolved, like the production costs of these
innovative materials that are usually too expensive to be fabricated at an industrial
level. In addition, they often present poorer mechanical and barrier properties if
compared with traditional synthetic polymers and some problems could be created
by their characteristic odour such as starch-by materials.

These issues have prevented the complete replacement of petroleum-based
polymers such as polyethylene (PE), polypropylene (PP), polyvinyl chloride
(PVC) and polyethylene terephthalate (PET) [31] with biopolymers as food
packaging and beverage containers. Despite the enormous effort of the scientific
and industrial community in this field and the continuous consumers’ awareness
campaign pursued by productive sectors and social media, plastics still remain
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essential in modern life [32] thanks also to their lightness, versatility and
flexibility properties.

In this thesis, a cellulose-based polymer was chosen as a eco-friendly
biopolymer, which can be easily obtained from industrial, agricultural and green
landscaping waste after separation of hemicellulose [33, 34]. Cellulose is very
promising for its use in innovative food packaging systems thanks to its ability to
form films at room temperatures, its absence of odour, non-toxicity and
biodegradability, very low affinity for water vapour and insolubility in water [35].

Furthermore, it is reported that secondary cellulose acetate (53-56% of acetyl
groups) presents good thermoplastic properties, and the substitution of common
plasticizers by specific esters and other low molecular components (at least 30%
by weight) can accelerate its biodegradability in soil and water, or under
appropriate composting conditions of anaerobic fermentation, while maintaining
nearly the same thermoplastic characteristics. Moreover, cellulose polymers such
as cellulose acetate can also be recycled or incinerated without residue formation,
and it can be processed into granular materials, films and strips by injection
molding or extrusion. Its physical and mechanical properties are similar to those
of known cellulose ester-based plastics and conventional packaging materials with
a good level of transparency of films and thin-walled hollow bodies. In addition,
this material shows moderate resistance to oils and fats and, for short times, even
to weak acids and alkalies [36].

1.3 Antimicrobial active food packaging

1.3.1 Definition and methods of inclusion of antimicrobial
additives in the packaging material

The microbial growth is one of the main reasons of rapid deterioration of
food. It is often accompanied by changes in the colour, the flavour or the texture
of the product and leads to loss of nutritive values, reducing the shelf-life and
quality of foods and increasing the risk of food-borne diseases [13, 37].

In this context, it results clear the great potential of antimicrobial to reduce
microbial growth in non-sterile foods, by minimizing the hazard of post-
contamination especially of pasteurized products [5] and enhancing the safety and
quality measures already adopted by food industry. The primary interest is to
counteract the possible formation of a biofilm on the packaging material, which
must therefore be able to resist the adhesion of biocontaminants, degrade or kill
them. All these functions can be optimized thanks to proper control and tuning of
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surface hydrophobicity and roughness, electrostatic interactions, and surface
conformity. It is well known, in fact, that bacterial attachment to a surface is
mediated by several mechanisms that can vary throughout different bacterial
species and even change within a particular bacterial strain due to internal
mutations: among them, hydrophobic and electrostatic interactions are the most
relevant. It can also occur through a layer of adsorbed protein. Thus, surfaces that
resist adsorption of proteins should be chosen to minimize bacterial adhesion.
There are two kinds of antimicrobial packaging systems, that can be classified as
migrating or non-migrating, depending on the antimicrobial agent used and its
interaction with the matrix [38, 39, 40]. For example, the antimicrobial package
that explains its effects only in direct contact with the surface of the food matrix is
mainly functionalized with active agents that are effective without migrating. This
kind of system is very suited for vacuum-packed or film-wrapped products. On
the other hand, if the active agents are volatile substances, even if the package is
not in direct contact with the surface of the product, they can migrate onto the
food to explain their properties or they can modify the surrounding environment.
This kind of packaging includes different technologies, like vacuum or modified
atmosphere packaging (MAP) [41, 42, 43] or the employment of active substances
that can inhibit the microorganisms growth in an indirect way including ethanol,
carbon dioxide, silver ions, chlorine dioxide, antibiotics, bacteriocins, organic
acids, essential oils and spices [37, 39, 44]. Inserting antimicrobial agents and
food preservatives in the packaging material instead of their direct addition in the
food presents many advantages. Firstly, a slow migration of the antimicrobial
agents from the packaging material, where they are more concentrated, to the
surface of the product, where the concentration is lower [45], is useful to maintain
high concentration of the antimicrobials where they are needed [46]. In this way,
only the necessary amount would come into contact with the food at very low
levels. Furthermore, food matrices are complex because they are composed by
lipids, proteins and salts. These components could cross-react with active agents
directly added on the food, leading to a reduction of their efficacy. Conversely,
the inclusion of the antimicrobial agent in the packaging could result more
efficient. Its slow release into food, does not only induce an initial inhibition of
the microorganisms extending their lag period, but also explains a residual activity
over time, improving the food shelf life during transport, storage and distribution
[47]. In this thesis, polymeric packaging materials have been taken into account.
In this field, other than inherently antimicrobial polymers like chitosan, there are
two basic approaches to produce antimicrobial films: incorporating the active
compound directly into the film material, or coating the packaging with a subtle
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layer of a resin containing the antimicrobial substance. The coating could be on
the inner surface of the package in direct contact with the food or incorporated in
the adhesive between the layers of different materials in a multi-layer system.
Some of the most used antimicrobial packaging systems include the release of the
active agents through diffusion, evaporation or releasing into the headspace. In the
latter case, often the specific headspace concentration of the antimicrobials is
maintained by a control layer with specific properties and width, which regulate
the permeation of volatile active compounds [48].

1.3.2 Nanomaterials: a safer alternative to antibiotics as
antibacterial food packaging additives

To satisfy the market requirements in order to successfully implement new
antimicrobial packaging systems it is essential to choose carefully the right
packaging for the selected antimicrobial agent, taking into consideration the
environmental conditions faced by a particular food product. These issues are
fundamental to create antimicrobial agents with a promising future in the food
packaging industry, and need the expertise of many fields of research such as
microbiology, biotechnology, food technology, material science and engineering
[37]. Recently, there is a growing interest in the development of new
antimicrobial packaging using natural or biologically-derived antimicrobials such
as bacteriocins, enzymes and plant extracts. This tendency is driven by the
consumer rising demand of minimally processed food products, as well as higher
concerns about health-related issues regarding synthetic or chemical preservatives
and about environmental issues, including biodegradability properties. In
particular, numerous studies have focused their attention on the antimicrobial
activity of plant essential oils (EO) including thyme, rosemary, cumin, laurel,
mint, marjoram, clove, cinnamon, garlic, onion, etc. [49]. However, the
application of essential oils in antimicrobial food packaging still presents some
limitations [44] because their antimicrobial efficacy is highly influenced by pH,
temperature and level of food microbial contamination [50]. Furthermore, their
release on the food surface or in the environment surrounding the product may
cause negative sensory effects due to their intense aroma, which can partially limit
their use as food preservatives.

Nanotechnology constitutes the other research field that has demonstrated an
enormous potential in multi-disciplinary areas to develop new improved, smart
and active food packaging systems. Besides their proved bactericidal effects, the
application of nanomaterials in the food packaging presents quite a few
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advantages. For example, they can improve the thermal, mechanical and gas-
barrier properties of the original polymeric material increasing their elasticity and
stability under different temperature and moisture conditions [51]. Moreover, in
the last few decades the overuse and misuse of antibiotics and bactericidal
products in human, animal and vegetal healthcare have led to a rapid widespread
of drug-resistant organisms. The multi-drug resistance has become a global
emergency in many fields, but nano-additives can be considered as valid
alternatives to reduce this issue. Furthermore, nanomaterials, thanks to their high
surface-to-volume ratio, can be used as carriers of additives to obtain a controlled
release, and they exhibit improved physical, chemical, and biological properties
compared to bulk materials.

In general, the antimicrobial activity of nanomaterials is mainly dependent on
their shape, size and concentration [52], as well as the cell wall structure of the
bacteria. Gram-positive cell walls are thick and composed of multilayer
peptidoglycan, while the Gram-negative ones are composed of complex structures
with thin peptidoglycan layer surrounded by an outer membrane.

Antibacterial nanomaterials can be incorporated in or coated onto the food
packaging to slow down or stop bacterial growth. The mechanism of action could
occur by a first interaction of the antibacterial agent with the microorganisms’
external structures obtaining a mechanical damage. Then, some other strategies
can intervene such as the release of ions by metallic nanoparticles. These ions can
physically and electrochemically damage the bacterial outer membrane,
increasing its permeability allowing reactions with cell’s internal components
which can promote the production of reactive oxygen species (ROS) with
consequent oxidative damage of the microorganisms [53].

There are two categories of nanomaterials generally applied in food
packaging: organic and inorganic materials. While the former are typically
phenols, halogenated compounds, quaternary ammonium salts, plastic polymers
with natural polysaccharide or protein materials (like chitin, chitosan, zein and
peptides) [54, 55], the latter includes metals, metal oxides and clay nanoparticles
[56, 57]. Inorganic materials involve metal and metal oxide nanoparticles such as
CuO, ZnO, TiO2, MgO and Fe304, but the more studied, and currently applied in
some commercially available packaging materials, are silver nanoparticles
(AgNPs). Indeed, among all developed and characterized nanoparticles, AgNPs
have risen great interest for their application in many fields and are currently
extensively studied. The main reasons are their largely known broad spectrum
bactericidal properties [58], low tendencies to develop microbial resistances [59]
and characteristic plasmonic properties in the visible region [60]. The bactericidal
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effect of silver is known from ancient times. Silver-salt materials are broadly used
to preserve human health from different dangerous pathogens infections [61] and
are considered, even if with some reserve, as environmental friendly. In addition,
it was demonstrated that very low concentrations of silver, as 0.1 mg/m? for
metallic silver and 0.01 mg/m?® for soluble compounds of silver (threshold limits
established by the American Conference of Governmental Industrial Hygienists,
0.01 mg/m® is also the permissible exposure limit (PEL) recommended by the
Occupational Safety and Health Administration and the Mine Safety and Health
Administration and the recommended exposure limit established by the National
Institute for Occupational Safety and Health for all forms of silver), are not toxic
for human and animal cells [62, 63, 64]. As a result, AgNPs, thanks to their
unique antibacterial and antiviral effects [65], that can target both the
microorganism’s cell membrane or intracellular metabolic activity [66], and their
improved physical, chemical, and biological properties with respect to bulk silver
[67], have become the most widely used nano-antimicrobial additive in many
consumer products. These include cosmetics, surgical coatings and medical
implants [68], textiles, water disinfection applications [69] and last but not least,
food packaging [70].

Another nanomaterials that are rising a noticeable interest in many fields,
especially in medical and food packaging, are elemental carbon nanomaterials
(ECNMs) such as carbon nanotubes [71], graphene [72], fullerene [73] and carbon
nanoparticles (CNP). In particular, polysaccharide-derived CNP are an emerging
class of CNMs because of their characteristic physical, photo-thermic (PT) and
photo-dynamic (PD) properties, which make them very suitable for many
applications. For example, in nanomedicine, they are applied as carrier of drugs
and for punctual tumour phototherapy due to their ability to produce ROS and
heat upon irradiation with a NIR laser beam [74, 75], as carrier of antibacterial
agents [76], adsorbents for heavy metals [77] or composites for energy storage
[78], and as antioxidant agents due to their ability to scavenge hydroxyl radicals.
Their composition, like other carbonaceous particles (soot, carbon black, etc.)
consists principally of amorphous carbon with some graphitic domains embedded
in the amorphous matrix. They present many advantages: firstly, they can be
obtained by hydrothermal carbonization of glucose (HTC) [74] which is
considered a green synthesis process, very reproducible and useful to obtain a
high yield of nanoparticles without long purification processes and expensive
reagents. By modifying some parameters of this synthesis, like the precursor
concentration or the temperature, it is easy to tune the CNP size. Furthermore, as
their surface is negatively charged, they present a very high stability in water and
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other aqueous media, and ready to use for surface functionalization. Moreover,
one of the main obstacles for the translation of nanomaterials for biomedical or
food applications to the market is their biopersistency, which is related to a
possible accumulation in the body and could lead to short and long term harmful
effects. In this sense, some studies have already demonstrated in vitro and ex-vivo
their non-cytotoxicity, biocompatibility and degradability in the human body [79].
Finally, in other works CNP were shown to remain stable also in human plasma
and blood, suggesting good hematocompatibility [80]. Therefore, they are very
promising candidates for the active food packaging technology as carriers of
antimicrobial agents or for the thermal killing of pathogens.

1.3.3  Safety of food packaging with nanomaterials

Although nanomaterials are very promising for the development of new
antimicrobial food packaging solutions, there are still considerable issues to face
to translate the new materials from a laboratory-scale to real-application. For
instance, there is the issue that real food presents many compositional differences
in comparison with synthetic laboratory food matrices or simulants. In addition, as
said before, real food contains carbohydrates, fats and proteins which can interact
with the antimicrobials [81, 82, 83]. All these factors, together with regulatory
issues and technical constraints are some of the main reasons limiting the
commercialization of nanomaterials-based antimicrobial packaging systems [37,
43]. Furthermore, many safety concerns are associated to the application of
nanomaterials in food contact systems, such as their possible migration from the
packaging to the food matrix [84], indeed their absorption, distribution
metabolism, excretion and toxicological assessment are currently important
research focuses [85]. The more dynamic behaviour of nanomaterials compared to
their corresponding bulk materials has been correlated to their structural
characteristics like size, shape, surface charge, presence of surface functional
groups and aspect ratio. All these properties strongly influencing their circulation
in bloodstream, their site-specific extravasation and their clearance profiles within
organs are strictly correlated with their possible toxicity. So, they must be
carefully analysed when developing a new food packaging system.

Nonetheless, higher migration properties could be beneficial to obtain more
efficient antimicrobial or antioxidant effect on the food product, by releasing for
example higher concentrations of silver ions against pathogen microorganisms.
Consequently, it is important to take into account the limits dictated by European
regulations to guarantee food safety. In general, Commission Regulation EU No
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10/2011 of 14 January 2011 on plastic materials and articles intended to come into
contact with food establishes specific migration limits (SML) that cannot be
exceed. According to article 12 about overall migration limits “Plastic materials
and articles shall not transfer their constituents to food simulants in amounts
exceeding 10 milligrams of total constituents released per dm? of food contact
surface (mg/dm?)”. It states also that during the manufacture and use of plastic
materials and articles, non-intentionally added substances (NIAS) can be formed,
but any potential health risk in the final material or article arising from NIAS
should be assessed by the manufacturer in accordance with internationally
recognized scientific principles of risk assessment [86]. In particular, for
nanomaterials no SML are present in this normative since they need to be
evaluated individually by specific toxicological studies and approved by the Panel
on Food Contact Materials, Enzymes and Processing Aids (CEP). However,
EFSA has developed a Guidance on Technical Requirements (Guidance on
Particle-TR), defining the criteria for assessing the presence of a fraction of small
particles, and setting out information requirements for applications in the
regulated food and feed product areas (e.g. novel food, food/feed additives, food
contact materials and pesticides). These requirements apply to particles requiring
specific assessment at the nanoscale in conventional materials that do not meet the
definition of engineered nanomaterial as set out in the Novel Food Regulation
(EU) 2015/2283. Specifically, as regards silver and ZnO nanoparticles, which are
the most commonly used in active food packaging systems, EFSA has published
regulatory guidelines. As regards the migration of Ag into foods from silver
containing materials, the European Union states a SML of 0.05 mg Ag/kg of food,
while the migration of soluble ionic zinc should respect the SML of 5 mg Zn/kg
food (Commission Regulation (EU) 2016/1416 amending 10/2011, Annex II).
Moreover, consumers shall be informed about the presence of innovative
nanomaterials into the food packaging in order to ensure their information with
respect to specific types or categories of foods. In this regard, article 18 of the
Regulation (EU) No 1169/2011 of the European Parliament and of the Council of
25 October 2011, introduces that every food product should have the list of
ingredients with the clear indication of “all ingredients present in the form of
engineered nanomaterials shall be clearly indicated in the list of ingredients. The
names of such ingredients shall be followed by the word ‘nano’ in brackets”.
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1.3.4 Standard methods for the characterization of the
antibacterial efficacy of active food packaging

Since the commercialization of antimicrobial materials requires the proof of
their efficacy, different in vitro assays are normally employed to test their
antimicrobial activity. Even if most of these methods are quite simple,
reproducible and inexpensive, they might differ significantly in their properties
and hence in their outcome, making difficult the comparison of the results
between different materials and laboratories. Main inconsistencies usually rely on
the selected technique, the choice of the microorganisms as well as the extraction
method and the degree of solubility or diffusivity of each test-compound [87].
Therefore, standard test methods were developed to allow objective comparison
of active materials in respect of their antimicrobial properties such as those
proposed by the International Organization for Standardization (ISO). In this
context, the ISO 22196:2011 is widely accepted as a standard and reliable method
for measuring the antibacterial activity of daily goods, as already indicated in
previous works [88, 89]. Therefore, in this thesis this standard procedure, together
with classical microbiological methods such as disk and well diffusion, was
chosen to establish the antibacterial activity of the developed packaging systems.
However, even if the international standard protocols are quite strictly defined,
specific changes are allowed, based, for example, on the physio-chemical of the
active materials, the microorganism to be tested for a specific application, the
incubation time to follow specific kinetics of antibacterial efficacy and the growth
condition and concentration of the starting inoculum. As well descripted in the
work of Wiegand et al. [90], some critical physiological factors mainly influence
the outcome of antimicrobial testing. It emerged that these factors are the (i)
incubation time, (ii) bacteria starting concentration, (iii) the physiological state of
bacteria (stationary or exponential phase of growth), and (iv) nutrient
concentration. If these factors are not accurately defined and followed in the
protocol, different antibacterial efficacies can be calculated, especially for a
material with intermediate antibacterial effects, leading to less reliable and
comparable results.

1.3.5 Dielectrophoresis-Raman method to rapidly identify
bacterial drug resistances

The use of antibiotics or synthetic antimicrobial additives in food packaging
innovative systems can contribute to the rising of the global issue of multi-drug
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resistant organisms (MDROs) development [91]. Various studies demonstrated
that also the extensive use of antimicrobial agents in everyday life, including
biocides, could lead to the development of resistant bacteria to other antimicrobial
agents or even to antibiotics [92]. The mechanism by which a microorganism
resistant to one antimicrobial confers the resistance to other related, or even
unrelated, antimicrobials is called cross-resistance, in which the same mechanism
of resistance is applicable to both drugs. Nowadays, this tendency has even been
aggravated by the Covid-19 pandemic outbreak which have bring the people fear
of germs to an extreme limit, leading to an irrational overuse of consumer
products containing antibacterial and antimicrobial agents.

Indeed, continuous exposition to little amounts of these compounds, which
could remain on the surfaces, in the environment or be ingested or absorbed
would inevitably be diluted to sub-lethal concentrations in the organism,
promoting the activation of bacterial resistance mechanisms also among the
human microflora [93].

Therefore, it is clear how the development of new techniques able to rapidly
detect bacterial resistance or sensitivity to specific treatments, together with the
reduction of the indiscriminate use of antibiotics, also in the food preservation,
results essential to slow down the escalation of further resistances. Many research
fields are devoting their efforts in the development of new antibiotic susceptibility
test (AST) methods which are able to overcome the time-consuming steps, such as
overnight incubation of bacterial cultures required by classical microbiological
techniques, like disk diffusion, gradient diffusion and agar/broth dilution [94].
Most of the recent approaches are based on molecular methods, 1.e. polymerase
chain reaction (PCR) [95], or mass spectrometry techniques [96], which, however,
are not cheap, because they need expensive reagents, long sample preparations
and experienced operators.

However, vibrational spectroscopy and in particular Raman spectroscopy
(RS), as a label-free, non-contact and cultural independent method, has emerged
among other spectroscopic techniques as a good alternative for fast identification,
characterization of bacteria and antibiotic resistances detection [97]. RS is very
suitable to provide fast phenotype-related information of single bacterial cells,
allowing direct analysis of clinical specimens. Furthermore, it does not require
any toxic immunochemical staining, and sample preparation is easy and reduced
to a minimum. Thus, RS as a non-invasive and non-destructive method instantly
delivers a complete molecular fingerprint of the bacterial cells in their natural
environment in a fast and highly specific manner, proposing itself as a rapid
bacterial detection and classification technique. However, RS has a very low
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cross-section (102%-10° c¢m?) and its performances are constrained by the
diffraction limit of the light (Abbe limit ~200 nm for visible light). Therefore,
Raman analysis on dispersed bacteria can be difficult to achieve, but it was
demonstrated that dielectrophoresis (DEP) can be employed in combination with
RS in order to aggregate bacteria. Indeed, applying the appropriate voltage and
frequency, bacteria from suspension can be directly captured in the focus of the
Raman microscope, thus increasing their local concentration and optimizing the
Raman signal-to-noise ratio [98, 99].

DEP is a phenomenon that describes the movement of dielectric particles
when subjected to a non-uniform electric field. The basis for generating the DEP
force is the interaction between the particle’s dipole and the spatial gradient of the
electric field.

A dielectric particle placed in an electric field becomes electrically polarized
as a result of partial charge separation, which leads to an induced dipole moment.
The magnitude of the induced dipole depends on the polarizability of the particle
with respect to that of the medium [100]. An electrode generates the non-uniform
electric field that provides the DEP effects. Current platforms utilize advanced
microfabrication technologies to produce microelectrode arrays that are capable of
generating strong DEP forces with small applied voltages. This method allows to
perform Raman analyses dynamically on living planktonic cells in liquid culture
using an integrated microfluidic device or directly on bacterial biofilms [99].

In this thesis, a combined DEP-Raman approach to rapidly test bacterial
sensitivity to the most common fluoroquinolone, ciprofloxacin, was developed,
further improving the total time for samples analysis and using for the first time
statistical predictive models to evaluate bacterial viability in a situation of cross-
induced tolerance.

1.4 Antioxidant active food packaging

1.4.1  Definition and methods of inclusion of antioxidant
additives in the packaging material

As well as reducing bacterial growth, removing the oxygen from the package
headspace is another one of the most desirable goals of food-packaging
researchers because it is a crucial point to improve the quality of the products.
Indeed, high levels of O in the atmosphere surrounding the food can facilitate the
oxidation of lipids and pigments present in the product modifying its colour,
texture and important nutritive values due to the loss of vitamins A, C and E,
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which are oxygen-sensitive. Furthermore, the presence of oxygen can lead to a
faster growth of aerobic microorganisms, leading to a quicker degradation of the
packaged food. Thus, the rapid deterioration of the product due to its oxidation
can render its aspect intolerable for human consumption. Moreover, it can also
become unsafe for the human health because of the formation of toxic aldehydes
from the degradation of polyunsaturated fatty acids, which have been
demonstrated to be positively correlated with some cardiovascular diseases [41,
43,101, 102].

Lipid oxidation is one of the most important phenomena that leads to food
degradation. Lipids like triglycerides and phospholipids are present in most of the
commercialized food products and their auto-oxidation, caused by their
spontaneous reaction with the oxygen present in the environment, is frequently
associated with the development of bad odour, bad taste, darkening of their colour
and rancidity. Besides lipids, also other molecules present in organic matrices
could promote the formation of free radicals by photo-oxidation such as
riboflavin, porphirins, bilirubin, lipoxygenase, etc. If only one ring of the chain of
oxidative reactions is removed, the propagation could not take place. This fact
underlines the importance of the employment of antioxidant agents in the food
packaging to prolong food’s shelf-life and improve its quality and safety.

The five different mechanisms of action of antioxidants are summarized in
Table 2.

Table 2: Mechanisms of action of antioxidants

Mechanism of

Name Target Examples Reference

action

to break the chain

reaction of radicals to .
Radical avoid further free radicals phenols [103, 104]
scavenger propagation steps
tioethers,
to decompose ‘methionine,
Peroxide peroxides into stable peroxides th((iilpr;)ploplc [105]
scavenger compounds acid, glutation

peroxidase and
glucose oxidase

Inhibitor of fo avoid catalytip transition metals citric' acid.,
oxidation effect of metals in ascorbic acid,
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oxidation process tartaric acid, [105]
oxalic acid,
succinic acid,
oxalate,
phosphate, EDTA
(ethylendiamintetr
acetic acid)

to inactivate singlet
oxygen and

propelling molecules . tocopherols,
Singlet oxygen dissipating the energy singlet form of carotenoids [105]
Scavenger as heat in the photo- oxygen
oxidation process
to prevent the '
enzymatic activity flavonoids,
Autoxidation required for lipoxygenase phenolic acids, [105]
protector autoxidation gallates

There are two categories of food-related antioxidant systems: the oxygen
scavengers, separate antioxidant devices which are attached to a conventional not-
active packaging, like labels, pads or sachets [101] and actual antioxidant active
packaging materials. The first ones are currently applied and commercialized,
mainly based on the oxidation of ferrous and iron fine powders. Nevertheless, to
avoid unpleasant metallic taste of the packaged food, the research is turning
towards non-metallic oxygen scavengers such as catechol, citric and ascorbic
acids and enzymes (like ethanol and glucose oxidases) [12, 106]. In some cases,
the O> scavengers need to be activated, for example using particular light sources
like UV or IR for photosensitive materials, or by different levels of moisture for
the iron-based ones, to prevent their premature action due to the ubiquitous
presence of oxygen in the environment [107]. As already said in paragraph 1.3 for
the bactericidal agents, also antioxidants can be added directly into the food
matrix during the production steps but this could change the foodstuffs’
organoleptic properties or quality, which may negatively influence the consumer
acceptance of the final product. In addition, if directly added to the food, the
active antioxidant agents may exploit all their effect immediately and the
preservative efficacy would conclude prematurely, leading to a faster degradation
of the food. To overcome all these limitations, incorporating the antioxidant
additives in the packaging material results to be the most desirable solution
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because, like it was said for the antibacterial packaging, it presents many
advantages. Firstly, the release of the antioxidant agents can be gradual and
controlled, their action could be localized, and less amounts of the active
compounds and manufacturing process steps are needed. The addition of the
antioxidants in the package could also improve the safety of the oxygen
scavengers technology because it avoids the accidentally ingestion of the
preservatives present in the sachet in the event of a rupture. Moreover, it can
expand the effective removal of the O, already performed by standard vacuum
packaging combined with an oxygen barrier, because any little leaking from the
sealing or residual oxygen could led to a premature deterioration of the food,
which is not the case in the presence of a controlled release of antioxidant
additives [106, 108, 109]. All these positive features render this technology the
most commercially applied. The antioxidants can also be incorporated into the
polymer matrix of the packaging material or coated on its internal surface in order
to explicate their action modifying the headspace atmosphere [101, 106]. Indeed,
the inclusion of the antioxidants in the packaging material can be performed in
three different ways: 1) by extrusion, previously mixing the melted polymer with
the antioxidant. In this case, the highest risk is to lose or degrade most of the
antioxidants due to the high temperatures during the proces; ii) by introducing the
antioxidant agents as an internal layer in a multilayer structure, for example
melting them in the adhesive between two layers. Usually, the antioxidant layer
contains an oxygen absorber. Although this technology is already on the market,
sometimes it can be expensive, since a special activation is needed when used in
the food industry; ii1) by coating technique, melting the antioxidant in a resin to be
spread on the internal surface of the package [110]. In particular, this thesis is
focused on the last two techniques because they are the most interesting for an
industrial application. However, the existing antioxidant agents commonly
included in the polymers usually consist of heavy metals such as chromium, and
can be harmful both to human and environment health. Thus, increasing interest is
focusing on plant extracts as natural additives for coating applications as safe,
non-toxic and environmentally friendly. Moreover, many recent studies
demonstrated that plant extracts can improve functional properties of the
packaging material such as anti-corrosion, antimicrobial, antifouling, self-healing
and UV-shielding [111].

Nevertheless, it is important to keep in mind that the physical, mechanical,
optical and barrier properties of the material could change after the incorporation
of the antioxidant compounds [112, 113, 114]. Thus, the influence of the addition
of an antioxidant agent on the mechanical and physical characteristics of the
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packaging material and coatings need to be assessed carefully before the
incorporation. Moreover, the kind of polymeric material and of antioxidant
substances should be taken into consideration to choose the best process of
production in order to maintain intact the antioxidant efficacy and to permit the
activation of the agents. For example, if the antioxidant needs to migrate into the
food matrix, the active agents have to be allowed as food additives and it is
necessary that their maximum migrated amount results within the limits
prescribed by European regulations [41]. Moreover, some studies report that the
relationship between the amount of antioxidant and its protective effect on the
food is not always linear, and this could be due to the interaction between the
active agent and the material matrix, or an overload of the antioxidant [115, 116].
Briefly, the diffusion rate of the compounds needs to be controlled to maintain the
correct concentration of antioxidant in the package headspace or on the food to
allow the maximum preservative efficacy. In conclusion, for each kind of food it
is necessary to find the correct combination of packaging and active material
[117].

1.4.2 Natural and sustainable alternatives to synthetic
antioxidants for active food packaging: Moringa oleifera
leaves, and industrial waste of grape and olive

Nowadays, consumer request for safer foods based on natural ingredients and
production processes has opened the way to a growing interest on natural
antioxidants to replace synthetic ones. Butylated hydroxytoluene (BHT), butylated
hydroxyanisole (BHA), propyl gallate (PG), tertiary butyl hydroquinone (TBHQ),
organophospate and thioester compounds are currently widely used in food
packaging as antioxidant agents.

However, due to their potentially toxic effects on human health, the addition
of synthetic antioxidants in foodstuffs is restricted and finely regulated by Codex
Alimentarius (FAO/WHO Food Standards, 2005) as well as by European
Regulation (Directive 2006/52/EC, 2006) and FDA Food Additive Status List (US
Food and Drug Administration, 2006). For instance, the concentration of BHA
and TBHQ in oil and fats should not exceed 200 mg/kg (individually or in
combination with other added antioxidants) and 100 mg/kg for BHT (EC, 2011).
These limitations could be a relevant issue in the industrial fabrication of
antioxidant food packaging. Furthermore, since potential risks of carcinogenic
effects on the consumers lately emerged to be related to synthetic antioxidants,
natural additives such as plant extracts, essential oils from herbs and spices, and
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tocopherol can be considered as a valid alternative in active food packaging
production [43, 118]. In particular, essential oils and plant extracts incorporated in
the packaging can offer an antioxidant and antibacterial efficacy not only through
the packaged food but also in the human body if ingested, improving health
benefits for the consumers [41, 106].

Recently, in compliance with the concept of circular economy and of reducing
environmental problems and improve the clearance of waste, many research fields
have drawn their attention on natural extracts derived from industrial waste as
safer and cost-effective alternatives.

Among them, many studies demonstrated that the extracts of many plants
(like green tea, Moringa oleifera, cocoa, grape and olive) or of fruit and
vegetables peel and seeds are very rich of polyphenolic compounds and
flavonoids such as quercetin, morin, catechin and epicatechin. Thus, they are the
most effective and very attractive candidates to replace synthetic antioxidants and
to preserve the food package’s contents thanks to their high bio-compatibility,
safety and possibility to obtain them from the wastes of industrial production
process of common goods such as olive oil or wine [119]. Phenolic compounds,
thanks to their chemical structure, are able to scavenge ROS and free radicals
donating hydrogen atoms, chelating metal cations, quenching singlet oxygen or
acting as substrates for attack by superoxide. Furthermore, the primary function of
phenolic antioxidants is stopping the free radical reaction chain propagation
rapidly donating an hydrogen atom to lipid radicals [120]. Due to their volatile
nature they perform their effectiveness on the atmosphere surrounding the food
and the direct contact with the food or their release from the package is not strictly
necessary [121], however their action decreases with the ageing of the film.
Flavonoids, instead, are non-volatile and emerging as easier to insert in the
package by extrusion or injection and capable of increase the content of bioactive
compounds in the product when they are put in contact with the food or released
into it.

In this work, natural extracts of moringa leaves and industrial wastes of grape
and olive were taken into consideration.

Viticulture and consequently winemaking is one of the major productive
industrial sectors worldwide but especially in Italy, in particular in Piedmont
which is the motherland of wine excellences such as Barolo, Barbera and
Moscato. However, since the yield of winemaking is about 80% of the weight of
all the processed grapes and grape harvest is about 60 million tons per year
worldwide, this process leads inevitably to the production of huge amounts of
waste (which are about 5-9 million tons per year worldwide) [122]. Furthermore,
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from 100 kg of grapes 3 kg are of seeds and since around 1.4 kg of grapes are
needed to obtain 1 | of wine and the world wine production has reached 264 000
000 of hl in 2008, it is an easy conclusion that the valorisation of winery waste
represents an attractive opportunity and appealing business for green chemistry
and associated technologies. This is even more urgent if we consider that the
clearance of these waste inevitably results in an increasing of pollution due to the
high content of organic substances (sugars, polyalchols, lipids, pectins, tannins,
etc.) that drives to an increasing of the oxygen demand with very negative effects
on the environment and on the economy. Thus, as the management of the winery
waste is a global and severe environmental issue, it is clear how important is the
research of innovative ways to use them other than as animal feed or fertilizers.
For example, they can be a source of polyphenols and flavonoids which, as said
before, are the plant secondary metabolites with the highest antioxidant properties.
Nonetheless, other than to be good antioxidant, polyphenols have also
demonstrated to have properties against cancer, allergies, DNA mutations and
ageing [123, 124].

Another kind of food industry related waste, which can be very valuable for
its high amount of phenolic compounds, is the one derived from olive oil
production. As already said for the winery waste, also the olive oil by-products,
especially those derived from the production of extra virgin olive oil (EVO),
which is a very treasured production field in Italy and a precious source of
antioxidant and others important nutrients in the human diet (such as vitamins),
are extremely interesting in the perspective of using them as natural antioxidant
additives in other food products thanks to their structure and biological properties.
The administration of olive oil industry wastes, which consist at least of the 10%
of the total olive weight, has been attentively studied in order to maximize the
recovery of phenolic and other active compounds, which remain almost entirely in
the discarded parts of the olives (98%) [125]. These wastes can be obtained in
many forms depending on the method used for the oil extraction and their
extraction phase, which always include the elimination of soil, leaves and dust
from the fruit, the pressing, the malaxation and three or two-phase centrifugation
and filtration steps. They can be in form of: 1) “olive pomace” or “olive cake”,
which is the solid waste speared from the liquid phase due to the addition of
water; i1) wet solid residues, composed by both the olive pomace and the oil waste
water together obtained without the addition of supplementary water; iii) olive
leaves; iv) residues of the oil filtration [126, 127, 128]. The yield of the phenolic
compounds content depends on the industrial process the oil faces during its
production. The most valuable phenolic olive oil by-products in economical,
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antioxidant and antimicrobial terms are oleuropeine (produced during the
malaxation) and its derivates like hydroxytyrosol (3,4-dihydroxyphenylethanol
(3,4-DHPEA)) which was reported to reach the 70% of the total phenolic content
of olive mills waters [129, 130] but they are both present also in olive leaves.
Nonetheless, there are other phenolic compounds such as alpha-tocopherol,
caffeic acid, vanillin, apigenin, luteolin, etc. which are present in lower amounts
both in the fruit and leaves [131]. Furthermore, hydroxytyrosol demonstrated to
have not only a very high antioxidant efficacy, thanks to its o-diphenolic structure
which stabilize radicals by the formation of an intramolecular hydrogen bond
[132], but also positive effects on the prevention of cardiovascular diseases, as it
is able to inhibit lipid peroxidation on low-density lipoprotein (LDL) molecules,
Alzheimer’s diseases and proliferation of carcinogenic cells. Moreover, it showed
some antimicrobial properties against many bacterial strains which are strictly
related to food-borne diseases such as Staphylococcus aureus, Pseudomonas
aeruginosa, Listeria monocytogenes and Helicobacter pylori [133]. On the other
hand, both oleuropeine and the other phenolic compounds like luteolin are known
to be related to antitumoral activity promoting the apoptosis of carcinogenic cells
and inhibiting their proliferation [134]. In summary, phenolic compounds derived
from fruits and vegetables industry waste, such as wine and olive oil, own high
potentiality to be employed as food preservatives in the packaging material to
prolong the shelf-life of the products and maintain intact or eventually improve
their safety and quality [135, 136].

In this thesis also extracts of Moringa oleifera leaves, a tropical perennial tree
which has demonstrated to have valuable antioxidant and nutritional properties,
were analysed. Moringa oleifera is one of the 13 species in the moringa genus and
is mostly cultivated in tropical and subtropical countries, in particular in Jamaica
but it is native to the Himalaya and very well known in India as Drumstick or
Sohanjana. Most parts of the plant are edible but in particular its leaves and pods
present fundamental nutraceutical properties since they are rich of fibres,
carbohydrates, proteins, vitamins, amino acids, minerals and other important
nutrients [137]. Indeed, many non-governmental organizations such as FAO
(Food and Agricultural Organization) and ECHO (Educational Concerns for
Hunger Organization) have recognised this plant as a very highly valuable
nutritional source for undernourished populations in order to combat protein
energy malnutrition problems all over the world especially among infants [138].
Other than its nutritional value, Moringa oleifera demonstrated to have many
therapeutic properties [139] thanks to its high content of natural antioxidants such
as phenolic compounds. The ability of leaves extracts to neutralize free radicals or
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decompose peroxides [140] is due to the presence of carboxylic groups on the
conjugated ring structures of their polyphenols, flavonoids and vitamins which
have been reported to inhibit lipid peroxidation [141]. These antioxidant
properties have been demonstrated to be useful as medical treatment of
pathologies caused by oxidative stress such as sickle cell anaemia (SCA) [142].
Moreover, many studies have reported anti-inflammatory and antibacterial
properties of moringa leaves extracts against many food-related pathogenic
bacterial strains and mould, such as Staphylococcus, Streptococcus and Candida
albicans, suggesting its possible use as a natural antimicrobial agent with
reasonable safety margins in pharmaceutical and food applications [143]. The
interest on moringa arouse around the 2000s but is still developing and wide
spreading worldwide.

1.4.3 Industrial importance of natural extracts: extraction
techniques and quantitative analysis of active compounds

Extraction means to separate active portions of plants and soluble plants’
metabolites from the insoluble cellular residue using selective solvents and
standard procedures [144]. The crude extracts contain complex mixtures of plant
molecules such as alkaloids, glycosides, phenols, terpenoids and flavonoids. The
extraction of active compounds from plants and other natural sources is a very
important step to obtain the maximum antioxidant efficacy and need to be finely
tuned on the basis of the molecules of interest, the type of plant or fruit and all the
influential factors like temperature, solvents, agitation speed, etc. which might
enhance the extraction yield but, if used without the proper evaluation, may also
cause the degradation of the active substances.

In the case of plants extraction, like it was done in this work, it is important to
consider also the form of the materials (leaves, barks, roots, fruits and flower)
before the extraction, because the pre-preparation processes, as if the sample is
fresh or dried or if it is grinded or reduced in powder, can influence the final
extracts efficacy and the preservation of the active compounds. In most cases,
since fresh samples are difficult to maintain and they could easily deteriorate,
dried samples are preferable. For instance, studies on Moringa oleifera leaves
showed that the total phenolic content is not affected by the drying but the dried
extracts presented higher amounts of flavonoids if compared with the fresh ones
[145].

Among the traditional extraction methods, maceration, percolation, infusion,
decoction and Soxhlet extraction are commonly applied at a small manufacturing
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level. There are also some advanced methods such as supercritical fluid extraction
(SFE), microwave assisted extraction (MAE), ultrasound-assisted extraction
(UAE) and accelerated solvent extraction. These methods are developed and
constantly modified to translate plant extraction at an industrial scale level,
increasing the yield and lowering the costs of the processes. It results clear how
the selection of the appropriate extraction method is fundamental. Some of the
most used extraction methods are briefly explained below [146].

Maceration, a classical technique often used for wine making, involves the
soak of the plant components in a solvent inside a plugged container at room
temperature for a time period (minimum 3 days) under frequent agitation [144].
This procedure leads to the rupture of plants’ cell wall and the subsequent release
of soluble compounds in the solvent. After the incubation with the solvent, the
mixture is usually pressed or filtrated and the solvent can be allowed to evaporate
by air-drying. In this method the solvent is chosen specifically to obtain some
kind of molecules in the extracts instead of others. This is the easiest extraction
technique even if a good disposal of large amounts of organic solvent waste needs
to be considered. Infusion and decoction are based on the same principle as
maceration but in these techniques plants materials are soaked in cold or boiled
water. The choice of one method over the other should be done based on the
temperature stability of the compounds of interest and the availability of solvents.

Another classical method 1s the Soxhlet or hot continuous extraction which
involves an apparatus composed by a boiling flask, a condenser and the extractor
body with a siphon arm in which the plant materials contained in a filter or
“thimble” are soaked in the heated solvent. The solvent is evaporated, and the
condensed vapour fills the extractor body until discharged to the flask by the
siphon arm, thus continuing the process. Even if this method requires less
amounts of solvent compared to maceration, it presents more risks for the
operators because they are exposed to flammable liquid organic solvents and
possible toxic exhalation during the extraction. Furthermore, this technique results
more expensive due to the required purity of solvents and less environmentally
friendly than advanced methods such as SFE. In addition, many factors such as
temperature and solvent-sample ratio need to be taken into consideration. Some
studies on Moringa oleifera reported that this procedure applied on its leaves
resulted in lower phenolic compounds and flavonoids yield [145] if compared
with maceration.

Among the advanced techniques, MAE employs microwave radiation energy
to interact with the dipoles of polar or polarizable compounds, heating the surface
and causing the disruption of hydrogen bonding, thus allowing an easier migration
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of molecules from the plant matrix to the solvent. This method reduces the
volume of solvent and time of extraction and is selective for polar molecules and
solvents with high dielectric constants. Using this technique, it is important to
consider the thermo-degradability of the compounds of interest and that this
method is limited to small phenolic compounds which are stable under microwave
conditions (i.e gallic acid, quercetin, isoflavin, trans-resveratrol). Thus, this
technique is not suitable for the extraction of tannins and anthocyanin.

On the other hand, UAE uses the mechanic effect of ultrasound (from 20 kHz
to 2000 kHz) to increase the contact surface between the solvent and the matrix
and desegregate plants’ cell wall. This is a simple and relatively low cost
technique really suitable for large scale extractions because it reduces the solvent
volume and extraction time. However, ultrasound energy may affect the active
compounds promoting the formation of free radicals [147].

SFE involves the use of substances such as carbon dioxide, nitrogen, methane,
ethane, propane, etc. in supercritical state, which have the physical properties of
both liquid and gas over their critical point, to extract active agents. The plant
materials are put in a container under controlled temperature and pressure
conditions. When both temperature and pressure are lower than the solvent critical
point, the active compounds dissolved in the fluid are separated. The important
factor is the mass transfer of the active components in the supercritical fluid. To
obtain this, the temperature and pressure fine regulation is fundamental because
the rising of the pressure correspond to a higher density of the supercritical fluid
which enhance the solubility of the matrix components. The biggest issue for the
employment of this method is the initial cost of the equipment, which is very
expensive (from about 10 000 to 20 000 $ depending on the size of the extractor).
An example of supercritical fluid that is often used for this extraction method is
COz. COz thanks to its low cost and toxicity represents an interesting source for
SFE and it is able to extract non-polar compounds. However, the addition of small
amount of matrix modifiers, such as ethanol or methanol can increase the
solubility of polar substances. Furthermore, as CO> vaporizes at room temperature
the concentration of active compounds in the extracts is high. The SC-solvents’
strength can be tuned by changing not only temperature and pressure conditions
but also with the addition of modifiers or co-solvent to reduce the extraction time.
Often more than 10% w/w co-solvents are added to modify the SC-CO, solvent
properties losing the advantages of using a solventless technique. In the case of
compounds that are slightly or not soluble in CO; an alternative is to employ the
anti-solvent extraction (SAE). CO», thanks to its lipophilic character, is very useful
to fractionate non-polar compounds from organic solution, indeed it can easily be
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mixed with organic solvents like methanol, ethanol, acetone, chloroform etc.
reaching a mixture critical point (MCP) around 9-10 MPa at 40 °C [148]. At
higher pressures these compounds are completely miscible and the supercritical
mixture is formed as soon as the overall composition overcome the MCP. Thus, if
some compounds are not soluble in SC-CO; but they are dissolved in the organic
solvent they can be easily extracted with it and separated from the solvent by
precipitation. This is very useful to separate for example flavonoids, which are
more soluble in the mixture CO2 and ethanol than in pure CO2, from more polar or
heavier molecules. In this case SC-CO, behave both as an antisolvent to
precipitate higher molecular mass molecules and as a solvent to extract ethanol
with the components dissolved in it. In summary, SAE is a hybrid process
composed by organic solvent extraction followed by SC-CO; elimination of the
solvent. The mechanism consists of maintaining continuous contact between SC-
CO> and the organic liquid mixture in a pressurized precipitation container. A
spray of the liquid solution is produced in the supercritical fluid and can be
fractionated by SC-CO> which cause the precipitation of the compounds insoluble
in COy at the bottom of the pressurized vessel as powder. This method is very
flexible because the solvent can be changed in function of the molecules of
interest and it does not require large amounts of raw materials, reducing most of
the costs of SFE. Many studies have underlined the usefulness of this technique to
extract polyphenols and anthocyanin from grape residues and oleuropein from
olive leaves [149, 150]. When the molecules of interest are relatively soluble in
SC-COa,, it i1s very important to carefully chose the pressure, the temperature and
the molar fraction of CO; to employ in order to precipitate them, avoiding their
extraction from the precipitator. The limit in this case is that the organic solvent
can act as a co-solvent increasing the solubility of the compounds in SC-COs.

Among all these methods, in this thesis the extracts of the active antioxidant
molecules from Moringa oleifera leaves, olive pomace and leaves and grape fruits
after pressing residues, were obtained by maceration as classical technique, and
SFE and SAE as advanced methods. In particular, the attention was focused on
maceration as the more eco-friendly and less expensive extraction method
compared to the other [145]. Since the factor that influence most the yield
extraction of active agents such as polyphenols and flavonoids is the solvent kind
and strength, in this thesis a comparison between fractions of extracts using many
different organic solvents such as ethanol, methanol, acetone and dichloromethane
was done and also two different time periods of maceration were considered.
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1.4.4 Standard methods for the characterization of the
antioxidant efficacy of natural extracts and of active food
packaging

Extracts’ antioxidant efficacy could be qualitative and quantitative measured
by colorimetric or fluorescence-based methods such as diphenyl-1-picrylhydrazyl
radical (DPPH) and oxygen radical absorbance capacity (ORAC) assays.

They are both optical approaches based on the detection of a differential
highness of intensity signal at a specific wavelength. These two assays are often
used as standard methods to characterize the antioxidant efficacy of active agents
in food industry. The first is based on the measurement of the ability of an
antioxidant to donate hydrogens and thus reduce DPPH radical molecules over
time. The results are expressed as the concentration of antioxidant agent necessary
to reduce the 50% of the initial amount of DPPH (ECso) on the basis of a
calibration curve built on an antioxidant standard molecule. On the other hand,
ORAC is a more standardized method, it is based on the capacity of a certain
antioxidant to protect a fluorescent probe from fluorescence quenching induced by
the addition of peroxyl radicals in the reaction room. In this case the results are
expressed as equivalent moiety of an antioxidant standard, such as Trolox, per
gram of sample.

In this work, both methods were applied to evaluate the antioxidant efficacy
of all the fractions of the natural extracts since they can measure two different
antioxidant principles. The details of the techniques are described in section 5.2.5.

As regard the active food packaging materials, their antioxidant efficacy
needs to be measured in a quantitative and objective manner to support
manufacturers selecting the best new materials and for quality control of raw
materials. The antioxidant efficacy of the packaging materials can be obtained by
non-destructive techniques in order to maintain intact their properties and a good
correspondence with the reality. Some of these are based on an indirect
measurement such as the DPPH assay, mentioned above for the crude extracts. It
can be applied also for the final material, by cutting a defined area of the active
film and putting it in the DPPH methanol solution making sure that the resin or
the polymer are not soluble in this solvent.

The research group of Nerin [151] developed a very efficient technique able
to measure the free OHe radical scavenging ability of active polymers by an
indirect reaction with salicylic acid (SA). Briefly, an atmosphere enriched in OHe
radicals is driven in bags made of the active polymers to be tested then let bubble
in aqueous solution of SA. The amount of 2,5-dihydroxybenzoic acid (2,5-DHB)
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generated by hydroxylation of SA, as well as the remaining SA are quantitatively
measured by UPLC after 48 h of exposure. Thus, if the active polymer is a good
radical scavenger, that is, it has a good antioxidant efficacy, the radicals remain
entrapped in the bags without the possibility to react with SA. See section 5.2.7
for the details of the method. Therefore, the concentration of 2,5-DHB is inversely
proportional to the efficacy (or amount, if several concentrations are tested) of the
active agent. Also in this case, a comparison with an antioxidant standard, such as
Trolox or gallic acid, inserted in the polymer in the same way of the analysed
samples is needed.

In this thesis work, the antioxidant capacity against OHe radicals of active
cellulose polymers coated with the natural extracts was measured in the Zaragoza
University using this technique.

In food industry the thiobarbituric acid reactive substances (TBARS) assay is
commonly used as a standard method to evaluate the preservative efficacy of an
antioxidant agent or packaging material indirectly by measuring the level of lipid
oxidation of the food. This technique is a colorimetric assay based on the reaction
of thiobarbituric acid with a secondary product of lipid oxidation. See section
5.2.7 for further details. This method is quantitative and provides a sound
indication of the antioxidant performance of the active materials on packaged
food.

On the other hand, there are also some destructive procedures that involve an
extraction of the antioxidant agents from the polymer to analyse the efficacy of
the final product. These methods are not designed for a direct measurement of the
polymeric active material because they often require to work with measurands in
the form of liquid solutions. Obviously, the results could be different from that
obtained on the proper active material because the behaviour of the antioxidant
could change in the presence of the polymeric matrix. Among these methods the
most employed ones are ORAC and DPPH performed on the solution obtained
after an extraction of active compound from the produced active film. Other
indirect methods based on the measurement of hydrogen atoms exchange and
electron transfer like TRAP and FRAP [152] can be performed but, since they are
not specific for active packaging testing, they were not considered in this work.

However, methods which measure the antioxidant efficacy in a more direct
way avoiding any chemical modification of the sample which can influence the
chemical behaviour of the active compounds, are present. Among them there is
Raman spectroscopy. As a vibrational spectroscopic technique, Raman presents
many advantages: it allows rapid and non-destructive measurements and it is
quantitative. Studies that measured the reduction of the specific Raman band of
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fatty acid around 1445 cm™!, which represents the CH» vibrational modes, caused
by their oxidation directly on foodstuffs packaged in the polymer with the active
compounds vs. traditional packaging over different time spans, were published
[136].

In the present work, both TBARS and vibrational spectroscopies including
Raman and FT-IR were employed to assess the antioxidant efficacy of newly
developed antioxidant packaging materials, confirming the reliability of this more
direct techniques.

1.5 Industrial application of new active packaging

1.51 Commercial availability of antimicrobial and
antioxidant active packaging

Although antimicrobial and antioxidant active packaging possess very
promising and appealing characteristics, they still have a limited commercial
availability in Europe and very few are produced on an industrial scale. However,
several kinds of antimicrobial packaging have already been commercialized [39,
41, 106] and silver-based antimicrobial materials are commonly used in many
other countries such as in the United States and in Japan [43]. As regards those
with antioxidant properties, on the market there are some multilayer systems that
act as oxygen absorber like Oxyguard, which needs to be activated after the
production of the material by UV radiation and requires to be on the internal layer
because it needs protection from external environment. Furthermore, new active
materials containing essential oils which act as radical scavenger produced by two
Spanish companies: Artibal (Sabifidnigo, Spain) and Repsol-Rylesa (Madrid,
Spain) have recently appeared on the market. They are able to directly scavenge
molecular oxygen in the atmosphere, do not require further protection layers and
have demonstrated to be very efficient in food protection from oxidation for more
than one year. Moreover, the Research group GUIA of the Zaragoza University,
which is one of the collaborators for the production of this thesis work, together
with the company Repsol-Rylesa (Spain) have developed several paraffin coating
formulations with essential oils for paper and board packaging.
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1.5.2  Particularly interesting foods for the industrial
development of active food packaging

Some foods are more predisposed to promote rapid oxidative process, such as
dried nuts, fatty food, and bakery products with a high fat or butter content, or
pathogen bacterial infections, such as Listeria monocytogenes and Salmonella,
than others. In particular, many companies are focusing their attention on the
correct preservation and prolongation of the shelf life of fresh meat, fresh fish and
fresh milk. In particular, milk is still a big problem due to its massive production
in the third countries which consume it before pasteurization, risking very
dangerous foodborne-diseases. As regards fresh meat, USA and Spain are still
fighting against the severe problem of Listeria monocytogenes infection which,
today, affects many countries with serious impact on public healthcare and on the
economy. For all these issues, the development of active antioxidant and
antibacterial packaging systems are very important and also better accepted by the
public opinion. Since, as described before, the addition additives directly in the
food, to maintain the freshness period of the product, is less efficient, the
introduction of natural additives in the coating results the best solution. In the case
of fresh meat, the development of packaging with, for example, carbon
nanoparticles which display photothermic activity if irradiated with particular
light wavelength can be very interesting to reduce the bacterial growth on the
meat surface because they can be simply activated by the light present in the cold
display stands of the supermarket. Moreover, if the coating contains natural
antioxidants that do not change any organoleptic properties of the product, are not
toxic, do not require high barrier materials and are able to react with molecular
oxygen, then the characteristic red colour of fresh meat could be maintained for
longer times. This is a very good improvement on the shelf-life prolongation and
safety of the food with a high economical value for the food industry. This gains
an even more interesting prospective by using biodegradable biopolymers, and
active agents obtained from industrial wastes in a concept of environmentally
sustainable and circular economy.
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Chapter 2

Introduction to the experimental
part

2.1 TImportance of metrology in food industry

2.1.1 Food Metrology

Since food is now a trading good in a global market the issue of guarantee
food safety, security and traceability has led to an emerging need of standard and
reliable methods to ensure and measure its quality, the safety of each component
and to confirm its provenance and authenticity [153]. On this purpose metrology,
the science of measurement, and in particular the area concerning food metrology,
offers a great support to assure measurements traceability, compliance with
international regulations and reference to certified standards. Metrology, based on
the decimal metric-system, was born in France during the French revolution but it
is well known that metrical issues have interested most of the human activities
from ancient times [154]. Besides food metrology, other areas of study have
developed from fundamental metrology, such as applied metrology and legal
metrology. Their activities spread over wide areas of interests, from scientific
research to many industrials fields to people’s everyday life, confirming the
relevance of clear and reliable measurements in both experimental and theoretical
determinations considering any level of uncertainty. Among the science regarding
health and quality of life, food metrology is recently emerging as fundamental to
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respond both to verification requests by the regulatory authorities and to assure
consumer protection.

The main outcomes of food metrology are: i) control and safety, which is
fundamental to determine the unintentionally added substances (NIAS) present in
the product or in the packaging material and their possible migration into food; ii)
development of new suitable reference materials that can be used by industrial
companies all over the world to ensure full traceability of measurements related to
the international system of units (SI); iii) contribution to create new standard
operating procedures (SOP); iv) validation of analytical methods with a whole
uncertainty budget declaration, and last but not least v) performance of accurate
and precise measurements of food composition and detection of eventual presence
of contaminants, supporting companies and ensuring compliance with
international regulations. Furthermore, metrological institutions are fundamental
for: 1) the distribution of standardized calibration procedures for laboratories and
industrial instruments based on primary calibration standard reference materials;
i) organizing inter-laboratory comparison studies on hot research topics to obtain
measurements independent from the analysis method; 1iii) to ensure the
authenticity of food labels and provenience especially if the products are declared
to be under these categories: PDO (Protected Designation of Origin), DOC
(Controlled Designation of Origin), DOCG (Controlled and Guaranteed
Designation of Origin), PGI (Protected Geographical Indication). Nevertheless,
metrology has also the difficult task of developing new reliable and metrological
techniques to describe the organoleptic properties of food and beverages. In
summary, the principal goal of food metrology is to provide standardized methods
to determine food composition, to detect the presence of any toxic elements, even
in minimal traces, to ensure the final product quality, safety and provenance
[155], inferring authority on the analytical results, supporting public health
decisions and enhancing the consumers’ confidence.

2.1.2  Food safety, food security and food traceability

Food safety is related to the prevention of all the potential chemical, physical
and microbiological health hazards that could harm the consumers or provoke
food-borne diseases and it interest all the food-related steps, from its preparation
to its packing, transport, storage and handling up to its consumption. Food safety
regards all the procedures of labelling, certification, import and export guidelines,
biotechnology policies and hygiene of food and also the determination of the
presence of additives or pesticide residues [156]. To avoid all the possible health
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hazards, the developed countries elaborate standard procedures for food
production and commercialization which, in the EU, are included in the Integrated
Food Safety policy. Their objectives are ensuring effective control systems to
establish compliance of food safety and quality; animal health, welfare and
nutrition and plant health with the European standards, and administrate
international relations with third countries on those sectors, supporting the
European Food Safety Authority (EFSA) and ensuring science-based risk
management. The main achievement of the European commission for Food Safety
is to highly protect human health in respect of food industry. This fundamental
was primarily expressed in the Commission’s White Paper on Food Safety: “apply
an integrated approach from farm to fork covering all sectors of the food chain”.

In the context of this work, new active food packaging are developed
incorporating antibacterial and antioxidant agents in resins or adhesives that can
come in contact with the food product. Consequently, it is very important to
underline that the detection of the possible presence of hazardous chemicals in
food represents one of the main points of food safety assurance. As already said,
nowadays, food additives have become an integral part of food production chain,
so a strict and efficient infrastructural control is necessary to prevent food safety
related accidents which can easily reach the global market with very negative
consequences on global economy and human health. Metrology may again be an
essential support to industries providing new efficient and reliable analytical
methods with improved sensitivity, selectivity and narrow uncertainty intervals.

A second topic of food metrology regards food security, which is “the
condition in which all people, at all times, have physical, social and economic
access to sufficient safe and nutritious food, that meets their dietary needs and
food preferences for an active and healthy life” (United Nations’ Committee on
World Food Security) [157]. In a frame of climate changes and continuous
growing of the global population, a good management of the primary resources
and the guarantee of the primary needs at costs accessible to everyone is
necessary and it is strictly bound to a sustainable economic growth, essential to
ensure food security all over the world. The foundations on which food security is
based are four and were identified by FAO: 1) availability, ii) access, iii)
utilization, and iv) stability, intended as the stability of the first three points over
time. Once more metrology, together with other scientific fields, plays a central
role in the persecution of the objectives of food security. It is worth to mention the
balance of the nutritional benefits of foods with the ecological costs of their
production, offering a common language based on standards and referable
measurements to deal with the experts of the productive sectors. So, it will be
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possible to find new sustainable and environmental friendly food security
strategies such as, for example, the introduction of insects as a novel food and
feed [158].

The third but not less important pillar on which food metrology is founded
regards food traceability, which, as was stated by the ISO is “the ability to verify
the history, location or application of an item by means of documented recorded
identification”. This definition explains the need to track any feed, food, food-
related animal or compound that will be used for consumption through all their
production, processing and distribution chain to protect public health and
confidence [159] following the European Committee’s guidelines and sector-
specific legislations. Food traceability should not be confused with metrological
traceability, which regards the calibration and determination of the measurements’
bias, precision and accuracy of an instrument by an uninterrupted chain of
comparisons of the measurements related to a well-known standard. This function
can be performed only by a few National Measurement Institutes (NMI) spread all
over the world such as NPL (National Physical Laboratory) in UK, NIST
(National Institute of Standards and Technology) in the USA, PTB (Physikalisch-
Technische Bundesanstalt) in Germany and INRiM (Istituto Nazionale di Ricerca
Metrologica) in Italy). On the other hand, food traceability is based on two areas
of expertise, one concerning food safety and the other regarding food quality and
authenticity [160]. Indeed, traceability is needed to identify any food-related risk
or food declared as unsafe and trace it back to the source isolating it and
preventing the consumers from contaminated products before they reach them.
Furthermore, traceability is fundamental to provide the consumers with accurate
information about the provenance and authenticity of all the food products. This
allows targeted withdrawals and rapid intervention of the competent authorities in
case of risk identification. As regards the quality of food products, traceability is
needed to protect the consumers against imitations and frauds and that the quality
designations explained by the Europeans Commission’s Regulation 1151/2012
(i.e. Traditional Specialty Guaranteed (TSG), PDO, and PGI [161]) are real when
declared. Thus, labelling the products is essential to attest the economic value, the
safety, quality and authenticity of the product. In this context, metrology is
needed, for the development of reliable analytical techniques to correlate the food
with their geographical provenience in order to confirm their authenticity.

In conclusion, in the context of new food packaging materials and
technologies development, food metrology is fundamental to guarantee
compliance with international regulations and to support companies for the
measurements. Indeed, food metrology can provide support to those actives in the
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sector who must respond both to verification requests by the regulatory authorities
and to consumer protection. As food safety is a global priority and one of the
major concerns of consumers, new active packaging systems, such as
antimicrobial or antioxidant ones may be launched into the European market if
they comply with the restrictions set out in European Regulations (EC) 1935/2004
and (EC) 450/20009.

Furthermore, since in this thesis a possible sustainable reuse of food industry
waste, such as wine and olive oil production waste, is proposed, the work fits
perfectly in a frame of circular economy. In addition it results in compliance with
one of the 17 Sustainable Development Goals of the recently signed European
Green Deal [162], in particular the number 12" regarding “responsible
consumption and production” which states that to fight pollution and reduce the
overall waste generation, the global food waste per capita should be halved by
2030 ensuring the efficient and sustainable use of natural resources.
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Chapter 3

Raman-based methods to rapidly
characterize food-pathogens and
antibiotic resistance
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3.1 Raman spectroscopy as an advantageous alternative
to classical microbiological techniques

A key factor to consider when developing materials with antimicrobial
properties to reduce the growth rate of target microorganisms (i.e. E. coli,
Salmonella and Listeria monocytogenes, which are the most important strains
related to foodborne diseases) is the possible insurgence of bacterial resistances.
In this frame, a direct non-destructive method which allows to detect, discern and
characterize resistant bacteria in few hours, instead of the 24 required by classical
microbiological cultures, without the need of any staining or difficult sample
preparation results very attractive.

Among other techniques, vibrational spectroscopy presents many advantages
for its use in the field of life sciences. In particular, for its short times of analysis,
cost efficacy and easiness of sample preparation it has brought a positive
innovation, compared with classical microbiological methods [163, 164].
Vibrational spectroscopy, like Fourier transform-infrared spectroscopy (FT-IR),
near-infrared spectroscopy (NIR) or Raman spectroscopy, is a non-contact and
culture-independent technique based on the analysis of the vibrational modes of
functional groups and bonds between atoms and molecules, which allow to obtain
a chemical fingerprint of the analysed sample. The principle is centred on the
interaction of an incident electromagnetic radiation, produced by an intense light
source such as a laser, which can be absorbed (IR) or scattered (Raman) by the
sample. The non-absorbed photons that exit from the sample after the interaction
with the incident beam are collected by a detector which is connected to a
software that elaborates the signals and returns a spectrum as the output. The
spectrum presents the characteristic peaks and bands specific for the analysed
sample and their intensity is quantitatively proportional to the presence of the
specific functional group or chemical bond. The light beam can interact with the
sample without or with an energy transfer. In the first case the light can be
scattered by the sample in an elastic manner (Rayleigh scattering) and it is emitted
from the sample at the same wavelength of the incident photon. On the other
hand, if the light beam, when interacting with the sample, gains or loses some
energy, the scattered light that reaches the detector can have a lower (Stokes) or
higher (anti-Stokes) frequency than the incident beam producing an inelastic or
Raman scattering (Figure 1).
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Figure 1: Scheme of the energy states.

The energy difference between the incident and the scattered light strictly
depends on the sample chemical structure. This phenomenon was postulated
theoretically in 1923 by Smekal [165] but the first experimental observation of
Raman scattering effect was reported by two Indian physicists, Raman and
Krishnan [166] and, independently, by Mandelstan and Landsberg [167] in Soviet
Union in 1928. Raman spectroscopy and infrared spectroscopy are
complementary techniques based on two different phenomena: the first one
consists on the inelastic scattering of light, while the second one on selective
absorbance of radiations that provoke energy transitions in the IR region.
Moreover, the selection rules on which the two techniques are based that
determine which vibrational modes of a molecule are active, are different. Indeed,
while IR spectroscopy detects the vibrations due to the changes in the dipole
moments of a molecule, Raman active molecules require a change in their
polarizability which depends on the deformation of the electron cloud, so some
vibrational modes that are IR active are not Raman active and vice-versa.
However, compared to infrared, Raman spectroscopy offers many advantages
especially for biological investigations allowing real-time and dynamic analysis of
living samples which can also be dispersed in aqueous media, simulating their
natural environmental conditions, or deposited on commercial microscope glasses
since water and glass signals are negligible in Raman spectroscopy, which is not
the case for IR spectroscopy. Furthermore, as already mentioned in section 1.3.5
Raman is very suitable for microbiology because it is direct, non-invasive and it
does not require any labelling process. Moreover, a very small amount of sample
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is needed and its preparation is minimized [168], indeed the most time-consuming
step required by quite all the classical microbiological techniques, which is the
overnight incubation of the analysed microorganisms, is not necessary here. In
addition, spatial information of molecules or other microbiological constituents
can be obtained at a single cell level with high resolution providing evidences
about the cell status, composition, history and metabolic information [169]. These
kinds of analysis can be done by coupling Raman spectroscopy with multivariate
statistical post-process techniques [170] in order to easily manage the huge
amount of data generated by the spectroscopic technology in a very short time and
for improving the interpretation of biological samples-derived Raman spectra
which are often very complex and could easily lead to misinterpretation. In order
to overcome these issues, some disciplines such as chemometrics, image
processing, machine learning and computational intelligence techniques come to a
help for data analysis [171, 172]. All these aspects, render this technique very
suitable for its application in the field of food packaging where rapid and reliable
characterization of the antimicrobial properties of the materials and of the active
agents are fundamental, together with the analysis of the mode of action of newly
developed antimicrobials that need to be added or inserted in the packaging
materials [173, 176]. Indeed, many food-born related issues have still very severe
consequences on public healthcare like for example the Listeria monocytogenes
infection which, today, affects many countries including USA and Spain with
serious impact on food safety and food security. Thus, it is clear how the rapid
detection of bacteria and their resistances to antimicrobials results of great
importance in the field of food packaging.

Figure 2 shows a scheme of the Raman apparatus and a photograph of the
instrument used for this thesis work.



42 Raman-based methods to rapidly characterize food-pathogens and
antibiotic resistance

Figure 2: Raman spectroscopy apparatus.
a) Scheme of the Raman spectroscopy apparatus components. Reprinted with permission

from [174]. b) Image of the instrument used in this work.

3.2 Materials and Methods

3.2.1 Reagents

The antibiotic Ciprofloxacin (CP) and the antimicrobial agent Triclosan
(TCS) (Sigma-Aldrich, Milan), necessary for the DEP-Raman AST method and
the cross-induced resistance experiments, were diluted in HCI 0.1 M (Sigma-
Aldrich, Milan) and in absolute ethanol (Carlo Erba, Cornaredo, Milan)
respectively, to prepare stock solutions. The solutions were then diluted in Milli-
Q® water (Milan) to obtain the correct concentrations needed for the two assays.

Luria-Bertani (LB) broth and agar (Sigma-Aldrich) were used as bacterial
culture media. PBS solution was obtained dissolving tablets (Sigma-Aldrich, for
200 ml, pH 7.4) in Milli-Q® water. All the solutions and culture media used for
bacteria were sterilized in autoclave for 20 min at 121 °C.

For the fluorescent microscopy analysis of bacteria DAPI (4',6-diamidino-2-
phenylindole, dihydrochloride, D1306) and FM™5-95 (N-(3-
trimethylammoniumpropyl)-4-(6-(4-(diethylamino)phenyl)hexatrienyl)pyridinium
dibromide, T23360) were purchased from Thermo Fisher Scientific, Milan, and
were used as fluorescent dyes diluting them in PBS.

Absolute ethanol and acetone (Carlo Erba, Cornaredo, Milan) were used to
wash the silicon substrates required for Raman Imaging analysis of bacteria.
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3.2.2 Bacterial strains and cultivation

For these experiments different bacterial strains were taken into account:

e Escherichia coli MG1655, as a CP susceptible strain;

e FEscherichia coli PSA-I, as a CP resistant strain;

e Pseudomonas aeruginosa PAO-1 (by Matthew Avison; University of
Bristol, UK);

e Staphylococcus aureus SH1000;

e Escherichia coli ATCC 8739, as a standard strain for Raman Imaging
(RI) experiments.

The first two E. coli strains together with P. aeruginosa PAO-1 and S. aureus
SH1000 were kindly provided by the University of Nottingham.

All the strains were provided like a frozen stock culture. Each strain was
revitalized plating it on LB agar and incubating the plates at (37 = 1) °C
overnight. Then a single colony was taken with a sterile loop and let grow
overnight in 5 ml of LB broth at (37 + 1) °C under agitation (150 rpm). The
following day, the optical density at 600 nm (ODsoo) of the bacterial culture was
measured by UV-Vis spectrophotometer (Lange DR500, Lainate, Milan) in the
single wavelength mode, employing LB broth without bacteria as a blank. The
ODeoo of the bacterial suspension was adjusted to 0.05 with fresh LB medium and
let grow at (37 £ 1) °C under agitation (150 rpm) for at least 2 hours, when the
ODeoo reached the value of about 0.3, approximately in the middle of the
exponential phase of bacterial growth curve, where bacteria are more sensitive to
treatments.

Bacteria were then purified from the culture media before each experiment by
successive centrifugations. 1 ml of each sample was taken and harvested by
centrifugation at 6000 rpm for 5 min, then bacteria were washed twice with PBS
0.5x, for the DEP-RS experiments, or Milli-Q® water, for RI experiments, by two
centrifugation cycles at 15000 rpm for 1.5 min. The new ODgoo was measured and
adjusted with fresh PBS or water to 0.3 and 0.1 for DEP-RS and for RI
respectively.

3.23 DEP-Raman analysis

3.2.3.1 Design and fabrication of the DEP cell

A home-made DEP sample holder was made. The manufactured DEP cell,
showed in Figure 3 consisted of: 1) a rigid outer shell made of aluminium needed
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as scaffold and for the manipulation of the device. A window was carved out from
this shell in order to inject and remove the bacterial suspensions and to render
visible the aggregating bacteria during DEP experiments; 1ii) a
polydimethylsiloxane (PDMS) gasket which formed together with a microscope
cover glass a sealed volume in the cell; and iii) an active chip containing the
electrodes. The chip was fabricated by laser photolithography, starting from RCA-
cleaned corning glass, which was spin-coated with a photoresist. This glass was
then selectively exposed to the laser light to trace out the electrode geometry.
After the development, resulting in the formation of a mask, a 5 nm layer of
titanium was deposited on it, then a gold film 500 nm thick was sputtered on the
chip. Then, the mask was removed, leaving (on clean glass) electrodes forming
quadrupoles and traces, which were wired for polarization as shown in Figure 3
after being connected to the sinusoidal voltage generator. The applied voltage
generates the electric field which drives bacterial cells aggregation in the centre of
the four electrodes due to DEP forces (blue arrows). The distance between the tips
of the two electrodes with same polarity (V+, V+) is 40 um, while the gap
between the two electrodes with opposite polarity (V+, V-) is 20 um.
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Figure 3: DEP-Raman in-house manufactured cell.
a) Scheme of active chip preparation. b) Image of the in-house manufactured DEP device
and its positioning in the Raman instrument sample holder with the voltage connections
(left) and scheme of the cell composition. Planktonic dispersed bacteria are injected into
the holes near the window, the voltage applied, and the laser beam focused into the center
of the window. Reprinted with permission from [175].
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3.2.3.2 Bacterial characterization by the DEP-Raman device

About 100 pl of the culture medium purified bacterial suspensions were
injected into the DEP-Raman microfluidic device and Raman spectra were
collected in the centre of the cell. The samples were analysed by a Thermo Fisher
Scientific™ DXR™ (Rodano, Milan) dispersive Raman microscope equipped
with an Nd-YAG laser. Each spectrum was acquired using an excitation
wavelength of 532 nm, a laser power of 10 mW, an exposure time of 2.5 s for 24
scans (1 min total integration time per spectrum) and a spectrograph confocal
pinhole aperture of 50 pm in diameter. Spectra were collected with the dispersive
Raman system with a 5 cm’! spectral resolution and a spectral range between
(500-3100) cm™ acquiring 3489 points per spectrum. The objective employed in
this study was an Olympus™ 60x water immersion with a numerical aperture of
1.1 (model LUMFLN60XW).

The calibration and alignment of the instrument was performed before every
measurement by the calibration tool provided by Thermo Scientific. The grating
resolution of 5 cm™ determined the frequency uncertainty while the intensity
uncertainty was established using a polystyrene standard and resulted lower than
5%. Monocrystalline silicon was used as standard taking a spectrum each time
and comparing its characteristic Raman band at 520 cm™ with that of a reference
spectrum acquired in the same conditions to verify the success of the process.

The bacteria agglomeration conditions of the DEP cell used for each bacterial
strains were: 5 V peak-to-peak sinusoidal voltage between the electrodes with a
frequency of 800 kHz for E. coli, the same waveform with an amplitude of 4 V
peak-to-peak and a frequency of 1 MHz was employed for S. aureus and a voltage
of 5 V peak-to peak and a frequency of 1.5 MHz for P. aeruginosa.

3.2.3.3 Ciprofloxacin MIC and MBC determination towards E. coli by
classical microbiological assays

CP MIC (minimum inhibitory concentration) and MBC (minimum
bactericidal concentration) towards E. coli MG1655 were determined by broth
dilution (BDM) method, following the protocol explained in details by Wiegand
et al. [177] and by performing a viability assay respectively, as described by the
National Committee for Control of Laboratory Standards (NCCLS) guidelines
[178]. E. coli was revitalized and let grow in LB broth at (37 + 1) °C under
agitation (150 rpm) as described in paragraph 3.2.2 until it reached an ODgoo of
0.3 using a starting inoculum of (1.3 x 10®— 3 x 107) CFU/ml. Then, the bacterial
planktonic culture was divided in many different sterile tubes: one for each CP
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concentration to test and one for the negative control (CTRL-), and different
concentrations of the antibiotic (0.015, 0.025, 0.1, 0.25, 0.5, 1, 2) pg/ml were
inoculated in each culture. Then, they were let grow at (37 = 1) °C under agitation
(150 rpm) and the ODsoo of each tube was measured every hour for 7 hours and
one was taken after 24 hours. At each time span one aliquot of each culture was
serially diluted in PBS 1x and plated on LB agar. The plates were incubated
overnight at (37 = 1) °C, the colonies were counted the following day and the
logio of the calculated CFU/ml was plotted against the relative collection time
point. The MIC was calculated as the lowest concentration of CP at which
bacterial growth is inhibited with a statistical significance of o = 5%. All the
experiments were carried out in triplicate and the mean and the standard deviation
were calculated for each measurement. Moreover, in order to measure the
bactericidal effects of CP, the MBC was considered as the lowest concentration of
antibiotic to cause a reduction of 3 logio in the CFU with respect to the MIC.

3.2.3.4 Bacterial exposure to antimicrobials for the DEP-Raman assays

Before being washed E. coli suspension at ODgoo of 0.3 was splitted in two
aliquots: one was let untreated as a negative control (CTRL-) while in the other
CP at the desired concentration was added. The incubation at (37 + 1) °C under
agitation (150 rpm) was continued and one aliquot of 1 ml was removed from
both the samples at intervals of (1, 2, 3) h from the antibiotic injection, the ODsoo
was measured and bacterial suspensions were purified from the culture medium,
as described in detail in paragraph 3.2.2, to be analysed with DEP-RS.

Viability assay of bacteria was performed after each time span for both the
treated and the CTRL— samples counting the colony forming units (CFU). Each
bacterial suspension was serially 10-fold diluted in PBS 1x. For the enumeration
of CFU both the ‘whole plate’ and the ‘dot’ plating methods were used. In the first
case 100 pl of each correct dilution were spotted on the surface of a sterile
antibiotic-free LB-agar plate, while for the dot plating, 10 pl of multiple dilutions
were spotted on the same plate. All the plates were incubated overnight at (37 + 1)
°C, then colonies were manually counted and the total number of bacteria was
calculated for each sample in triplicate.

In the cross-induced tolerance experiment, E. coli MG1655 was let grow in
LB broth until it reached an ODsoo of 0.1, then the suspension was divided into
four aliquots, two were treated with 0.2 ug/ml of TCS and cultured for additional
30 min. Then, when the ODgoo of 0.3 was reached, 0.5 ug/ml of CP were added to
one of the two cultures pre-treated with TCS and to one of the remaining two
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untreated cultures as positive control (CTRL+) while the other remained untreated
(CTRL-). From the addition of CP (time 0), one sample from each aliquot was
collected for the CFU assay and for the parallel DEP-RS analysis at each time
point over a 3 h period.

3.2.3.5 Morphological analysis by fluorescence microscopy

2 ul of the fluorophore FM5-95 (Sigma-Aldrich; 200 pg/ml) were added to 30
pl of bacterial culture to stain bacterial membranes; 1 pl of DAPI solution (1
mg/ml) was added to 6 ul of the culture in order to stain the DNA in the
nucleoids. Little drops of stained bacteria were then mounted on a microscope
slide coated with a thin film of 1.2% agarose.

A Nikon Digital (Amsterdam, Netherlands) Sight DS-Fil camera was used to
acquire the images attaching it to a Nikon Eclipse 501 microscope equipped with
an Intensilight C-HGFI light source.

3.2.3.6 Data analysis and multivariate modelling

The chemometric analysis was performed using the PLS Toolbox
(Eigenvector Research, Inc., Manson, WA) for Matlab R2015a (Mathworks,
Natick, MA).

Firstly, the spectra obtained by the DEP-Raman setup were pre-processed by
a 35 points window width Savitsky-Golay smoothing (polynomial order 2), a
baseline correction was performed by weighted least squares (polynomial order
2), then spectra were mean centred and the signals intensity was normalized for
the CHx vibrational modes at 2940 cm™! eliminating possible spectral differences
due to a variation of bacterial cells concentration under the laser spot. To analyse
spectral variations due to diverse experimental parameters, such as 1) “time” (1, 2
and 3 h); 11) “treatment”, (untreated (class 0, control) or treated (class 1, test)); 1ii)
“experiment” (the different cell culture batches), Analysis of variance-
simultaneous component analysis (ASCA) was employed [179] considering 2-
way correlations between the factors. The statistical significance was determined
calculating the p-values through permutation tests by randomizing the levels
belonging to the factor under consideration within the levels of each other factor
[180]. The HO hypothesis of no experimental effect, with a confidence level of p
was tested.

A training set of independent experiments was built conducting them at
different times and PLS-DA classification models were developed on them and
validated by predicting independent spectra acquired from new experiments. The
sensitivity [true positive / (true positive + false negative)], specificity [true
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negative / (true negative + false positive)], and classification error (1 — accuracy)
where accuracy is the ratio (correctly classified samples) / (total samples as
classification) were calculated.

3.2.4 Raman Imaging analysis
3.2.4.1 Sample preparation for Raman analysis

Virgin silicon wafers, coated with a 5 nm layer of titanium and covered by a
60 nm layer of pure gold were prepared as described in details by Sacco et al.
(Sacco et al., 2018) and used as reflective substrates. Gold, as an inert material
which do not present any Raman signals in the molecular fingerprint region of E.
coli, was chosen to avoid Raman enhancement from the surface. The substrates
were cleaned by sonication in a bath of acetone for 10 min followed by a bath of
absolute ethanol for another 10 min. Then, 20 pl of the tested bacterial suspension
were spotted on the substrates’ surface and while some samples were let to air-dry
under the bio-safety cabinet, other samples were freeze-dried without adding any
cryoprotective substances. The freeze-dried samples were produced using a
K775X Liquid Nitrogen Cooled, Turbo-Pumped EM Freeze Dryer (GlobalSpec,
United States). A drop of bacteria was instantly frozen on a pre-cooled gold slice
surface by its immersion in liquid nitrogen. Then the frozen samples were put in
the freeze-dryer machine setting 10 different temperature steps. The whole
process required 8 hours and the temperatures followed different cooling and
heating steps from -115 °C to +25 °C (Table 3).

Table 3: Scheme of the freeze dry process applied to bacteria.

Instrumental process Time Temperature
Constant lh -115°C
Ramp lh -115°C/-75°C
Constant lh =75 °C
Ramp lh -75°C/-50°C

Constant 1h -50 °C
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Ramp lh -50°C/+25°C

Constant - +25°C

3.2.4.2 Bacterial characterization by Raman Imaging

E. coli ATCC 8739, prepared as described in paragraph 3.2.2, was measured
by a DXR™xi confocal Raman microscope (Thermo Scientific) using a laser
excitation wavelength of 532 nm and a power of 8 mW. An exposure time of
0.033 s for 100 scans using a confocal pinhole aperture of 50 pm diameter was
applied for each spectral acquisition. Single bacterial cells were analysed
collecting chemical Raman maps in the spectral range of 330050 cm™ with a
spectral resolution of 5 cm™ using a 100x objective (0.9 NA). The instrument was
calibrated before every measurement as described in detail in the previous
paragraph. Indeed, accurate calibration processes are fundamental to identify
chemical compounds based on using references and literature data, and to
compare measurements acquired in different conditions (for instance, in case of
environmental and instrumental parameters changes) especially for the
comparisons between freeze-dried and air-dried samples. The total uncertainty
obviously includes some systematic biases between measurements as well as
random contributions influencing each spectrum. However, since the intra-image
variability is lower than the total one it can be assumed that multivariate analysis
on single Raman maps is not affected by the former, and is intrinsically robust
against the latter. For the bacterial spectral band assignment, a 6™ order
polynomial fit was applied to the average spectra of each sample to delete any
fluorescence effects. Spectral regions of interest were analysed by deconvolving
specific peaks in order to obtain the wavenumber of each maximum and a
chemical meaning was assigned to each signal. The Raman chemical images
lateral resolution was of 0.1 um and they were acquired using the step size of the
sample stage obtaining a resolution greater than the laser spot-size, which is
approximately of 0.45 pm.

3.2.4.3 Data analysis and multivariate modelling

Data reduction and analysis was performed by the Hypertools open source
interface for hyperspectral image analysis. The noisy background around single
bacterial cells was removed using an image mask created on the basis of a k-
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means clustering setting k = 6. The 4 classes ascribed to background by the model
were removed, therefore the pixels formed an image which was related only to the
bacterial chemical signals.

Then PCA was performed after pre-processing the Raman spectra in the range
between 666 cm™ and 3120 cm! by correction of the baseline (by least squares
fitting using 2" order polynomial), smoothing of 41 points window (2" order
Savitsky-Golay method) and mean centering.

Two PCs emerged to contain relevant data, so the multivariate curve
resolution-alternating least squares (MCR-ALS) method was applied to resolve 2
components. This method is based on the resolution of the discernment of a two-
variable model D = CS" + E, where D is the raw measurement, C is the matrix of
concentration profiles and ST the matrix of related pure spectra. E encompasses
the experimental noise and the background unrelated to the ideal components. The
number of image components was determined by PCA. The alternating
optimization started by using the original pre-processed measurement, D, and an
initial guess of either the C or the ST matrices. Non-negativity constraint was
imposed for the two model components (MCR1 and MCR?2).

3.3 DEP-Raman spectroscopy: a novel approach to
rapidly characterize bacteria and detect antibiotic
resistances

As introduced in chapter 1, paragraph 1.3.5, some strategies can be applied in
order to facilitate the Raman analysis of samples which are dispersed in liquid
solutions. In particular, dielectrophoresis (DEP) can be used in combination of
Raman spectroscopy to increase the number of bacteria under the focus spot of the
microscope aggregating them thanks to spatial non-uniform alternate electric
fields. This results in a maximization of the Raman signal and an increasing of the
signal- to-noise ratio [98, 99].

The detection and characterization of the different bacterial species dispersed
in human samples of body fluids and the development of rapid, sensitive and
specific methods to determine antibiotic susceptibility of bacteria represent two of
the most important issues to avoid sepsis deaths, prescribe targeted effective
therapies and reduce the widespread misuse of antibiotic and multi-drug-
resistance related problems. Thus, a combined DEP-Raman approach is here
proposed as an innovative technique for bacterial strain characterization and
antibiotic susceptibility test (AST). The developed Raman-based method allows to
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reduce the total time of liquid sample analysis to few hours instead of the 24 h
required by classical microbiological assays.

In the following paragraphs, firstly three different bacterial strains:
Escherichia coli, Pseudomonas aeruginosa and Staphylococcus aureus were
characterized by Raman using an in-house constructed DEP-Raman microfluidic
device. The two firsts are Gram — while the third is Gram +. These two kinds of
bacteria present many structural differences due to their different cell wall
chemical composition.

Then, the susceptibility of E. coli, a model bacterial strain which is usually
associated to urinary tract infection (UTI) diseases [181], towards the commonly
employed second-generation fluoroquinolone ciprofloxacin (CP) [182] was
dynamically analysed over time by the same DEP-Raman device.

The purpose was to develop a statistically robust and reliable classification
model based on the analysis of spectral signal variance to rapidly determine the
viability of E. coli when treated with the antibiotic, detecting spectral changes in
the bacterial chemical fingerprint over time due to the mode of action of the drug
in comparison with an untreated control, which could be applied for the prediction
of bacterial susceptibility to CP or other drugs. The systematic differences present
in the Raman spectra were thus identified, using supervised multivariate tools
such as Partial least square discriminant analysis (PLS-DA) and PLS-regression,
as a function of experimental replicates, time of exposure to the treatment and
antibiotic action and a statistical significance was assigned by ANOVA
simultaneous component analysis (ASCA). The sensitivity and predictive power
of the built model was successfully proved twice testing the viability of E. coli
treated with CP at sub-MIC and the viability of an E. coli strain genetically
modified to be resistant to CP (E. coli PSA-I) demonstrating its good accuracy.
Furthermore, for the first time, this predictive model was applied to evaluate E.
coli susceptibility to CP in a situation of cross-induced tolerance obtained by its
pre-treatment with sub-MIC concentration of a common used biocide agent:
triclosan (TCS), which was recently withdrawn from the market due to its positive
relation with the occurrence of multi-drug resistance (MDR) process [183]. The
results presented in the following paragraphs were published in 2020, and are
accessible through the reference [175].
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3.3.1 Characterization of E. coli, S. aureus and P.
aeruginosa by DEP-Raman spectroscopy

The sensitivity of the manufactured DEP-Raman setup was tested analysing
three different bacterial strains E.coli MG1655, S. aureus SH1000 and P.
aeruginosa PAO1-N. These strains were chosen because of their great interest in
medical and microbiological fields due to their connection with drug resistance
studies. At least 20 Raman spectra for each bacterial strain were collected
optimizing the DEP cell acquiring conditions for each strain as explained in detail
in paragraph 3.2.3. Raman specific signals in the regions of the bacteria chemical
fingerprint, between (500-3100) cm™!, were analysed and a chemical assignment
was made for each peak or band (Figure 4).

Figure 4 shows that although all the analysed bacterial strains present a
similar Raman profile in the molecular fingerprint region due to the same basic
compositional structures, some differences are evident between the three spectra.
In particular, bands around 750 cm™ and 787 cm™! can be ascribed to the relative
content of nucleic acids. The intensities of the bands at 1445 cm™ and 1660 cm™,
which are due to the C-H and the amide I vibrational modes respectively, can be
useful to calculate lipid/protein ratio, an information that can help to the detection
of structural composition changes of microbial cells due to environmental factors
such as temperature or pH of the culture medium or they can be an indications of
the growth time. The peak at 1008 cm™ is typical of the phenylalanine and is
always very narrow and intense in all Raman spectra of bacteria. However, there
are some molecular constituents, like pigments, that produced the formation of
additional peaks in the Raman spectra which, even if their amount is very small,
provided a noticeable intensity due to pre-resonance phenomena.

For instance, Raman spectra of S. aureus displayed two specific peaks around
1525 cm™ (v(C=C)) and at 1160 cm™ (v(C-C)) which could be ascribable to the
signals of carotenoid structure [184] which are cellular pigments present in this
particular bacterial strain and responsible of the characteristic orange colour of its
colonies. It was found in literature that the amount of this pigment production is
time-dependent and can be easily related to the stage of growth of the bacterial
cells comparing the relative intensities of the two peaks with the amide I band as
an internal standard [185].
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Figure 4: DEP-Raman characterization of E. coli MG1655, S. aureus SH1000 and P.
aeruginosa PAOL.
Raman spectra of E. coli MG1655 (blue), S. aureus SH1000 (red) and P. aeruginosa
PAOI (green). The most significant bacterial spectral regions are highlighted in blue and
a chemical assignment was done for each signal. The CHy region and the molecular
fingerprint region are squared. Reprinted with permission from [175].

The attention was then focalized especially on E. coli and its Raman spectrum
obtained using this DEP-Raman technique was more accurately analysed (Figure
5). A tentative assignment of each significant Raman signal was performed and is
summarized in Table 4.
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Figure 5: Raman spectrum of E. coli MG1655 with signal assignment.

Spectrum of E. coli MG1655 obtained using the DEP cell. The spectral collection
conditions are described in Material and Methods section.

Table 4: E. coli MG1655 Raman signals and their tentative assignment.

Reference
Raman shift (cm™) Assignment Chemical compound
assignement (cm™')

2940 V(CH:) asym. carbohydrates, amino acids, 2935 [186]
V(CH3) sym. proteins, lipids 2935 [187]
amide I band 1666 [188]

1657
v(C=C) nucleic acids 1663 [187]

1584 amide II band 1565 [189]
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S(NH); v(CN)

nucleic acids (G, A)

1575 [186]

lipids, amino acid, side

1440-1480 d(CH2/CHz) chains of proteins and 1440-1460[186]; 1450 [188]
carbohydrates
ring vibration nucleic acids ( G, A), Trp 1337 [186]
1338-1316
O(CHy) proteins 1337 [186]
v(C-C), v(C-0) nucleic acids (A, T) 1250-1000 [189]
amide III band 1245 [186]
1241
v(POy") asym. DNA bases 1243 [186]
v(C-O-S) sulpholipids 1240 [189]
ring stretching 1115-1005 [189]
saccharide components
1100-1035 (hpld, DNA and RNA
backbone); phenylalanine
v(C-O-C) sym. 1104 [187]
glycosidic link;
v(C-N); v(C-C); 1125[186]; 1099 [187]
1003 v(C-OH)

Phenylalanine

1008 [185]
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854 v(C-N-C) sym. aminoacids (Tyr) 850[189]

813 v(C-0-S) sulpholipids 800-815 [189]

) _ leic aci T
ring breathing nucleic acids (C, T, U),

783 modes phenylalanine, pyranose 786-780 [187]
compounds
DNA (A,G,C) 748 [187]
750-620 ring vibration
amminoacids (Phe) 615 [185]

*v: stretching mode, d: deformation mode, G: guanine, A: adenine, T: thymine, C:
cytosine, U: uracil

These results show that with the developed Raman-DEP setup different
bacterial strains dynamically dispersed in their liquid medium as planktonic
culture can be analysed in a very short time. Raman spectra allows to obtain
chemical information about their time of growth or other microbiological
conditions and different bacterial strains could be discriminate and recognized on
the basis of their specific Raman signals. However, even if macro differences such
as the presence of pigments in the cells can be easily detected by the naked eye,
modern machine learning techniques and multivariate statistics such as
classification models and cluster analysis are very useful to analyse larger number
of Raman spectra simultaneously and identify the most significant spectral regions
of variance to achieve optimal classifications. However, these preliminary results
were fundamental to confirm the successful working of the developed DEP cell.

3.3.2 Determination of MIC and MBC of ciprofloxacin
towards E. coli MG1655 by DEP-Raman

In order to study the changes in the Raman spectra of E. coli MG1655 due to
its treatment with the most prescribed second generation fluoroquinolone
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ciprofloxacin (CP) and its mode of action, firstly the MIC and MBC of this
antibiotic toward E. coli were determined using classical microbiological assays,
like BDM and viability assay. Bacteria were let grown until they reached the mid
of their exponential growth phase, ODsoo around 0.3, where they were
demonstrated to be more sensitive to external treatments. Indeed, since at this
stage of growth bacteria are rapidly multiplying, the chance of developing
advantageous mutations that would confer resistance to antibiotics or other
antimicrobial is higher [190]. Then they were treated with different concentrations
of CP (0.015-2) pg/ml.

As shown in Figure 6, it emerged that, under these culture conditions, the
MIC and MBC of ciprofloxacin for E. coli MG1655 are 0.5 pg/ml and 1 pg/ml,
respectively.

a) b)
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Figure 6: CP MIC and MBC determination for E. coli MG1655.
a) Turbidity assay results of the CP MIC determination for E. coli MG1655 by BDM. The
ODsoo of the cultures measured were plotted against time. Concentrations of CP between
0.015 pg/ml and 2 pg/ml were tested. b) Viability assay results of the CP MBC
determination for E. coli MG1655. The CFU enumeration was performed using the same
concentrations of CP employed for the BDM. The red box (a) and red circle (b) indicate
the MIC and MBC values, respectively. Reprinted with permission from [175].

Raman analyses of E. coli MG1655 were then performed using the DEP-
Raman setup and comparisons between bacterial treated (Test) and untreated
samples (CTRL-) were performed at the CP MBC (1 pg/ml) for four different
time points (0, 1, 2, 3) h. The volume of analysis of the confocal Raman
microscope was 4.7 um® under the conditions of this experiment. Samples of

2
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CTRL- E. coli MG1655 cells were analysed by optical microscopy and it was
calculated that performing the DEP-Raman measurements no more than 10 cells
were investigated (bacteria treated with CP have higher, variable volumes, so in
these cases the number was reduced). Standard microbiological assays such as
OD600 measurements, viability assay and fluorescence microscopy analysis were
performed simultaneously with Raman analysis as reference methods to correlate
the observed Raman response. Differences between the spectra of treated and
untreated bacteria were detected (Figure 7).
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Figure 7: DEP-Raman and turbidity assays measurements of different E. coli strains
treated at different concentrations of CP or untreated over 3 hours.

a) E. coli MG1655 and E. coli PSA-1 DEP-Raman spectra. Samples are: E. coli MG1655
untreated (dash dark green), treated with CP at 1 pg/ml (red) and treated with CP 0.015
pg/ml (blue); E. coli PSA-I untreated (purple) and treated with CP at 1 pg/ml for 1h
(green). Inserts: spectral regions which display the most relevant differences. In insert ii):
spectra were normalized against the peak at 1339 cm™! (tryptophan vibrational modes). b)
Turbidity assay of E. coli strains MG1655 and PSA-I showing their growth under the
same treatment conditions and colour coding described for panel a. The ODgoo of the
cultures is plotted against incubation time Reprinted with permission from [175].

Figure 7b showed that E. coli MG1655, the strain sensitive to CP, when
treated with the MBC of the antibiotic stopped its growth already after 1 h of
treatment. This is due to the cell replication inhibition due to the mode of action of
the drug which induces the arrest of the DNA gyrase/topoisomerase activity.

These results were confirmed by the viability assay which demonstrated that
bacteria exposed for 24 h to CP at 1 pg/ml showed a viability reduction of 99.9%
in comparison with the negative control (Figure 6b). Therefore, in the following
paragraph bacterial cells treated with MBC of CP will be referred as “non-viable”
while the untreated ones (CTRL-), which maintained all their vitality and
viability, as “control”.

3.3.3 Multivariate data analysis and classification model
building

Even though the spectral profile of treated and control samples was very
similar, statistical differentiation due to minor changes dependent on drug
treatment were highlighted exploring Raman data performing a Principal
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Component Analysis (PCA) (Figure 8). This technique helps in the visualization
of non-random variation in spectral data. In general, multivariate statistical
analysis helps in finding the spectral regions of maximum variance to focus on, in
order to make a better spectral interpretation.
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Figure 8: PCA model built on Raman spectra of E. coli MG1655 treated with CP at
MBC over 3 h.

a) Scores plot of PC2 vs PCI. Groups were coloured by treatment: control samples
(green) and treated samples (red), each point represents one Raman spectrum. b) Scores
plot of PC3 vs PCI1. Groups were coloured by time: starting point (green), 1 h (yellow), 2
h (orange), 3 h (red). Each point represents one Raman spectrum. c¢) Loading profile of
PC1, PC2 and PC3, highlighting the more meaningful spectral bands represented in the
first three PCs. Red dashes display the relevant bands related to treatment (represented
mostly in PC1 and PC2); black dashes display relevant bands that vary due to the effect
of time (represented mostly in PC1 and PC3). Reprinted with permission from [175].
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PCA results showed that changes to the Raman spectra of E. coli due to the
CP treatment were visible already after 1 h of antibiotic treatment (Figure 8a).
This analysis allowed to detect also spectral changes due to the passing of time
(Figure 8b). However, the spectral regions involved in each of these two effects
revealed to be different, indeed they were mostly represented by different PCs
(Figure 8c).

It was found that Raman signals variations driven by the antibiotic treatment
were those corresponding to the vibrational modes of nucleic acids (Figure 9a),
which is in line with the CP mode of action as it targets cellular DNA.
Specifically, spectral changes were found in the region at 1584 cm™ which
corresponds to the v(C-N), 6(N-H) of guanine and adenine [191]; in the peaks
around (748-750) cm! due to v(O-P-O) and aromatic ring vibration of nucleic
acids [187]; and in the spectral region between (1300-1370) cm™' corresponding
to deformation of adenine and guanine (1302-1315) cm™ [192], tryptophan (1339
cm™!), (CH2/CHs) twisting, wagging, bending modes of lipids (1313-1307) cm’!
[187] and cytosine (1362 cm™) [193] (Figure 9a).

Conversely, spectral regions affected by the passing of time were more related
to protein and lipids. In particular, variations were identified in the spectral region
around 1100 cm’!, related to v(C-N) and other ring breathing modes of
phenylalanine (Phe). Other ones were present in the band at 1240 cm™ referring to
amide III and asymmetric v(PO2) of DNA bases. Many differences were found in
the region between (1338-1310) cm™' corresponding to 8(CH) of tryptophan
(Trp), C-H bending modes of lipids and ring vibration of guanine and adenine,
and in the peak at 1480 cm™ which refers to CHy stretching modes of lipids.
Specifically, the band at 1240 cm™ was found to be influenced more by the time
of incubation, than by the presence of the antibiotic, which is in accordance with
literature data [97] (Figure 9b).
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Figure 9: Raman average spectra of E. coli MG1655 treated with MBC of CP.
a) Raman spectral differences between E. coli MG1655 untreated (green) or treated with
1 pg/ml of CP for 1 h (red). b) Raman spectral difference between E. coli MG1655
treated for 0 h (green), 1 h (yellow), 2 h (orange) and 3 h (red) with 1 pg/ml of CP.
Chemical meaning was assigned to the bands which changed the most. Reprinted with
permission from [175].

To evaluate the statistical significance of those spectral variation emerged
from PCA an ASCA was performed on the same dataset. This statistical technique
is highly appropriate for time-resolved multigroup (such as viable or non-viable E.
coli, treated for the three different time spans), multi-subject (data of several
culture batches) and multivariate data (such as Raman spectra). It results that both
bacterial growth time and CP effects together with experimental replicates led to
statistically significant chemical changes. The variations due to each of these three
factors (“time”, “drug” and “experiment”) were detected and quantified by ASCA.
It emerged that the effects of factor “experiment” produced from data of different
replicate samples are the prevalent with 16.27% of spectral variance with p =
0.001, while the factor "time" produced a variance of 12.56% with p = 0.001 and
the factor “drug” presented 11.73% of variance with p = 0.001. Furthermore, also
the combination of the two factor "time x drug" was analysed and resulted
significant, meaning that the antibiotic action toward bacterial cells was not
constant over time but the cells responded differently to the drug after different
time of treatment.
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Figure 10: ASCA scores plots built on the first two PCs relevant experimental factors.
a) ASCA score plot relative to factor “time” b) ASCA score plot relative to factor “drug”.

¢) Loading profile of PC1 for factors “time” and “drug”. Reprinted with permission from
[175].

Figure 10 panel a) and b) show the scores plot of the PCA models built for the
two effects “time” and “drug” exhibiting a statistical significant separation
between the groups. Figure 10 panel c¢) displays the loading profiles of PC1 for
these two factors revealing the different contribution of original spectral bands in
the separation. These results demonstrated that the impact of bacterial physiology
and stage of growth are not negligible and that the antibiotic action can be
successfully detected by Raman spectroscopy. Moreover, ASCA on the PC1 of
the PCA model was performed colouring the data groups on the basis of the
concentration of CP used for the treatments (Figure 11) revealing a correlation
between Raman spectra and different concentrations of the antibiotic confirming
with Raman the results obtained with classical microbiological methods used for
MIC and MBC determination. For this experiment four different concentrations of
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CP were analysed over a 3 h time span. ASCA model of normalized and mean
centred spectra was calculated to better understand the effect of CP concentration
in combination with other experimental factors. Factor 1 represents “CP
concentration”, its levels are: 0 ug/ml (untreated control bacteria), 0.015 pg/ml
(sub-MIC treatment), 0.5 pg/ml (MIC treatment), 1 ug/ml (MBC treatment).
Factor 2 represents “time”, its levels are (1, 2, 3) h (6 spectra were collected for
each experimental level).
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Figure 11: Evaluation of the effect of CP concentration on E. coli MG1655 Raman
spectra by ASCA.

a) Average spectra of bacteria treated at the same concentration of CP (at all the three
time points); b) Loading shape of the PCl of the PCA model related to the “CP
concentration” factor of the ASCA model; c) ASCA plot of PCI resulted from Raman
spectral data of E. coli replicates untreated (green), treated with 0.015 pg/ml of CP
(yellow rhombi), treated with 0.5 pug/ml of CP (orange squares) and treated with 1 pg/ml
of CP (red triangles). Reprinted with permission from [175].
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The CP concentration factor resulted to have a significant effect on spectral
variance (52%) with a p-value of 0.001. In Figure 11 the normalized average
spectra of the four concentration levels are showed (panel a) together with the
profile of the calculated CP concentration factor (loadings on PC1 of factor “CP
concentration”) (panel b), and the scatter plot of the scores on this factor for 12
measurement batches (panel c).

Since these results were very promising, PLS-DA classification models were
developed to obtain a predictive method to detect bacterial cells responses to the
CP treatment. It was built one model for each time span, since it was found that
the time of incubation with CP and the time of growth significantly influenced
bacterial Raman spectra of both treated and controls.

Class 1 or “positive” regards bacterial samples treated with the MBC of the
antibiotic and are considered as “non-viable”, while class 0 or “negative” is
related to untreated bacteria considered as “viable”. The sensitivity, specificity
and classification error calculated for this model are summarized in Table 5. It
emerged that a good discrimination between viable and non-viable bacteria can be
obtained already after 1 h of treatment with CP. It is evident that the bacterial
susceptibility to the antibiotic increases over time, indeed after 2 h and 3 h of
treatment, all treated samples were classified as non-viable without any false
negatives. However, the highest prediction’s specificity was obtained after only 1
h of treatment, that is due to the sum-up of the factors “time” and “treatment”
effects, resulting in an increasing of false positives, i.e. erroneously classified as
non-viable. Since the total error rate increases over time, the analysis was focused
on 1 h of treatment because it presented the lowest classification error. Indeed,
while performing an AST for investigating antibiotic tolerance, the possible miss
of a tolerant culture is considered more dangerous than an overestimation of false
negatives (i.e. erroneously classified as viable), so high specificity is required for
this kind of analysis. Moreover, Raman spectroscopy demonstrated to be more
sensitive in comparison with classical microbiological techniques as major
differences between the spectra of treated and untreated bacteria were detectable
already after 1 h of treatment while the growth curves built by the turbidity assay,
almost overlap at this time point (Figure 7b).
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Table 5: Susceptibility, specificity and classification error of PLS-DA models built for
each time point of CP treatment.

Validation 1 h (%) 2 h (%) 3 h (%)
Sensitivity (prediction) 67 100 100
Specificity (prediction) 100 50 33

Classification Error (prediction) 17 25 33

3.34 Classification model validation

The predictive strength of this classification model was tested performing the
same experiment but treating bacteria with other two CP concentrations: 0.5
png/ml, which is the founded MIC for E. coli MG1655 at ODgoo = 0.3, and 0.015
ug/ml, which is definitely under the MIC.

Since CP mechanism of action is to inhibit DNA gyrase and topoisomerase IV
(both involved in DNA replication), thereby blocking bacterial cell division [194],
as showed in the turbidity assay, bacteria treated with MIC of CP (Figure 7b red
line) showed an inhibition of replication after 1 h of treatment (which is the time
required from bacteria for at least two complete cycles of replication and from CP
to affect the total cell population). On the other hand, bacteria treated with 0.015
png/ml of CP continue to grow (Figure 7b, blue line), although a slowdown in the
growth is visible if compared to the untreated bacteria (Figure 7b green line),
which is maybe due to bacterial stress response to the introduction of the
antibiotic, even if this concentration is not sufficient to stop bacterial replication.
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Figure 12: Evaluation of E. coli viability by PLS-DA classification model.
a) Prediction of E. coli MG1655 susceptibility after the treatment with CP 0.015 pg/ml
(dark blue diamonds); b) Prediction of E. coli PSA-I susceptibility after the treatment
with CP 1 pg/ml (dark blue triangles). In both plots, the training data were reported as
green circles (negative) and red squares/diamonds (positive). Reprinted with permission
from [175].

The PLS-DA model was then applied to the Raman spectra obtained from
these samples at the three time points and it classified the spectra obtained from E.
coli treated with CP at MIC as non-viable (positive) with 83% of accuracy.
Furthermore, 83% of bacteria treated at sub-MIC were classified as viable
(negative) (Figure 12a).

Moreover, the viability assay performed for the MBC determination (Figure
6b) showed a significant reduction of bacterial vitality after 24 h of treatment with
0.5 pg/ml of CP, whereas with 0.015 pg/ml of CP no significant differences were
visible in comparison with untreated bacteria, which confirmed the classification
results. These results evidenced that RS can be used to test the viability of bacteria
with adequate accuracy after only 1 h of treatment at different CP concentrations,
which is in accordance with previous literature data [98]. Noticeably, the spectral
signals which varied the most in correlation with CP concentration are the same as
those that were revealed to be related to the effect of the antibiotic (Figure 11).

In order to further validate the classification model, it was applied to classify
an environmental isolate CP resistant strain of E. coli (E. coli PSA-I), which
demonstrated to be morphologically very similar to E. c/i MG1655 [195],
untreated and after a treatment with CP at 1 pg/ml.
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The turbidity assay (Figure 7b) revealed that as expected E. coli PSA-I
replication was not inhibited by this CP treatment, but continued to grow at the
same rate as the untreated E. coli PSA-I. This was confirmed by the Raman
spectra profile of E. coli PSA-I treated with CP at 1 pg/ml (green line), which
highlight more similarities with E. coli MG1655 negative control (olive dash line)
than with the treated one (red line, Figure 7a). After only 1 h of antibiotic
treatment 100% of E. coli PSA-I bacteria were correctly classified by the model as
viable (Figure 12b) as well as 89% of the untreated E. coli PSA-I samples. This
test is a very important result since it demonstrated the versatility of the model on
different bacterial strains, even though they can slightly differ from the training
set. So, the statistical robustness of the model was confirmed since the scores of
the resistant E. coli strain were positioned below the discriminant line, nearer to
negative control cells (viable). Moreover, from this experiment emerged that the
model can successfully be applied to predict the susceptibility of bacteria to a
specific antibiotic.

3.3.5 Application of the model to a biocide cross-induced
tolerance experiment

It was previously demonstrated that some biocide products such as triclosan
(TCS), which was one of the most widely used antimicrobial agents for personal
hygiene purposes, are able to induce cross-tolerance to antibiotics in different
bacterial species even at concentrations commonly found in the environment
[196]. Westfall et al [197], demonstrated by both in vitro and in vivo in murine
models that TCS exerts an impressive protective effect on E. coli, increasing its
survival in the presence of ciprofloxacin even at concentration around three times
the MIC (100 ng/ml). In this thesis E. coli MG1655 was pre-treated with TCS at a
concentration usually found in the urine of individuals using products containing
TCS (0.2 pg/ml) [198, 199] promote a biocide induced antibiotic tolerance. Then,
the susceptibility of the developed DEP-RS method to detect antibiotic tolerance
insurgence was tested.

Simultaneously, fluorescence microscopy and viability assays were performed
on each bacterial samples as reference methods to support the Raman results
(Figures 13 and 14).
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Figure 13: Fluorescence microscopy of E. coli MG1655 subject to different
treatment.
a-d) E. coli MG1655 untreated. e-h) E. coli MG1655 treated with 0.2 pg/ml of TCS for 1
h. i-n) E. coli MG1655 treated with 0.5 pg/ml of CP. o-r) E. coli MG1655 pre-treated for
30 min with 0.2 pg/ml of TCS and then treated with 0.5 pug/ml of CP. Each sample is
shown in bright field (a,e,i,0), stained for bacterial membranes (b,f,l,p; green), for DNA

(c,g,m,q; red) or with membrane and DNA stains overlaid (d,h,n,r). reprinted with
permission from [175].
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Figure 14: E. coli MG1655 viability assay to confirm the cross-induced tolerance.

a) Photo of a representative plate of E. coli MG1655 untreated (NT), pre-treated with 0.2
pg/ml TCS then treated with CP at 0.5 pg/ml (CP+TCS) for 1 h, or treated only with CP
at 0.5 ug/ml (CP) for 1 h. b) Viability assay results representation of £. coli MG1655 NT
(green), CP + TCS (blue), CP (red) after (1, 2, 3) h of treatment with CP. The tolerance
was evident after 24 h at a significant level for all the 3 time points (star: p-value < 0.05).
Each experiment was replicated three independent times and error bars are shown.
Reprinted with permission from [175].

In Figure 13, it is evident that CP treatment at the MIC (0.5 pg/ml) for 1 h
induces visible filamentation and changes in the DNA localization in E. coli
MG1655 (Figure 13 i-n) if compared with the untreated ones (Figure 13 a-d). This
is due to the bacterial response to the mechanism of action of the antibiotic which
blocking the cell division induces an SOS DNA repair response. It is important to
notice that the bacterial samples treated for 1 h with CP after a pre-treatment with
sub-MIC concentration of TCS maintain the typical morphology of untreated
bacterial cells (Figure 13 p—r). These results confirmed the successful induction of
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CP tolerance since bacterial cells recover their ability to divide themselves even in
presence of the MIC of CP. It was also demonstrated that 1 h of treatment with
ciprofloxacin at this concentration is sufficient to observe its influence on cell
morphology and intracellular DNA distribution. Furthermore, it was confirmed
that bacteria pre-treated with TCS at sub-MIC concentration are able to develop a
cross-tolerance to CP after just 1 h of exposure to the antibiotic. This was
supported by viability assay data (Figure 14) where a statistically significant (p-
value < 0.05) increase in growth of bacteria pre-treated with TCS and then treated
with CP at all the three time points if compared with those treated only with CP.

The DEP-RS spectra of the same samples were analysed with the previously
validated PLS-DA model (Figure 15).
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Figure 15: PLS-DA plots of E. coli MG1655 cross-induced resistance experiment.

a) PLS-DA classification of E. coli MG1655 spectra collected after 1 h of CP treatment.
b) PLS-DA classification of E. coli MG1655 spectra after 3 h of CP treatment. E. coli
MG1655 samples: pre-treated with TCS then treated with CP at MIC (dark blue squares)
or MBC (light blue triangles), treated only with CP at MIC (yellow triangles) or MBC
(red diamonds). The training set data are also reported as green circles and red diamonds
for “viable” (untreated) and ‘“non-viable” (treated with CP at 1 pg/ml) bacteria,
respectively. Reprinted with permission from [175].

As it 1s shown in Figure 15 most of bacteria treated with MIC of CP (yellow
triangles) were classified by the PLS-DA model as “non-viable”. This was a
control test and those samples represented the negatives for the model sensitivity
and specificity calculation. Bacteria treated with both drugs were successfully
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classified as tolerant near the group of “viable” bacteria after 1 h of treatment with
MIC of CP with a sensitivity of 66% (panel a) which rises to 83% after 3 h of
treatment (panel b). This confirmed that the DEP-RS approach is able to reveal
the TCS-induced tolerance after only 1 h of antibiotic treatment, as confirmed by
the biological assays results. In addition, the induced tolerance was detected more
sensitively after prolonged time of CP treatment. This might be due to the greater
adaptability of bacterial cells to CP after 3 h, clearly showing the TCS-induced
tolerance. The same experiment was performed using the MBC of CP and
evaluating its effect using the validated DEP-RS method. In this case, 1 h of
treatment revealed to be insufficient to observe bacterial tolerance effects which,
however, appeared evident after 3 h of treatment with a sensitivity of 100%. This
supports that prolonged time of treatment with the antibiotic allows the detection
of the insurgence of cross-induced tolerances also at higher CP concentrations, i.e.
at the MBC.

3.4 Raman Imaging for bacterial structures analysis
and their localization at a single cell level

Another method to improve Raman performance in the field of
microbiological analysis is to combine it with hyperspectral imaging technology,
which allows to acquire both spectral and spatial information at the same time.
Indeed, Raman imaging in respect to conventional spectroscopy presents a higher
spatial resolution, and it is really suited for biological purposes because there is no
interference by water, enabling direct measurements on wet tissues, alive cells or
bacterial biofilms. The specific chemical fingerprints of the molecules explained
in the electromagnetic spectrum in a defined area are recorded pixel by pixel in
the resulting image. This technique could be very useful for the characterization
of the composition and homogeneity of materials and the identification of their
spatial features. Also in this case, statistical data processing techniques, like
machine learning and chemometrics, are fundamental to reduce spectral
interpretation complexity and data dimensions and to improve the management of
the huge amount of chemical and physical information resulting from the images
facilitating the detection of important information and the classification of the
areas of interest during post-processing [200]. In this way, data regarding different
stages of cells cycles or structural features of microorganisms can be rapidly
obtained and accurately processed without time-consuming steps [201].
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In this thesis, the ability of Raman hyperspectral imaging to detect the spatial
distribution of the biological components in a single bacterial cell at a sub-micron
level based on their Raman spectral differences is demonstrated. A single E. coli
cell, in his mid-exponential growth phase, was here investigated using this
technique in order to localize the intracellular elements, such as membrane
proteins and DNA molecules, and identify the phase of the cell replication cycle
thanks to the Raman imaging high resolution and molecular specificity.

Firstly, a comparison between an E. coli sample let to air-dry and one
lyophilized was performed at a single cell level in order to determine with Raman
the preservation conditions of the cells structures if they undergo or not a thermal
shock due to the instantaneous freezing required in the freeze-dry process without
the addition of any cryoprotectant.

The obtained Raman hyperspectral imaging maps were then analysed
throughout multivariate statistical methods such as PCA, to reduce data
dimensionality, and MCR-ALS to solve the mixed spectra. Indeed, this last
statistical technique allows to provide a chemically meaningful additive bilinear
model of pure contributions from the sole information of an original data matrix
including a mixed measurement [170].

In the following paragraphs the use of Raman imaging to detect and map the
DNA segregation of a single replicating bacterial cell at a sub-micrometre level is
explained, the results presented here were published in 2021, and are accessible
through the reference [202].

3.4.1 E. coli single cell sub-diffraction Raman Imaging

The spatial distribution of biocomponents of an E. coli ATCC 8739, a
standard bacterial strain, single cell was here analysed by Raman imaging. E. coli
planktonic culture at a concentration of 1 x 10® CFU/ml was spotted on a golden
substrate and an isolated cell was selected randomly and its Raman fingerprint
was acquired using the Raman imaging DXR-xi instrument. The mean Raman
spectrum resulted to be almost overlapped to that obtained with the DXR so the
signals chemical assignment can be referred to Table 4.

Then, one sample of E. coli was let air dry (Figure 16Aa) while one was
freeze dried (Figure 16Ab) as described in material and methods. These two
samples were analysed by sub-micrometrical Raman imaging to determine
changes in the distribution of cells biological components due to the different
treatment without the need of any molecular staining. Images of each single E.
coli cell were obtained scanning areas of about 6 pm x 5 pm. The spectra
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collection conditions were optimized for each sample maximizing the Raman
signal at 2940 cm™ relative to CH2/CHs vibrational modes [186, 187]. The
resulting maps were colored according to the intensity of the peak of interest from
blue to red as the Raman signal increased, to easily localise the corresponding
biomolecules within the cell area.
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Figure 16: Comparison of Raman Imaging maps of an air dried and a freeze dried
single E. coli cell at molecular level.

A) Image of representative E. coli samples spotted on gold surfaces taken by confocal
microscopy with a 100x magnification. (a) Air dried cells, (b) freeze dried cells. B)
Single E. coli cell’s chemical Raman map, the colour scale is based on the intensity of the
Raman signal at 2940 cm™' related to generic biomaterial. C) Chemical Raman map at
1449 cm! relative to cell membrane. D-E) Chemical Raman map at 1243 and 780 cm™
relative to nucleic acids. Adapted with permission from [202].
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Figure 16B shows chemical Raman maps of the two differently treated E. coli
cells coloured with respect to the intensity of the Raman signal at 2940 cm,
which is the most intense when biomaterials are analysed, attesting that both the
air dried and the freeze dried cells remain mostly intact. However, greater
differences between the two samples could be detected focusing on the signal at
1449 cm™ (Figure 16C) corresponding to §(CH2/CH3) modes of C-H functional
groups of lipids, proteins’ amino acid side chains and carbohydrates, which are all
principally paced on the bacterial membrane region [203]. Since freeze-dried
bacteria undergo a very fast freezing process when instantly immerged in liquid
nitrogen, without the addition of any cryoprotectant in the culture medium,
differences in the integrity of the cell’s membrane if compared to simply air dried
ones were expected. Even though in the optical image of the freeze dried cell
(Figure 16Ab) evident cellular damages are not detectable, Raman imaging maps
revealed a difference in the biocomponents distribution between the two samples
which can be ascribed to membrane damage due to the sudden thermal shock
(Figure 16B-C-D-Eb). In this preliminary study the cryoprotective agent was
omitted on purpose to demonstrate that Raman images allows to capture the real
distribution of the compounds within the bacterial cell at a molecular level,
revealing differences in the case of proper or poor preparation method.
Noticeably, the air dried sample (Figure 16Ca) presented more homogeneity of
the highest Raman intensity areas (red to yellow) toward the cell in respect to the
freeze-dried sample (Figure 16Cb). Indeed, in this case the membrane appears
damaged resulting in a less defined outer shape. To confirm these findings, the
line profiles of intensity across the cell (both longitudinal and transversal) were
obtained for the same Raman signals and normalized.
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Figure 17: Profiles of the main Raman signals intensities across the air dried and the
freeze dried E. coli cells.
Intensity profiles of the 4 characteristic peaks at (2940, 1449, 1243) cm™ and 780 ¢cm’!
extracted from the air dried (blue) and the freeze dried (red) E. coli cells. A) longitudinal
section; B) transversal section. Reprinted with permission from [202].

The same analysis were repeated colouring the Raman map in respect to the
signal intensity at 1243 cm™ (Figure 16D) and 780 cm™ (Figure 16E) which are
specific for nucleic acids vibrational modes [187, 189, 203]. From Figure 16D and
16E it results evident that the spatial localization of the regions related to DNA
vibrational modes are different from those regarding the highest intensity of C-H
signals. Once more the air dried cell (Figure 16Da and 16Ea) presented a higher
homogeneity of the main intensity regions than the freeze-dried one (Figure 16D¢
and 16Eb, respectively). Furthermore, membrane disruption of the freeze dried
sample is even more evident if it is considered that while the air dried cell
presented nucleic acids signals mostly condensed in the centre of the cell, in
accordance with the biological distribution of genetic material, in the freeze-dried
one it is unevenly spread around and the peak at 780 cm™! is nearly undetectable,
whereas it can be mapped in the air dried cell. Many other samples were analysed
in the same way (Figure 18) and they all support these results.
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Figure 18: Raman imaging maps of other 4 air dried and 4 freeze dried E. coli single
cells samples.

A) Confocal Microscope images of (a) air dried cells, (b) freeze dried E. coli cells taken

with a 100x magnification. B-E) Chemical Raman maps of the single bacterial cells, the

colour scale is based on the intensity of the Raman signal at B) 2940 cm’!, generic

biomaterials. C) 1449 c¢cm, cell membrane. D-E) 1243 and 780 c¢cm’, nucleic acids.

Adapted with permission from [202].

Multivariate analysis of the obtained Raman imaging data was performed to
further investigate the differences in the spatial distribution of the bacterial
molecules at single cell level considering the variations of all the Raman
vibrational fingerprint at the same time and increasing the specificity of the
findings.

3.4.2 Principal component analysis to detect dividing cells

Since E. coli samples were let grow to reach their mid-exponential growth
phase, as explained in paragraph 3.2.2, the probability to find bacterial cells that
are duplicating are maximized in this stage of growth. Therefore, Raman imaging
analysis was performed on an air-dried cell that showed bigger dimensions
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(Figure 19A) in comparison with other observed samples in order to enhance the
possibility of detecting actually dividing bacterial cell and to localize the signals
of the different cellular molecules. The hypothesis of observing a real-time
cellular duplication was supported by the fact that the Raman signal at 2940 cm!,
evidenced an accumulation of biomaterials at both ends of the bacterial cell while
in the centre it resulted very low (Figure 19B). To identify unsupervised grouping
of image pixels based on their Raman spectral similarities a PCA was performed
on the spectra composing the map. This analysis helped to better visualize spectral
variance in the different cell’s regions focusing on non-random variations. Figure
19C and 19D show the maps of the PCA revealing the spatial distribution of the
two first components.
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Figure 19: Raman chemical map and PCA scores distribution of a replicating E. coli
single cell.
A) Image of a replicating E. coli cell obtained by confocal microscopy with a 100%
magnification in dark field. B) Raman chemical map of the cell described in A coloured
for the intensity of the Raman signal at 2940 cm™. C) PC1 scores intensity distribution
from lowest (blue) to highest (red). D) PC2 scores intensity distribution from lowest
(blue) to highest (red). Reprinted with permission from [202].
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Figure 20: Explained variance and PC1 and PC2 loadings profile.
A) Explained variance of the first 10 PCs. B) Loadings profile of PC1 (blue) and PC2

(orange) in the range between 666 cm! and 3120 cm’! with corresponding chemical
meaning assignment Reprinted with permission from [202].

The first two principal components (PCs) were explaining the 86.2% of the
total variance of Raman spectral data (Figure 20A) so they were chosen to model
the chemical images. The chemical differences of bacterial composition were
interpreted on the basis of these 2 PCs loadings profiles (Figure 20B) performing
a chemical assignment for the highest scores, thus revealing the chemical species
more represented by each PC (see Table 4). Each pixel of the map was coloured
from yellow to red depending on the highness of each PC’s scores value which
correspond to a lower or higher representation of this PC in the Raman spectral
profile (Figure 19C and D). In particular, both PCs are dominated by the C-H
stretching signal at 2940 cm. This fact confirms the inhomogeneity of
biomaterial distribution within the cell, also supported by the different scores
intensity distribution revealed by each PC. Especially, PC1 highest scores
distribution (Figure 19C) confirmed that the main amount of biomaterial is
condensed at the edges of the cell, as already revealed by the Raman chemical
map (Figure 19B), supporting that it is undergoing duplication.

However, a simple interpretation of chemical information brought by the PCs,
even if detailed, is not always sufficient because the vibrational modes of the
molecules are not always represented by the PCs loading. Indeed, they appear in
their original Raman spectral profile since the shape of the bands resulted from a
mathematical elaboration of data and also negative signals can appear.
Furthermore, PCs explaining larger amounts of information are preferentially
chosen over the others but considering biological systems it is not so simple
because it is well known that large changes may be triggered by very small
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differences [204]. Therefore, MCR-ALS analysis was performed on these data to
identify more components with lower information to support PCA results [205].
This technique, in fact, allows to maintain the chemical meaning of the original
spectrum in the loadings profile of each component providing estimations of the
pure deconvolved spectral shapes in an iterative modelling of mixed spectra.

3.4.3  Multivariate Curve Resolution-Alternating least
squares

The first two components of the MCR-ALS analysis demonstrated to include
the most representative information and their profiles revealed to be in accordance
with the score plots of PC1 and PC2 of the PCA (Figure 21). However, MCR1
and MCR?2 granted a more detailed understanding of biomolecules distribution
and higher specificity considering a whole spectral pattern instead of a single peak
at a time and allowing a better spectral signals analysis removing the negative
ones (Figure 22).
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Figure 21: MCR1 and MCR?2 scores plot of a single replicating E. coli cell.
A) MCRI1 scores plot coloured for its intensity from lowest (blue) to highest (red). B)
MCR?2 scores plot coloured for its intensity from lowest (blue) to highest (red). Reprinted
with permission from [202].
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Figure 22: MCR explained variance and loadings plot of the first two components.
A) First 10 MCR components’ explained variance. B) MCR1 (blue) and MCR2 (orange)
loadings plot in the range between 666 cm™ and 3120 cm™'. Chemical band assignment is
reported in Table 4. Reprinted with permission from [202].

As already said for PCA, also in this case, the MCR1 component mainly
represented spectral data located at the opposite edges of the E. coli cell, with the
highest contribution of the CH signals (2940 cm™) confirming the hypothesis of
the replication. On the other hand, MCR2 contribution is mainly represented in
the central area of the cell with higher scores in the cell’s borders suggesting a
correlation with the bacterial membrane.

The hypothesis of observing an actually dividing E. coli cell is supported by
literature studies on proteins and genetic materials dynamic localization
performed on E. coli based on fluorescence microscopy [206]. Indeed, they
sustained that at the earliest stage of segregation, origin duplicate in the middle of
the cell, then the two sisters’ origins rapidly relocate toward the opposite cell’s
extremities establishing polarity. After DNA replication and condensation, the
bulk of the chromosomes move towards their respective origins [207]. Briefly,
during DNA replication, newly duplicated chromosomes separate from each other
and form two large masses, the nucleoids, at the two poles of the cell with a DNA-
free zone in between. This supported the accumulation of generic biomaterial
observed by both PCA and MCR analysis, attested by intense C-H stretching
signals, at the two extremities of the observed E. coli cell, as they are target for
chromosome as well as for proteins.
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At this point, at the centre of the cell, assembles a cytokinesis ring made of
tubulin-like proteins (FtsZ), known as Z-ring, which is fundamental for bacterial
replication to recruit additional proteins needed for cell division. In the space
between the two genetic materials masses generated by chromosomes segregation
takes place the polymerization of the Z-ring proteins. Therefore, dynamic protein
and nucleic acid determinants work together to ensure that the cell finds its
precise mid-point when it undergoes binary fission [208]. Therefore, since during
cellular division, a bacterial cell’s pole can be the targeted by both genetic
material as well as by proteins, this explains the higher concentration of biological
material in these regions, proved by intense C-H stretching signals.

Indeed, a part from these signals MCRI1 is mostly represented by proteins and
nucleic acids signals at 780, 1000-1100 and 1243 cm™', which confirm the theory
of observing the actually segregation of the chromosomes at the two opposite
poles of the cell together with the two replication origins and the proteins needed
for the division. Thus, Raman signals due to the two nucleoids are here captured.
Although, MCR2 in (Figure 22, orange) which seems to be more represented in
the cell’s middle seems to be more related to the cellular membrane components
like proteins, lipids and carbohydrates. This interpretation supported the theory
that the centre of a divisional bacterial cell, between the two nucleosomes, is a
DNA-free zone (Figure 21B). Indeed, in this region, a major presence of
membrane-associated signals could be due to the assembly of the Z-ring proteins
to mediate the cytokinesis, as said before.

3.5 Conclusions of Part 1

In this section of the thesis Raman spectroscopy was employed as new and
faster alternative to classical microbiological techniques to characterize bacteria
and develop new ways to test their sensitivity to antibiotics and biocides. In fact, a
Raman-based method was here developed to detect possible resistances directly
measuring planktonic cultures in few hours instead of the typical 24 h of
incubation required by standard methods. Saving time is fundamental to prevent
or reduce the selection of advantageous resistance mechanisms by the organisms
[209].

Firstly, an integrated microfluidic device was built to combine
dielectrophoresis with Raman spectroscopy to maximize bacterial concentration
under the focus of the laser thus optimizing their signals. Using this DEP-Raman
technique three different bacterial strains (E. coli, P. aeruginosa, S. aureus) were
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well characterized directly in suspension with high specificity. Raman spectral
results were processed by multivariate data analysis and spectral differences
between E. coli treated with the antibiotic ciprofloxacin (CP) at its MIC (“non-
viable” bacteria) or untreated (as negative control or “viable”) were modelled at a
molecular level after only 1 h of treatment. This model based on Raman data was
built to predict the bacterial viability (as well as bacterial susceptibility to
antibiotic treatment), and was successfully validated by correctly classifying as
non-susceptible (or “viable”) bacteria treated with a sub-MIC concentration of CP
and bacteria in which a tolerance to the antibiotic was induced by a pre-treatment
with the biocide TCS at very low concentrations. Furthermore, E. coli PSA-I, a
strain naturally resistant to CP and treated with the MBC of CP, was correctly
predicted as non-susceptible after only 1 h with an accuracy of 100%. All these
results were confirmed by standard microbiological assays supporting the cross-
induction of antibiotic tolerance at the analysed time points and the definition of
the CP MIC and MBC for E. coli MG1655 at its middle exponential growth
phase.

Therefore, the combined DEP-Raman method here explained could open the
way to faster ways to identify bacterial resistances to antibiotics, without the need
of time-consuming sample preparation with high accuracy and versatility for
several applications.

Furthermore, Raman chemical imaging was here applied to investigate single
E. coli cells at sub-micrometrical level to identify and localize the distribution of
different biocomponents throughout the bacterium.

It was demonstrated that bacterial membrane and genetic material can be
distinguished and localized within the bacterial cell by Raman without the need of
any labelling or complex sample preparation. E. coli samples which were freeze-
dried or simply let to air-dried on a microscope slide showed different chemical
map patterns related to the integrity of the bacterial membrane. Moreover,
performing statistical multivariate analysis on the Raman imaging data, the
possibility to visualize the chromosomes segregation and the Z-ring formation
during an actually replicating single bacterial cell was demonstrated. Specifically,
MCR-ALS analysis showed one component dominated by DNA signals while the
others, mainly representing membrane proteins signals (which could be due to the
Z-ring assembly), confirmed a different localization of these two types of bacterial
compounds. Thus, Raman spectroscopy enables to observe bacterial duplication
with sufficient specificity and sensitivity to catch the faithful segregation of the
newly duplicated genetic material. These findings could open the door to real-time
molecular analysis on cells in their natural environment.
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4.1 Silver and carbon nanoparticles as antimicrobial
agents in novel active food packaging materials

Silver nanoparticles (AgNPs) are already well known and widely employed in
many fields from medicine [68], to cosmetics, to water disinfection [69] and to
food packaging industry [70]. Indeed, they have demonstrated to be a very
effective alternative to classical antibacterial chemical products or to antibiotics
since they seemed to be less related to the development of microbial resistances
[59] together to their characteristic bactericidal, antiviral and optical properties
and their non-toxicity for human cells at low concentrations [63]. Even if colloidal
silver was employed for its antibacterial properties from ancient times the
potential of silver nanoparticles remains today still not fully exploited also
because it depends on many factors. Firstly, the size of the AgNPs is a variable
that has a great impact on their bactericidal effects since it seems to be inversely
proportional to their efficacy [210, 211, 212], which is mainly due to an higher
exposed metallic surface and a faster ion release from smaller nanoparticles [213,
214]. Furthermore, another factor that greatly influence their antibacterial activity
is their shape. Many studies revealed that truncated triangular nanosilver exhibited
the highest biocidal activity followed by silver nanospheres and nanorods [215].
In addition also their dispersion, chemical stability and the presence of surface
modifiers can influence the results of the tests of their antimicrobial efficacy since
they are usually suspended in aqueous media [216, 217]. However, the relations
between size and antimicrobial properties of AgNPs immobilized on substrates is
still far from being completely understood. In literature many examples of AgNPs
coated or incorporated on/in different materials such as bio/polymers [68, 218§],
fabrics, textiles [219] or glass [220] could be found but a proper evaluation of the
correlation between the nanoparticles’ size, their amount on the surface and their
bactericidal properties conducted by standard and referable methods is not
present.

Thus, three different sized AgNPs (6 + 3, 30 = 6, 52 + 7) nm were synthetized
for this thesis work and their shape, dimensions, surface properties and content of
silver were characterized by different techniques. Their bactericidal properties
were tested in liquid suspension against E. coli ATCC 8739 and their MIC and
MBC were found for all the three sizes. Then, glass surfaces were functionalized
with monolayers of all the three sizes by the “layer-by-layer” (LbL) approach
[220], with different percentage of coverage. The antibacterial properties of this
obtained model active glasses were evaluated against E. coli by the international
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standard ISO 22196. The correlation between the AgNPs antibacterial effects and
their size was here analysed and for the first time surface MBC (SMBC) was
quantified for each type of AgNPs-modified surface. Furthermore, the MBC and
the SMBC were compared to a better understanding of the different mechanisms
of action and the overall antibacterial performance of suspended or immobilized
AgNPs.

Moreover, a second kind of nanoparticles based on carbon were here
considered for their possible application as antimicrobial agents in innovative
active packaging. As already explained in the introduction of this thesis, carbon
nanoparticles (CNP) are arising great interest in many fields of application thanks
to the biocompatibility of the material, low environmental impact and high
mass/surface ratio which make them very suitable as innovative drug delivery
systems and nanomedicine [221, 222]. In particular, the CNP employed in the
present work were obtained from hydrothermal carbonization of glucose, which is
considered a simple green chemistry process that allows to prepare particles of a
defined size, which presented a spheroidal shape, a high stability in suspension
and a negatively charged surface. Furthermore, they demonstrated to have
photothermic and photodynamic activities when irradiated with a NIR laser source
(945 nm) [74] and to be degradable by human monocytes in vitro [79], which is
important to avoid bioaccumulation in the human body. These characteristics
render them very interesting for their application in targeted and punctual tumoral
therapies because they allow to enhance the efficacy of the treatment and to
reduce the side effects of chemotherapy. Thanks to the presence of many
functional groups at their surface they can be functionalized by physical
adsorption or covalent biding with many antimicrobial compounds or cationic
peptides by electrostatic interaction with their surface negative charges.

In this thesis CNP were physically conjugated with a cationic antimicrobial
peptide derived from bactenecin Bac8c>°™®", and the antibacterial activity and
mode of interaction of both the CNP alone and the peptide-loaded CNP was
analysed against Staphylococcus aureus SH1000 and Escherichia coli MG1655 as
models of Gram + and Gram — organisms, respectively. The eight aminoacids
long peptide Bac8c>>®" was chosen for its low production costs and its relevant
bactericidal properties. It revealed a low concentration MIC against S. aureus (8
pg/ml, 6.75 uM) and other medically relevant bacteria and demonstrated to be
effective S. aureus biofilm infections eradication in vitro [223].



Materials and Methods 87

4.2 Materials and Methods

4.2.1 Reagents

Silver nitrate (>99.8%), sodium borohydride (>99.0%), sodium citrate
(>99.0%) and (3-mercaptopropyl)trimethoxysilane (>98%, APTES) were
purchased from Sigma Aldrich.

For bacterial cultivation Luria Barthani (LB) and Muller Hilton (MH) broth
and agar, PBS tablets at pH 7.4 (for 200 ml), nutrient broth (NB) components
(Sigma Aldrich) and plate count agar (PCA) (Lickson) were employed and all
were diluted in Milli-Q® water. Soybean casein digest broth and polyoxyethylene
sorbitan monooleate (Tween 80) by Scharlau Microbiology with lecithin
(SCDLP) was prepared.

The pH of each culture medium was corrected to be in the range between 6.8
and 7.2 (at 25 °C) by the addition of NaOH and HC1 0.1 M solutions.

Phosphate-buffered physiological saline (PPS) was prepared adding sodium
chloride in Milli-Q® water and this solution was used to dilute PBS 800 fold. All
the solutions used for the bacterial analysis were autoclaved.

For the glass substrates commercial microscope glass slides (26 mm x 76
mm, 1.0-1.2 mm thick) purchased from Aptaca (Canelli, Asti) were used.

4.2.2 Bacterial strains and cultivation

Escherichia coli ATCC 8739 was employed for the microbiological
experiments on AgNPs, while Escherichia coli MG1655 and Staphylococcus
aureus SH1000 were chosen for the experiments on CNP.

Each bacterial strain was revitalized and cultured in LB medium for the
AgNPs experiments and in MH medium for the CNP experiments until they
reached an ODgoo of 0.3 as described in details in paragraph 3.2.2.

4.2.3 Active glass functionalized with different-sized silver
nanoparticles

4.2.3.1 Silver nanoparticles preparation

The synthesis of spheroid shaped AgNPs was adapted from a previously
reported preparation method [224, 225, 226]. Briefly, starter seeds of about 6 nm
of diameter were produced by the reduction of silver nitrate induced by sodium
borohydride under controlled temperature conditions. These seeds were used as
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starters for growing larger nanoparticles (30 nm and 52 nm) by the stepwise
seeded-growth method.

4.2.3.2 Chemical characterization of AgNPs

Colloidal AgNPs were analysed by UV-VIS spectrophotometer (Lange
DR500) and absorbance spectra were obtained in the range between (200-1000)
nm using water as blank.

A Jeol JEM-3010 UHR (Tokio, Japan) transmission electron microscope
(TEM) equipped with monocrystalline LaB6 as thermo-ionic source was used to
take images of the colloidal AgNPs with a point resolution of 0.17 nm, employing
a voltage of 300 kV. A drop of AgNPs suspension, prepared as described, was air
dried on a copper grid (3 mm) coated by a perforated carbon thin film. Using the
Image] software [227] the relative diameter and the function of dimensions
distribution of each suspension were obtained from TEM images of at least 200
NPs for each AgNPs size.

The content of silver in each AgNPs preparation was quantified by Thermo
Fisher Scientific ICP-MS ICAP-Qs. Before the measurements the samples were
sonicated for 20 min at 180 W, filtered with a 0.2 um nylon filter and washed
three times with Milli-Q® water, precipitating them by centrifugation as described
in details in the following paragraph. 0.5 ml of each suspension were then
mineralized in hot concentrated HNOj3 to completely dissolve silver and they were
diluted up to 1:10 000 in a 2% (v/v) final nitric acid concentration. A 7 points
calibration curve was made using (100, 50, 25, 10, 5, 1 and 0.3) pg/l with a linear
correlation coefficient >0.999. The polyatomic ions interference was cancelled by
using the collision cell in He mode with kinetic energy discrimination (He -
KED). The isotope '"’Ag was used for quantitation. Other operating parameters
were as follows: RF power 1450 W; main Ar flow 15 I/min; Ar auxiliary flow 1.0
I/min; nebulizer flow 0.90 I/min; concentric nebulizer with impact sphere;
collision cell He flow 5.0 ml/min. Extraction lens voltages and KED bias were
auto-optimized with the tuning solution suggested by the vendor.

4.2.3.3 Cleaning and concentration of AgNPs

The three kind of AgNPs batches were cleaned, concentrated and sterilized.
After a 20 min sonication bath at 180 W they were filtered with a 0.2 um nylon
filter and suspensions at the different concentrations to be tested (from 0.2 pg/ml
to 10 pg/ml) were prepared in Milli-Q® water. Three calibration curves, one for
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each size of AgNPs, based on their extinction UV-VIS spectra were built
considering the maximum of each typical plasmonic peak (391 nm for 6 nm
AgNPs, 398 nm for 30 nm AgNPs and, 419 nm for 52 nm AgNPs). AgNPs were
precipitated at 4 °C by different centrifugations protocols for each size (90 min at
21000 RCF for AgNPs 6 nm, 30 min at 4500 RCF for AgNPs 30 nm, and 20 min
at 2500 RCF for AgNPs 52 nm). AgNPs were washed three times with Milli-Q®
water, sterilized by autoclavation, and the final concentration of the suspensions
after the cleaning was measured on the basis of the calibration curves by Lambert-
Beer formula. Then the final concentration of each AgNPs stock was adjusted to 2
mg/ml with Milli-Q® sterilized water.

4.2.3.4 MIC and MBC determination of colloidal AgNPs

The MIC and the MBC of colloidal AgNPs of the three sizes against E. coli
ATCC 8739 were obtained adapting the method described by Ortiz et al. (Ortiz,
Torres and Paredes, 2014). The three differently sized AgNPs were put in
different tubes within the desired test concentrations in 15 ml of LB medium:
(0.65, 1.3, 2.6, 6.4, 10.4, 13, 26, 39) ug/ml were tested for the (6 = 3) nm AgNPs;
(6.05, 12.1, 24.2, 36.4, 60.5, 97, 121, 146, 182) ng/ml for the (30 £ 6) nm AgNPs
and (6.6, 13.2, 26.5, 66, 106 132, 158, 198) pg/ml for the (52 £ 7) nm AgNPs. All
the suspensions were sonicated at 180 W for 20 min. The bacterial culture
prepared as described in paragraph 4.2.2 was diluted in fresh LB broth to an
ODgoo of 0.1 (which correspond to about 1 x 10® CFU/ml) and each tube was
inoculated with a volume of bacteria to reach a final concentration of 1 x 10°
CFU/ml. A negative control of E. coli in LB without AgNPs and two positive
controls prepared by adding 10 pg/ml of AgNO3 and 10 pg/ml of TCS in the
culture medium were tested as well. All the tubes were vortexed and incubated
horizontally at (37 + 1) °C under agitation at 200 rpm. The ODgoo was measured
every hour for 6 hours and one point was taken after 24 h. Then, each
concentration tested was serially diluted in PBS and plated on LB agar in
triplicate. The plates were incubated overnight at (37 £ 1) °C and the formed
bacterial colonies were counted.

4.2.3.5 Immobilization of the AgNPs on the glasses surface

Squares of 25 mm x 25 mm were manually cut from microscopy glass slides
26 mm x 76 mm, (1.0-1.2) mm thick. They were cleaned by sonication in acetone
bath for 10 min, then in ethanol bath for other 10 min. They were immersed in
aqua regia (3:1 HCI 37%:HNO3; 65%) for 15 min and washed three times with
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Milli-Q® water. Then they were soaked in piranha solution (3:1 H2SO4 96%: H>0
30%) for 30 min at 80° C to generate superficial -OH groups, and washed other
three times with Milli-Q® water. A 3% (v/v) solution of (3-
aminopropyl)triethoxysilane (APTES) was prepared in methanol and put in a
polytetrafluorethylene (PTFE) samples holder where 4 glasses at time were put
vertically for 1 h at room temperature to promote the formation of superficial
amino-groups. The volume of APTES put in each holder was calculated to obtain
at least a monolayer of molecules on each surface of each glass. Then, the amino-
modified glasses were washed by sonicating them in methanol bath, dried using a
nitrogen stream, moved to a 4-place glass holder and kept thermostatically at
150°C for 1 hour. They were let cool to room temperature, and incubated in 30 ml
of colloidal AgNPs of the desired size and dilution for different times. The AgNPs
were diluted in Milli-Q® water in a concentrations range of (1.9-60) pug/ml and
they were incubated with the modified glasses for different time spans from 15
min to overnight. After the incubation, the functionalized glasses were washed
three times with Milli-Q® water and air dried vertically under the sterile cabinet.

4.2.3.6 Characterization of active glasses

The silver modified glasses were analysed by UV-VIS spectrophotometer
(Lange DR500) equipped with a film holder taking absorbance spectra in the (200
-1000) nm range. A non-functionalized cleaned glass was used as blank.

The glasses were then observed by SEM using a SEM FEI Inspect F (Thermo
Scientific) in UHV sputtering them with 10 nm of Au film to prevent their
charging. To estimate the average distribution of the nanoparticles on the glasses
surface, at least 5 images in different samples areas were taken using an
acceleration potential of 10 kV, with a spot size of 3.5 and a magnification of
10000x%. The images were analysed with ImageJ and converted to binary to obtain
the percentage of area covered by AgNPs.

The glasses silver coverage was quantified for each AgNPs size on selected
glasses in duplicate. Glasses without AgNPs, only functionalized with APTES,
were analysed as well as blank. Silver was recovered from the substrates by
soaking the slides in HNO3; 65% for 3 hours and sonicating them for 2 minutes,
then the final volume was brought to 25 ml with HNO;. Samples were then
treated in microwave for 30 min at 150°C to dissolve the residual AgNPs and
finally diluted to obtain a HNO3 concentration of 5%. The solutions were then
measured with the ICP-MS instrument described in paragraph 4.2.3.2.
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4.2.3.7 Antibacterial efficacy characterization of silver-modified glasses

The antibacterial activity of the silver-modified glasses was principally tested
in accordance with ISO 22196:2011 which states the standard procedure for
testing antibacterial activity of plastics and other non-porous substrates setting the
test parameters. It regulates the test specimen’s preparation, bacterial culture
conditions, the incubation time, the content of nutrient medium, and the analytical
method. To avoid any legal repercussions this work refers to the standard, all
changes to this protocol are given in detail to clarify the experimental procedures.
Non-functionalized glasses were used as controls. All the tested glasses were
sterilized bathing them in 70% ethanol for 20 min. The inoculum volume was
reduced to 100 pl in proportion to the area of the sterile cover film, which in this
case was reduced to 20 mm % 20 mm to maintain the correct dimensionality in
relation to that of the glasses, in line with the ISO requirements. E. coli ATCC
8739 at a concentration 1 x 10° CFU/ml was inoculated on each glass surface. The
time of contact of bacteria with the glasses was reduced to 5 h to appreciate better
the kinetics of the killing efficacy when the AgNPs surface coverage was higher.

424 S. aureus and E. coli interaction study with AMP
loaded carbon nanoparticles

4.2.4.1 CNP and AMP stock

CNP with a diameter around 132 nm (CNP-S) and around 243 nm (CNP-L)
were synthetized by hydrothermal carbonization (HTC) of glucose, purified and
characterized for their physiochemical properties, as described in details in the
work of Kokalari et al. [79], by the chemical department of the University of
Turin, which provided us also the antimicrobial peptide Bac8c*°™“ and the
nanosystem Bac8c**"*"@CNP.

4.2.4.2 Viability assay of S. aureus and E. coli treated with CNP

The interaction of E. coli MG1655 and S. aureus SH1000 with three CNP
concentrations: (53.3, 26.7, 13.3) ug/ml was analysed performing a CFU counting
of vital colonies after (0, 24, 48) h of exposition. To do this, 1 ml of the synthesis
batch of CNP was sonicated at 180 W for 20 min and was diluted in PBS to obtain
the three desired concentrations of CNP. The suspensions were incubated for 1 h
at (37 = 1) °C under shaking at 150 rpm. 2 ml of each suspension and a negative
control, consisting in PBS only, were placed in a 12 wells plate in triplicate. Two
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plates were made simultaneously: one for each bacterial strain. The bacterial
culture prepared as described in paragraph 4.2.2, was diluted in fresh MH to reach
a final ODgoo of 0.1 (1 x 10® CFU/ml) and each well was inoculated with 2 ul of
bacterial suspension to obtain a final concentration of 1 x 10° CFU/ml in each
sample. A plate with 2 ml of CNP only, at each of the three concentrations in
triplicate, without the bacterial inoculum was prepared as well and treated in the
same way of the other samples to be used as control for the DEP-Raman analysis.
The plates were incubated at (37 £ 1) °C under shaking at 150 rpm. To avoid
evaporation of the samples the plates’ lids were sealed with Parafilm® M and the
pates were inserted in autoclavable plastic bags during the incubation. An aliquot
of each sample was collected at each time span, serially diluted in PBS and plated
on MH agar. The plates were incubated overnight at (37 + 1) °C. Bacterial
colonies were counted and the logio of the calculated CFU/ml was plotted against
the relative collection time point.

4.2.4.3 DEP -Raman spectroscopy

The association between bacteria and CNP was analysed by the DEP-Raman
method and sample holder device developed and described in details in chapter 3.
At each time point 1 ml of each samples from both the plate inoculated with S.
aureus and that with E. coli and the PBS and CNP only controls were collected.
Bacteria were precipitated at 3000 rpm for 5 min and five-fold concentrated in
order to reach the limit of detection of the technique. Samples were then washed
twice with PBS 0.5% by two centrifugation cycles at 14000 rpm for 1.5 min. The
pellets were suspended in 200 pl of PBS 0.5 and 100 pl of each sample were
injected in the DEP cell. E. coli was agglomerated using this parameters of the
DEP device: 5 V peak-to-peak sinusoidal voltage between the electrodes with a
frequency of 800 kHz. For S. aureus the same waveform was employed but using
an amplitude of 4 V peak-to-peak and a frequency of 1 MHz. The aggregation
time before Raman measurements was 6 minutes for both strains. The micro
Raman instrument and collection conditions were the same described in
paragraph 3.2.3. The integration times used to acquire each Raman spectrum were
60 scans of 2.5 s each (2.5 min total integration time per spectrum).

4.2.4.4 Bacteria-CNP interaction characterization by SEM

SEM was employed to further analyse bacterial behaviour in the presence of
the CNP. Aliquots of the same samples prepared for DEP-Raman analysis,
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described before, were collected immediately after the inoculum or after 24 h.
Bacteria and the interacting CNP were precipitated by centrifugation at 3000 rpm
for 5 min, the supernatant was discarded and bacteria were suspended in 500 pl of
Milli-Q® water and washed by a second centrifugation at 14000 rpm for 1.5 min.
Supernatant was discarded and the pellets were suspended in 40 pl of Milli-Q®
water. 10 pul of each sample were spotted on virgin silicon wafers, which were
previously cleaned in hydrofluoric acid 15% (w/v), and left to air-dry. The images
were acquired using a SEM FEI Inspect F in UHV with an acceleration potential
of 10 kV, with a spot size of 3.5 and a magnification of 10000x.

4.2.4.5 Test of the antimicrobial activity of Bac8c¢****@CNP

The bactericidal activity of the novel nanosystem Bac8c**““@CNP was
measured over time performing a time-kill kinetic assay as described by the
standard procedure developed by the Clinical and Laboratory Standards Institute
(CLSI), USA. This test was performed on the same kind of CNP described above
but with a smaller diameter (CNP-S) in order to obtain the maximum available
loading surface. The same CNP concentrations used for the bacteria interaction
experiments (53.3, 26.7, 13.3) npg/ml were loaded with (16, 8, 4) pg/ml of the
antimicrobial peptide (AMP) Bac8c>>®, respectively. The same concentrations
of AMP alone and of the CNP-S unloaded were tested as well as controls. All the
suspensions were prepared in PBS and incubated at (37 = 1) °C for 1 h under
agitation at 150 rpm. Plates of 12 wells with 2 ml of each sample in triplicate,
including a negative control with PBS only one for each bacterial strain were
prepared as described in details for the viability assay, inoculated with 1.0 x 10°
CFU/ml and incubated at (37 = 1) °C, under shaking at 150 rpm. 100 pl of each
sample were taken after (2, 5, 24) h, serially diluted in PBS, plated on MH agar
and incubated overnight at (37 = 1) °C. Then, the CFU were counted and the
calculated bacterial concentrations (CFU/ml) were plotted against their collection
time point.

4.3 Active glass functionalized with different-sized silver
nanoparticles

Spheroidal citrate-capped silver nanoparticles (AgNPs) with a nominal
diameter of (6, 30, 52) nm were synthetized by the stepwise seeded growth
synthesis method described in material and method section. Their physical and
chemical characteristics were analysed by different analytical techniques. TEM
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was used to determine their shape and dimensions (Figure 23a-b-c), while their
absorbance spectra revealed their optical properties and agglomeration state.
(Figure 23d-e-f); finally, the Ag content in solution for each AgNPs size was

quantified by ICP-MS. All the characteristics of these three sized AgNPs are
summarized in Table 6.

Table 6: AgNPs physiochemical characterization.

. Total .
AgNPs Diameter A .LSPR [Ag] ICP- Single AgNP Number surface Specific
nominal TEM (nm) main peak MS (ng/mi) surface area of AgNPs area surface area
: 2)% * 2 *
size (nm) (nm) (nm®) (NPs/ml) (nm¥/ml)y* (nm~/pg)
6 6+3 391 152+2 1.13 x 10? 1.28 x 10 1.45x 10 9,52 x 10"
30 30+£6 398 424 + 12 2.83 x 103 2.86 x 1012 8.1 x 101 1.9 x 108
52 52+7 419 208 +4 8.49 x 10° 2.54 x 100 23 x 101 1.1x108

* The values were calculated assuming a spherical shape of the AgNPs using the formulas
reported in the text.

To calculate the area of AgNPs their shape was approximated to a sphere and
the following formulas were used:

Equation 1: Single AgNP surface area : Agphere (nm?) = 4712
Equation 2: Numbers of AgNPs : NPs/ml = [Ag] (ug/ml) / single NP mass (ug)

NB: The single NP average mass was calculated by multiplying the calculated
volume of a single NP (Vsphere (nm®) = 4/37r°) by the Ag density: 1.0° x 102°
(g/nm?) and the results were converted from g to pg.

Equation 3: Total surface area: As (nm*/ml) = Agphere (nmM?) x NPs/ml

Equation 4: Specific surface area: As (nm*/ug) = Asphere (nm?) / single NP mass (ug)
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Figure 23: TEM and UV-VIS characterization of colloidal AgNPs.
a)-b)-c) TEM photograph of colloidal AgNPs (6, 30, 52) nm respectively. Insert i) High
Resolution TEM image displaying the lattice fringes of a 6 nm nanoparticle. Insert ii)
TEM image showing a particular pyramidal shape of a 30 nm nanoparticle. d)-e)-f) UV-
VIS absorbance spectra of colloidal AgNPs (6, 30, 52) nm from left to right respectively,
with the reference maximum absorbance peaks. Reprinted with permission from [228].

All the three sizes of AgNPs analysed by TEM revealed to be mainly
spheroidal shaped and the measured average diameters corresponded to
expectations (Figure 23a-c). Insert i) in Figure 23 shows the evaluation of the
crystallinity degree performed by TEM and, in accordance with literature data on
single crystalline AgNP [229], all the three kind of AgNPs displayed a d-spacing
between the lattice fringes of 2.4 A corresponding to the plane of silver. Larger
AgNPs (30 nm and 52 nm), which were obtained from the growing of seeds,
showed the presence of multiple-twinned crystalline planes in HRTEM images.
Particularly, in insert ii) in Figure 23b a five-fold multiple twinned decahedron
crystal, which could be due to the growth of silver, is visible. Indeed, the
formation of multiple twinned particles is normally considered as an indicator of
the formation of silver nuclei/particles which firstly undergo Ostwald ripening and
then are transformed into larger silver nanoparticles completing the growth
process [210, 230].
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The size distribution, shape and above all the agglomeration state of the three
kinds of AgNPs produced were analysed also by UV-VIS. In Figure 23d-e-f the
extinction spectra with Amax of the differently sized AgNPs are displayed. A red-
shift from 391 nm to 417 nm of the Local Surface Plasmon Resonance (LSPR)
peak is noticeable as the relative particle size increase from 6 nm to 52 nm [231].
The homogeneity of the size distribution and shape of all the three batches, in
accordance with the TEM results, was confirmed by the single, narrow and
symmetric absorption peaks.

To determine the linearity of the absorbance at their typical LSPR in water a
calibration curve was built for each AgNPs size. As emerged from Figure 24 the
resultant calibration curves were good for each of the three AgNPs size in a range
of concentrations that includes the concentrations analysed in the bacterial
experiments.
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Figure 24: AgNPs calibration curves. Reprinted with permission from [228].

4.3.1 AgNPs MIC and MBC determination against E. coli

The MIC and MBC of the three different AgNPs was determined against E.
coli ATCC 8739 by both broth dilution method (BDM) and viability assay
following the standard procedures already adopted for the ciprofloxacin
experiments [178]. The results are showed in Figure 25 and summarized in Table
7 and they are in good agreement with literature data of similar AgNPs with
comparable sizes.
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Figure 25: Colloidal AgNPs MIC and MBC determination towards E. coli.

a) AgNPS 6 nm, b) AgNPS 30 nm and c) AgNPS 52 nm. Left panels 1): BMD test results
of AgNPs against E. coli ATCC 8739 the CFU/ml was calculated from the ODsoo
measured after 24 h of exposure and plotted against time. 10 pg/ml of TCS and AgNO;
were used as positive controls. Red squares: MIC values. Right panels ii): histograms of
E. coli ATCC 8739 viability assay. The AgNPs concentrations and the controls were the
same used for the MIC. Red squares: MBC values. Reprinted with permission from [228].
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Table 7: Bactericidal activity of colloidal AgNPs.

AoNPs Number of Surface area Number of Surface area
nom;gnal size MIC AgNPs atthe  AgNPs at the MBC AgNPs at the AoNPs at the
(ng/ml) MIC MIC (ng/ml) MBC g al
(nm) MBC (nm*/ml)*
(NPS/ml)* (nm?/ml)* (NPs/ml)*
6 10.4 8.67 x 102 9.80 x 10 39 3.25x 108 3.68 x 103
30 36.4 2.45 % 10" 6.92 x 10 182 1.22 x 102 3.46 x 101
52 158 1.94 x 101 1.7 x 1015 198 2.42 x 10! 2.14 x 101

* The values were calculated assuming a spherical shape of the AgNPs using the formulas
reported in the previous paragraph.

Furthermore, the highest antibacterial effect of smaller AgNPs was confirmed

and even more evident in the plot showed in Figure 26, which supports that the
AgNPs killing trend against E. coli after 24 h of exposure is strictly size-
dependent, in particular the 6 nm AgNPs demonstrated a higher killing efficacy
followed by the 30 nm and the 52 nm.

CFU/ml at 24h

® AgNPs 6 nm
= AgNPs 30 nm
AgNPs 52 nm

0 25 50 75 100 125 150 175 200 225 250

Ag Conc (pug/ml)

Figure 26: Comparison of the antibacterial effects of the three kinds of AgNPs in

respect to the silver concentration.

E. coli CFU/ml after 24 h of incubation with the colloidal AgNPs 6 nm (black squares),
30 nm (red squares) and 52 nm (green squares) plotted against the silver concentrations
used for the MIC and MBC experiments. Reprinted with permission from [228].
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Moreover, their aggregation state was studied by monitoring the profile of the
UV-VIS spectra at different concentrations of AgNPs both in water and in LB

broth.
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Figure 27: AgNPs aggregation study in bacterial culture medium.
a) Extinction spectra of colloidal AgNPs in water and in LB broth. From left to right:
AgNPs 1) 6 nm, ii) 30 nm, iii) 52 nm, respectively. b) Extinction spectra of different
concentrations of colloidal AgNPs diluted in LB broth. From left to right: AgNPs i) 6 nm,

i1) 30 nm, iii) 52 nm. Reprinted with permission from [228].

It emerged that AgNPs aggregation phenomena are really evident when they
are suspended in bacterial culture medium in respect to the water, and they
increase proportionally with the size and the concentration of the nanoparticles.
This is sustained by the formation of broad plasmonic bands in the spectral region
between (450-800) nm (Figure 27). These results support the hypothesis that the
killing efficacy associated with the smaller NPs could be mostly reduced by their
agglomeration, while bigger AgNPs displayed a comparable bactericidal effect
due to their higher silver content, as showed in the plot in Figure 26. It could
possible that above a certain concentration even the smallest AgNPs are no longer
capable of penetrating in bacterial cells because they are stuck together.
Consequently, the formation of agglomerate that become bigger together with the
increasing of the AgNPs concentration in the liquid medium, the exposed surface
areas become nearly the same for each of the three sizes. This could lead to a
predomination of the Ag" ions release and direct contact, as main bactericidal
effects, which led to a flattening of the sizes-related differences. Furthermore,
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since the AgNPs were suspended in LB, a complex medium rich in salts and
proteins, the availability of silver ions can be affected by their presence. That
together with the occurring agglomeration events, might negatively influence their
antibacterial activity [217, 232, 233, 234].

Thus, in order to avoid all these negative occurrences and better elucidate the
bactericidal activity of the AgNPs in respect to their size, they were anchored
forming monolayers on amino-silanized glass surfaces.

4.3.2 Preparation and characterization of AgNPs-modified
glasses

Metallic nanoparticles can be immobilized on glass surfaces by silanizing
them with amino-groups as previously reported [220, 235]. The glasses prepared
by cutting commercial microscope glass slides (as described in material and
methods paragraph) were functionalized with different coverage percentages of
AgNPs by changing the NPs concentration and/or the incubation time. Firstly, the
immobilization of the different sized AgNPs on the amino-modified glasses was
characterized by UV-VIS and SEM to evaluate the surface coverage over time
(Figure 28).

In Figure 28 four representative amino-modified glasses exposed to AgNPs
for different time spans are shown. It is easy to notice that the yellow colour of the
AgNPs-modified surfaces darkened together with the increasing of the exposure
time which is ascribable to a higher percentage of surface coverage (Figure 28a).
This is further proved by the UV-VIS results (Figure 28b), indeed a progressive
increase of the intensity of the extinction which is correlated with the increasing
of the time of incubation was observed especially for the AgNPs 30 nm and 52
nm. Furthermore, as the time of exposure increased a broad band centred at (600—
800) nm appeared for both the bigger sized nanoparticles. This signal is linked to
the plasmonic coupling of proximal AgNPs and thus to the formation of
aggregates on the surface. This was confirmed also by SEM analysis of these
glasses (Figure 28c), it was observed that at lower exposure times (1 h and 2 h),
all AgNPs were well separated with only few nanoclusters of three to six
nanoparticles visible on the surfaces, confirming the single LSPR signal in the
extinction spectra at the corresponding time spans.

The immobilization protocols were optimized for each size of AgNPs by
changing the exposure time in order to find the optimal conditions to produce a
homogeneous and stable monolayer together with a maximized surface coverage.
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As showed in Figure 28b lower incubation times were required for smaller
AgNPs to reach their highest surface coverage.

For the glasses functionalized with AgNPs 30 nm and 52 nm the average
percentage of covered area was calculated from five SEM images per incubation
time using the software Image]. The images were converted to binary and the
areas occupied by AgNPs were measured. The results are summarized in Tables 8
and 9. The highest coverage rate was calculated and revealed to be around 25-
30% for both the two sizes. From the comparison between SEM and UV-VIS
measurements it resulted that the optimal surface coverage for 30 nm AgNPs was
obtained after 30 min of incubation, while AgNPs 52 nm required almost 1 h.
Longer exposure times only increase the formation of aggregates on the surface
without really changing their coverage. As regards AgNPs 6 nm, they were too
small to reach the resolution limit of SEM, thus the evaluation of the surface
coverage rate was only conducted by UV-VIS analysis and it resulted that the
maximum coverage rate was reached already after 15 minutes, since the spectra
were almost overlapped for longer times (Figure 28b plot 1).

a) 1h 2h

IR

ii)

Abs (a.u)

Wavelength (nm) Wavelength (nm) Wavelenght (nm)

Figure 28: Characterization of AgNPs -modified glasses by UV-VIS and SEM.
a) Images amino-modified glasses incubated with AgNPs 52 nm at a concentration of

59.3 pg/ml for four different time spans (1 h, 3 h, 5 h, O/N from left to right respectively)
b) UV-VIS absorbance spectra four representative functionalised glasses with AgNPs 1) 6
nm, ii) 30 nm, iii) 52 nm for four different exposure times. ¢) SEM images of the glasses
described in a). Reprinted with permission from [228].
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Table 8: Calculated percentage of glasses surface coverage for AgNPs 30 nm.

Time of Covered Standard

AgNPs incubation  area% deviation Observations
30 nm 15 min 19.9 1.7
30 min 26.5 3.9
l1h 30.0 2.6 Aggregates

Table 9: Calculated percentage of glasses surface coverage for AgNPs 52 nm.

Time of Covered Standard .
AgNPs incubation area% deviation Observations
52 nm 1h 13.9 2.6
3h 29.2 5.8 Small
aggregates
5h 323 53 More
aggregates
O/N 37.0 5.6 More
aggregates

4.3.3  Antibacterial properties of AgNPs-modified glasses

ISO 22196:2011 method was employed to test the antibacterial properties of
AgNPs-modified glasses produced as previously described. This procedure is a
standard and reliable method widely adopted for measuring the antibacterial
activity of daily goods [88] and to facilitate the measurements comparison
between different materials and laboratories. However, some critical
environmental and physiological factors can have some impact on the outcome of
the microbiological results, as reported in the work of Wiegand et al. [90], in this
thesis every change from the standard protocol is specified. For instance, to better
appreciate the difference between differently covered surfaces, the incubation
time of bacteria with active glasses was reduced to 5 h since after 24 h all the
tested substrates reached a bacterial killing rate of 99.9999% with almost no
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bacterial colony present on the agar plates, thus all resulting in R values > 5. The
R value represent the decimal logarithmic reduction rate of viable bacteria, thus
an active surface that reaches an R > 4 is considered an optimum antibacterial
material.

The antibacterial properties based on the different AgNPs sizes and the
SMBC of silver value were established for each kind of AgNPs-modified glasses,
preparing a wide series of samples differently covered using progressive dilutions
of the starting AgNPs suspensions concentration and exposing them to these
suspensions for different time spans (Figure 29). A first evaluation of the glasses
silver coverage was performed by UV-VIS analysis of the glasses (Figure 29 1).
Then, their antibacterial activity was quantified using the following formula:

Equation 5: R = (U;— Uo) — (A:— Ug) = Ui— A,

where U is the average of the common logarithm of the number of viable
bacteria (cells/cm?), recovered from the untreated test specimens after 5 h; Uy is
the average of the common logarithm of the number of viable bacteria (cells/cm?),
recovered from the untreated test specimens immediately after inoculation; At is
the average of the common logarithm of the number of viable bacteria (cells/cm?),
recovered from the treated test specimens after 5 h.
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Figure 29: UV-VIS and antibacterial characterization of AgNPs-modified glasses.

Characterization of glasses functionalized with AgNPs a) 6 nm, b) 30 nm and c) 52 nm,
respectively. Left plots 1): UV-VIS extinction spectra of glasses functionalized with
different concentrations of AgNPs incubated for different time spans. Right histograms

ii): graphical representation of calculated R values of glasses analysed by UV-VIS

ordered by crescent absorbance.
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In Figure 29 the proportionality between the antibacterial efficacy and the
AgNPs coverage is appreciable, with an increasing trend between the extinction
intensity of the UV-VIS spectra and the calculated R value. It resulted that when a
certain value of AgNPs coverage was reached, the R value touched its maximum
(around 5.9) and do not rose any further. At this point a bacterial killing >
99.9999% was obtained and was taken as the SMBC (Figure 29 ii). These values
were obtained from glasses exposed for 15 min to 7.5 pg/ml of AgNPs 6 nm (R =
5.8), for 30 min to 17 pg/ml AgNPs 30 nm (R = 5.9) and for 1 hour to 60 pg/ml of
52 nm AgNPs (R =5.8).

The amount of silver present on the surface of these three selected active
glasses was quantified by ICP-MS and resulted to be (0.023 + 0.004) pg/cm?
AgNPs 6 nm, (0.026 £ 0.002) pg/cm? AgNPs 30 nm, and (0.034 £ 0.007) pg/cm?
AgNPs 52 nm, respectively. However, Pallavicini et al., [236, 237] already
published an analysis of the antibacterial efficacy of similar AgNPs-modified
glasses against E. coli ATCC 10356, which resulted to be nearly the same of that
we have obtained but they employed an amount of silver on the surfaces which
was at least fifteen times higher than the calculated SMBC for 6 nm AgNPs
explained in this work. Therefore, it emerged that the knowledge of the SMBC
plays an essential role in reducing the amount of silver needed for a relevant
antibacterial efficacy to its minimum. Furthermore, a comparison between the
antibacterial properties of immobilized and colloidal AgNPs was made converting
the MBC values reported in Table 7 in pg/cm? by considering the hypothetical
experiment in which 0.1 ml of dispersed AgNPs and 1 x 10° CFU/ml of E. coli
were placed on the top of a non-functionalized glass. Indeed, 0.1 ml represent the
volume of the inoculum used for the SMBC experiments. All these results are
summarized in Table 10 and 11.

Table 10: ICP-MS calculation of anchored AgNPs MBC.

Number of Surface area Number Surface area
AgNPs MBC AgNPs at the AoNPs at the SMBC of AgNPs  AgNPs at the
size (mm) (ug/cm?)*  MBC in 0.1 NgIB C (nm?) (ug/cm?) at the Surface MBC
ml SMBC (nm?)
6+3 0.96 3.25 x 102 3.68 x 1013 0.023 7.73 x 1010 8.74 x 10'2
30+£6 4.5 1.22 x 10! 3.46 x 101 0.026 7.02 x 108 1.98 x 102
52+7 4.7 2.42 x 1010 2.14 x 10 0.034 1.66 x 108 1.47 x 10'2

* The values were calculated using the formulas reported in the text
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Table 11: Comparison between MBC and SMBC.
(o]

Agl?IP N*at the mass single N° AgNPs Total mass  Coverfilm  MBC* SMBC
nominal MBC AgNP (ng)  in0.1mlx  AENPSIn o a(em) (uglem?)  (ug/em?)
size(am)  (NPs/ml) gy ng : 0.1 ml (ug)* e me

6 3.25x 108 1.187x 1012 3.25x 102 3.86 4 0.96 0.023
30 1.22 x 10"2 1.484 x 1010 122 x 10! 18.1 4 4.5 0.026
52 2.42 x 10" 7.726 x 10710 2.42 x 1010 18.7 4 4.7 0.034

* The values were calculated assuming a spherical shape of the AgNPs using the
formulas reported in the text.

Equation 6: Number of NPs in 0.1 ml = N° NPs at the MBC (NPs/ml) /0.1 ml

Equation 7: Total mass NPs in 0.1 ml = N° NPs in 0.1 ml X mass single NP (ug)
Equation 8: MBC (pg/cm?) = Total mass NPs in 0.1 ml (ug) / coverfilm area (cm?)

Once more, smaller AgNPs demonstrated greater bactericidal properties
which decreased progressively with the increasing of the size, confirming the
observations for suspended AgNPs. However, the ratio of the MBC values
reported for the two forms of AgNPs (colloidal or anchored) are quite different.
Indeed, the MBC value found for colloidal AgNPs 6 nm was almost five times
lower than that reported for 30 nm and 52 nm, respectively. Although this
difference resulted greatly reduced considering immobilized AgNPs that
demonstrated a statistically significant difference (p < 0.05) among the SMBC in
respect of the 52 nm AgNPs, while almost no difference was evident between
AgNPs 6 nm and 30 nm. This could be driven by a reduction of the ability of
smaller AgNPs to penetrate inside the bacterial cells since they are anchored to
the glass surface, even if the number of 6 nm AgNPs and their exposed surface
area remains higher than the 30 nm and 52 nm AgNPs (Table 10).

In addition, comparing the founded MBC and SMBC it resulted that the
SMBC are almost two to three orders of magnitude lower than the corresponding
values of MBC derived from tests on colloidal AgNPs. These findings suggested
that the immobilization of the AgNPs greatly enhances their bactericidal effects
since their aggregation is prevented their contact with bacteria is maximized. This
is supported by previous studies conducted by Aghinotri group on citrate capped
AgNPs (8.6 £ 1.2) nm seized. Indeed, they demonstrated that those AgNPs
showed higher bactericidal activity when anchored on glass in respect to the same
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colloidal AgNPs [235]. Furthermore, the enhancement of the antibacterial activity
of immobilized AgNPs in respect to the suspensions led by the reduction of the
aggregation phenomena, which normally occur in liquid media, could maximize
the AgNPs exposed specific superficial area to bacteria as well as augmenting the
Ag" ions release. Moreover, the reduction of the bactericidal properties
differences between the sizes observed for immobilized might be desirably to
reduce cytotoxicity related to smaller NPs [88].

4.4 S. aureus and E. coli interaction study with AMP
loaded carbon nanoparticles

The CNP used for this work were synthetized and characterized by the
chemical department of the University of Turin and presented a spherical shape, a
mostly amorphous carbon composition, a high stability in aqueous media, and a
negatively charged surface.

Two batches of CNP were selected, which presented two different
hydrodynamic diameters distributions one smaller, with a mean diameter of 132
nm, called here CNP-S, and one bigger with a mean diameter of 243 nm, called
here CNP-L (Figure 30). Both CNP-S and CNP-L showed to be monodispersed
(PDI=0.1) and with a narrow size range.

—— CNP-s 20 ——5L-Bachc2 5 Lau@CNP-S.
— CNPL ——Bac6ic2 5 Leu@CNP-S

Intensity (%)
Intensity (%)

1000 10000 10

dH (nm)

1 pm 1pm

Figure 30: Size distribution characterization of CNP-S and CNP-L.
A) Hydrodynamic diameter distribution of CNP-S and CNP-L measured by DLS; B)
Hydrodynamic diameter distribution changes following functionalization of CNP-S with
Bac8c> or SL-Bac8c¢**™*", Hydrodynamic diameters (dH) distribution (% intensity) is
expressed as mean value of 3 measurements + SD. C-D) Representative SEM image of
CNP-L and CNP-S respectively.
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The interaction of S. aureus SH1000 and E. coli MG1655 with three different
concentrations (53.3, 26.7, 13.3) pug/ml of both CNP-S and CNP-L over time was
firstly evaluated by performing a kinetic assay in PBS, as a less complex culture
medium. The vitality of bacteria at three different time points from the inoculation
(0, 24, 48) h was determined. The viability assay is a method commonly applied
as standard for the evaluation of possible bactericidal effects induced by the
presence of nanoparticles dynamically over time [238]. In this case PBS was
chosen instead of MH broth as bacterial growth medium to obtain a simpler,
repeatable and more controlled system and to avoid the insurgence of aggregation
phenomena due to the presence of nutrients and salts.

A S. aureus SH1000 + CNP-S B E. coli MG1655 + CNP-S
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Figure 31: viability assay of S. aureus and E. coli exposed to CNP-S and CNP-L.
Vitality of: left panels: S. aureus SH1000 and right panels: E. coli MG1655 exposed for 0
h, 24 h and 48 h to CNP-S (A, B) and CNP-L (C-D) in PBS. A CTRL- without CNP was
included. Both the CNP were tested against the two bacteria at three concentrations (53.3,
26.7, 13.3) ug/ml. Each experiment was replicated three independent times. * p-value <
0.05; ** p-value < 0.01
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As shown in Figure 31 it emerged that both the differently sized CNP
demonstrated to have similar effects on the two bacterial strains. In particular, S.
aureus vitality (left panels), if the bacterium was grown in PBS instead of a
complex culture medium, decreased over time (CTRL-), that is possibly due to
the lack of nutrients. It is evident that both CNP-S and CNP-L did not
demonstrate any particular bactericidal effects, against S. aureus. On the contrary
they seem to maintain the bacterial vitality similar to that of the inoculum
suggesting that CNP might be used by Gram + bacteria as a carbon and energy
source. Indeed, although no data were found in literature on the possible
degradation of CNP by S. aureus, few works report the capability of some
bacteria to degrade other carbon nanomaterials [239, 240, 241]

On the other hand, E. coli (Figure 31, right panels) did not seem to suffer for
the lack of nutrients in the medium. However, a statistical significant decrease of
the bacterial vitality was evidenced, in comparison with the CTRL—, for higher
CNP concentrations at shorter times of exposition, albeit this effect seems to
diminish for longer times for both the two sizes of CNP.

The low bactericidal activity observed for these CNP was in line with the
expectations since they are spherical shaped and present a smoothed, negatively
charged and highly hydrophilic surface. Conversely, other carbon-based
nanomaterials which demonstrated high bactericidal effects such as CNTs [242]
or graphene or graphene oxide (GO) [243] exploit their action by extracting
phospholipids from the bacterial membranes inducing cell death, a property that is
strictly related to their needle/sheet-or needle-like shape [244].

4.4.1 Study of the interaction of CNP-L with S. aureus and
E. coli

To further investigate the CNP-bacteria interaction DEP-Raman spectroscopy
and SEM techniques were adopted.

Even if, as said before, these NPs are mainly composed by elemental carbon
in the amorphous form, they exhibit graphite patches, visible using Raman
spectroscopy [79]. Therefore, this technique results very suitable to rapidly and
directly detect and characterize interactions between bacteria and CNP especially
using the DEP-Raman setup explained in the first part of this thesis, without the
need of any particular sample processing. In Figure 32 the Raman fingerprints of
the two bacteria, of PBS and of a suspension of CNP-L in water are showed.
Since the viability assays showed before demonstrated that the behaviour of
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bacterial growth didn’t change between the two different sizes of CNP only CNP-
L were considered for these interaction analysis.

Raman fingerprints
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Figure 32: Raman fingerprints of PBS, CNP-L, and the two selected bacteria
From the top to the bottom: Raman spectra of phosphate buffered saline solution; CNP-L;
E. coli MG1655 and; S. aureus SH1000 with relative bands assignment.

From figure 32 it is evident that the spectrum of PBS presented the vibrational
band of water at 1600 cm™! as dominant Raman signal. On the other hand, CNP-L
exhibited the typical G and D bands proper of the graphite (1585 cm™ and 1360
cm ') [74]. The band were broad, and with a low G/D intensity ratio confirming a
preponderant amorphous carbon atomic structure.

The Raman spectra of bacteria showed the typical signals referred to bacterial
cells structures and the chemical assignment referred to Table 4.

Then, S. aureus and E. coli were analysed by DEP-Raman immediately after
the addition of the highest concentration of CNP-L (53.3 pg/ml) or after 24 h of
exposition (Figure 33A, B and 33C, D respectively). As expected the Raman
spectra of the two bacterial samples without CNP showed no differences at the
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two time points because in the considered range only the vibrational signal of
water is visible (Figure 33 yellow and green lines).
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Figure 33: DEP-Raman analysis of the interaction of CNP-L with S. aureus and E.
coli.

DEP-Raman spectra of A,B) S. aureus SH1000 and C,D) E. coli MG1655 in the absence
or presence of CNP-L (53 ug/ml) immediately and after 24 hours from the addition of
CNP. For each bacterial sample two different signals were recorded focalising the Raman
microscope in different regions of the same sample: i) Raman signal of CNP (panel A red
line and C red and blue lines); ii) Raman signal of ECM is visible in both the bacteria
(left panels). Each line represents the normalized average of three Raman spectra
recorded during three independent experiments..

On the other hand, after 24 h of exposition to the CNP the Raman spectra of
both the bacteria presented signals which are ascribable to extracellular matrix
(ECM) components [245] (Figure 33B, D red lines). In particular, E. coli (Figure
33D) showed the presence of these signals already immediately after the addition
of the CNP, indicating a faster interaction between this kind of bacterium and the
CNP than what observed for S. aureus. To investigate if the production of the
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ECM matrix was promoted by the presence of the CNP, Raman spectra were
recorded in area in which the ECM signals were not visible (Figure 33A, C).

If only the Raman signals of the CNP are considered, it resulted that for S.
aureus, after 24 h of exposition, an increase of the band intensity in the 1600-1200
cm’! region, corresponding to the summation of the G and D bands, was observed.
Since bacteria were precipitated and washed before each DEP-Raman
measurements, all the CNP present in suspension in the media were eliminated, so
the presence of this signal is an evidence of the association between bacteria and
CNP. In fact, even if a small moiety of free CNP was still present in the samples,
negative dielectrophoresis (nDEP) forces employed for these analysis act
selectively on the bacterial cells, this resulted in the agglomeration in the analysis
volume only of bacterial cells and what is strictly attached to them, either bound
to the bacterial walls or internalized, and not of free CNP. This claim was
furtherly sustained by the fact that no carbon signal was observed with the voltage
turned off. From figure 33 D it results evident that also in this case, for E. coli the
interaction with the CNP occurs earlier than what observed for S. aureus, as this
signal is visible already at time 0 h, supporting the results observed for the
formation of ECM.

To further analyse the physical interaction of CNP-L with both the bacteria,
SEM analysis was performed on the same samples measured by DEP-Raman
(Figure 34). Since S. aureus cells exhibit a spherical shape similar to that of CNP-
L, and also a very similar composition, mostly carbon-based, it resulted difficult
to distinguish them from the CNP. This issue which was overcame considering
the size of bacterial cells which is almost three time bigger than that of the CNP-L
(red circles).
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Figure 34: SEM analysis of the interaction of CNP-L with S. aureus and E. coli.
Representative SEM images of S. aureus SH1000 (left) and E. coli MG1655 (right) after

0 h (top) and 24 h (bottom) of exposition to 53.3 pg/ml of CNP-L. The red circles
indicate the bacterial cells of S. aureus SH1000.
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Also this kind of analysis evinced that the formation of large amount of
extracellular matrix around both CNP and bacteria is visible for both the strains
especially after 24 h of exposition to the CNP. This phenomenon is even more
evident for E. coli, confirming what already observed with Raman measurements
confirming the fast interaction between bacteria and CNP which drives bacteria to
produce the ECM, which is enhanced over time.

In general, the results of these measurements showed the ability of CNP to
interact with both Gram + and Gram — bacteria, albeit with a different rate of
association. Even if a possible uptake of the CNP by the bacterial cells was not
possible to be detected with these techniques, the strong interaction between CNP
and bacterial cells suggests the possibility of transporting bactericidal compounds
strictly near the cells loading them to the CNP surfaces. This idea renders
particularly suitable the CNP-S because their higher exposed surface area can
allow a higher loading. Furthermore, since the viability assay demonstrated that
CNP-L and CNP-S exhibited similar activity toward the two bacteria, CNP-S can
be used on the basis of the interaction analysis observed for the CNP-L.

Therefore, in this thesis, the bactericidal efficacy of the cationic bactenecin-
derived peptide Bac8c?°t" was tested against both the bacterial strains as a Gram
+ and Gram — models and then was physically adsorbed by electrostatic
interaction on the CNP-S surface to form a Bac8c**"*@CNP-S nanosystem.

Indeed, recent studies had demonstrated the wide range of advantages of
peptide-based drugs like their ability of killing bacteria and other microorganisms
resistant to common antibiotics [223] and more specifically of cationic
antimicrobial peptides (AMPs), characterized by a net positive charge and a high
proportion of hydrophobic residues which give them amphipathic properties
[246]. Furthermore they demonstrated to be less linked to bacterial resistances
insurgence thanks to their high efficacy, rapid, broad and synergic mode of action
toward bacteria, fungi and viruses, as compared with other antimicrobial
compounds [247], thus they have been proposed as a valid alternative to
conventional antibiotics.

However, since AMPs’ antimicrobial effects in vivo are often reduced due to
their degradation by proteases or to low pH environments, i.e. stomach, its loading
onto CNP surface could overcome these issues providing enhanced antimicrobial
efficacy and selectivity, lower cytotoxicity and extended biostability [248, 249].
Moreover, this novel nanosystem could be promising as a drug delivery system
considering to include sustained drug release, improving the bioavailability and
biodistribution of the treatment.
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4.4.2  In vitro antibacterial efficacy of Bac8c**"@CNP-S

The kinetic of the interaction between the Bac8c*>L“@CNP-S system at three
different concentrations (53.3, 26.7, 13.3) pug/ml of loaded CNP-S) and the two
bacterial strains of E. coli and S. aureus was evaluated over 24 h and compared
with the free Bac8c*'“ at the same concentrations loaded on the CNP at
concentrations of (16, 8, 4) ug/ml (Figure 35). The effects of the CNP-S alone on
the two bacteria were represented as well to better appreciate the differences
between the three systems (CNP, AMP and AMP@CNP).
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Figure 35: Activity of Bac8c**™" and Bac8c****@CNP-S against S. aureus and
E.coli.
Left graphs are referred to S. aureus SH1000 and right graphs to E. coli MG1655. Upper

panels: Effects of CNP (black) or Bac8c¢*® "“*@CNP-S (orange) at the concentrations of
(53.3, 26.7, 13.3) ug/ml on (A) S. aureus and (B) E. coli viability after 2 h, 5 h and 24 h
of exposition. Lower panels: effect of free Bac8c*°™*" (red) on A’) S. aureus and B’) E.
coli. * p-value < 0.05; ** p-value < 0.01. red stars: comparison with bacteria treated with
the same concentration of CNP-S, black stars: comparison with the CTRL—.
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Aliquots of each sample were analysed after (2, 5 and 24) h from the
inoculum performing a viability assay counting the CFU after each time point and
comparing them with negative controls consisting of the selected bacterial strain
grown in PBS only. The statistical significance of the difference between the
colonies counted for each sample and the controls and between the CNP-S only
and the nanosystem were evaluated performing a ¢-fest.

These assays evinced once more that S. aureus showed a significant
maintenance of the viability, in comparison with the CTRL—, since after 5 h of
exposure to CNP-S. On the other hand, E. coli displayed a significant decrease of
vitality already after 2 h at the highest CNP concentration that, as already seen
previously, is lost over time, confirming a rapid interaction of the two bacteria
with CNP which although leads to different effects.

Considering the Bac8c*™@CNP-S system, for S. aureus it caused a
significant reduction of vitality (p < 0.01) after 24 h from the inoculum at the
highest concentration (Figure 35A). As concern E. coli, it did not show any
particular bactericidal effect except from a very small reduction of bacterial
growth after shorter time of exposition to the system at the highest concentrations
(Figure 35B).

As regards the free peptide, tested at the same three concentrations loaded
onto the CNP-S surface, (Figure 35B’), a significant (»p < 0.01) reduction of
bacterial viability (almost 3 log) by 99.9% in comparison with the CTRL— was
detected for E. coli already after 2 hours from the inoculum for the highest
concentration of Bac8c**™" (16 pg/ml) which become of 99.9999% after 24
hours. Furthermore, E.coli growth was significantly reduced by 90% also by the
lowest AMP concentration (4 pg/ml). On the other hand, S. aureus showed a
significant (p < 0.01) reduction of viability only after 24 hours for all the three
concentrations tested (1 log for the lowest and more than 2 log for the highest).

These observed differences in the bactericidal behaviour of the free AMP
against the two bacteria could be due to different reasons. First of all, as
Bac8c?°® is positively charged, it is expected to target the negatively charged
outer membrane of bacterial cell, with a lower efficiency toward Gram — due to
the complexity of their surface organization in comparison with Gram + [250].
However, in literature examples of AMPs having high affinity for the negatively
charged LPS, which are present in large amounts in the outer membrane of Gram
— bacteria, are present [251]. For example, the group of Wu [251] explained the
importance of this electrostatic interaction to promote the initial approach of the
peptide with bacterial cells, which induces the permeabilization of the bacterial
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outer membrane leading to an uptake of the peptide. This could be the reason of
the higher bactericidal effects observed on E. coli at shorter times of exposition in
respect to S. aureus at concentrations lower than the MIC for this bacterium.
Moreover, the high ratio of hydrophobic to charged units in Bac8c**'" should
benefit the anti-Gram — activity [252]. Furthermore, previous studies reported that
even if E. coli exposed to sub-lethal concentrations of Bac8c peptides resulted in
deleterious downstream events on the cell membrane almost immediately after the
inoculum, its defence systems were sufficient for full recovery as time passed by,
supporting the observed effects.

It is known that the peptide slowly desorbs by the particle surface over time,
but here, an activity merely due to the release of the peptide in the medium should
be excluded since the Bac8c***@CNP-S system action is different from that of
the free peptide. In particular, when loaded on the surface of the CNP-S, it
partially retains its efficacy against S. aureus but not against E. coli suggesting a
different mechanism of action of the whole nanosystem. A hypothesis should be
that the high amount of ECM matrix produced by E. coli when exposed to CNP,
could act as a protection, reducing the bactericidal effects of the peptide thus
reducing the Bac8c**""@CNP-S activity and may also account for the reversal of
selectivity toward the two strains. Indeed, previous study demonstrated that
Bac8c?>°t peptide (albeit in the D form) was significantly less active against
bacterial biofilm than against the same planktonic bacteria [223].

4.5 Conclusions of Part I1

In the second part of this thesis work, the antibacterial effects of silver and
carbon nanoparticles were analysed. In particular, the physiochemical and
antibacterial properties of differently sized AgNPs colloidal suspensions were
characterized, confirming an inverse correlation between the antibacterial efficacy
and the size. Then, they were successfully immobilized on glass slides at different
surface coverage and, for the first time, a SMBC (the minimal moiety of silver
required to kill more than 99.9999% of bacteria) was determined by ISO
22196:2011 adapted method for each of the three sizes. The obtained SMBC
against E. coli for AgNPs (6, 30, 52) nm were (0.023, 0.026, 0.034) pg/cm?,
respectively. These amounts of silver revealed to be almost 100 times lower than
the MBC found for colloidal AgNPs and 200 times lower than other comparable
AgNPs modified glass systems, proving the importance of the SMBC to minimize
the amount of silver on modified surface systems, thus reducing the costs of
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production and the potential toxicity. Furthermore, since the SMBC values were
obtained by an international standard procedure, the comparison between different
non-porous surfaces results simplified and this method of calculation should be
extended to a variety of new active materials in many fields.

As regards CNP, their interaction with S. aureus and E. coli was tested over
time in a simplified system demonstrating a rapid association between CNP and
bacteria without a significant antibacterial activity on both strains. On the
contrary, S. aureus incubated with CNP maintained its cell vitality over time even
in the absence of nutrients, suggesting the potential role of CNP as source of
carbon or as positive stimulus effect on the bacterial growth. Moreover, the
bacterial exposure to CNP evinced a particular effect of ECM production on both
bacteria, almost immediately after the inoculum, which was verified by both DEP-
Raman and SEM. This could be intended as a self-defence mechanism in response
to an external stress or as a stimulus to biofilm production, which could suggest a
positive effect of the CNP on bacterial vitality.

Then, the antibacterial properties of different concentrations of a novel
nanosystem, obtained by the combination of the CNP with the AMP Bac8c>,
were tested against the two bacterial strains. A significant (p < 0.01) cell viability
reduction (about 1 log, 90%, in respect to the CTRL—- and about 3 log, 99.9%, in
respect to pristine CNP) was observed for S. aureus after 24 h of exposure at the
highest concentration tested. This suggests that at shorter exposure times to the
nanosystem, the positive effect of the CNP on S. aureus vitality is predominant
but the antibacterial effect of the peptide becomes more evident over time, further
demonstrating the close interaction between the nanosystem and the bacterial
species. On the other hand, the nanosystem demonstrated low antibacterial effects
on E. coli only at shorter times of exposure, which completely recovered after 24
hours. Since the free AMP showed a very high bactericidal efficacy against E.
coli, even at the lowest concentration tested, the observed reduction of the
bactericidal effect of the nanosystem over time should be due to the rapid
interaction of bacteria with the CNP, which stimulates the very fast production of
large amounts of ECM, thus enhancing the defence of the microorganism against
external stress.

In conclusion, even if the conjugation of the AMP with the CNP resulted in a
partially reduced antibacterial efficacy in vitro, it could enhance the peptide
stability to degradation suggesting a better bioavailability in vivo. Furthermore,
the rapid and evident interaction of the CNP with bacteria suggests that also
different antibacterial agents could be loaded onto their surface to be driven
directly in contact with cells, maximizing their effects and uptake. This, together
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with their high biocompatibility and biodegradability, renders them particularly
promising as active agents for the development of innovative antibacterial food
packaging systems, in the perspective to exploit their photothermic and
photodynamic properties by external irradiation.
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5.1 Olive, grape and moringa leaves extracts as natural
antioxidant agents

One of the major issues of food industry is the management of huge amount
of wastes. For instance for winery and olive oil production, from 10 to 20% of the
total weight of plants material is discarded during the manufacturing processes,
leading to the necessity of managing millions of tons of dregs per year [122].
Furthermore, it was demonstrated that most of the antioxidant active molecules
such as phenolic compounds or flavonoids remain in the discarded plant materials
such as skins, seeds and leaves [125]. It results clear how the employment of this
waste as natural active additives in food packaging production has generated a
great interest in the last few years in a context of circular economy and pollution’s
sources reduction. In addition, as natural plant derivatives, they can be considered
as a safer and cost-effective alternative to synthetic antioxidant agents, improving
health benefits for the consumers [43, 118]. In particular, in this work different
fraction extracts from industrial waste of olive oil and wine production were
obtained from Spanish industries by three different extractive methods:
supercritical fluid extraction (SFE) by CO», subsequent supercritical antisolvent
extraction (SAE) of the solid residues re-dissolved in ethanol, and maceration
(MAC) for 10 days and 30 days in five different solvents (methanol, ethanol,
acetone, water and dichloromethane). The same extractions were performed to
obtain different fractions of Moringa oleifera leaves extracts. This tropical plant
has indeed demonstrated to have valuable antioxidant, therapeutic and nutritional
properties [137]. The presence of carboxylic groups on the conjugated ring
structures of its polyphenols, flavonoids and vitamins contained in its leaves allow
to neutralize free radicals or decompose peroxides [140] leading to the inhibition
of lipid peroxidation [141]. Lipid peroxidation is one of the main mechanisms that
lead to food degradation during its processing and storage. This phenomenon is a
chain reaction process driven by the formation of secondary reaction products
(like aldehydes or ketones) and free radicals that enhance the lipid auto-
peroxidation while negatively influencing the overall quality of foods, including
flavour, taste, nutritional values, and promoting the production of toxic
compounds. The shelf-life prolongation of fresh meat is strictly bounded to a
reduction or a slowdown of this reaction. Many studies have already focused their
attention on the development of active films containing natural antioxidants which
have demonstrated their efficiency on enhancing the myoglobin stability and fresh
meat preservation from oxidation [253, 254]. These findings have driven the
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research of new natural antioxidant active agents which can be incorporated in the
meat package. They can act in different ways to interrupt the lipid peroxidation
chain, for example as scavenger of free radicals or as autoxidation protectors
[135]. The main advantage is the absence of need of any release or addition of the
agent in the food, in compliance with European legislation. In the present study,
the macerates fractions that have revealed the highest antioxidant efficacy in vitro,
evaluated by the DPPH reduction assay and by ORAC, and the highest total
phenols content, of each of the three plants materials were selected and
incorporated in cellulose. This biopolymer was chosen because of its
biodegradability and widespread use in food industry. Two innovative active
packaging systems were here developed. The first one consisted on coating the
cellulose foil with a food-safe resin incorporating 5% (w/w) of the moringa leaves
and olive extracts for a direct food-contact action. The second one was a
multilayer system in which 5% (w/w) of the grape extract was incorporated in the
adhesive between two layers of cellulose for an indirect action avoiding the
contact with the product. Their antioxidant efficacy was evaluated both in vitro,
by the DPPH assay, and applied on hamburgers of fresh minced beef meat. The
level of lipids oxidation was evaluated by both a classical indirect method,
thiobarbituric acid reactive substances (TBARS) assay, and by Raman and FTIR
spectroscopy. Vibrational spectroscopy, indeed, offers a direct and fast analysis of
the molecular structure of the specimen without the need of any reagent or
destructive sample preparation. Despite many works were already been published
about classical and surface-enhanced Raman spectroscopy (SERS) [136], here the
oxidation of lipids was directly monitored on the beef sample over 15 days,
optimizing the acquisition conditions and avoiding any time-consuming lipid
extraction step.

5.2 Materials and Methods

5.2.1 Reagents

2,2-Diphenyl-1-picrylhydrazyl (DPPH) powder was provided by Sigma-
Aldrich. Methanol (HPLC grade), ethanol absolute anhydrous, acetone and glacial
acetic acid (>99%), were provided by Carlo Erba and gallic acid (GA), 97.5-
102.5%, by Sigma Aldrich.

AAPH (2,20-azobis(2methylpropionamide)dihydrochloride (97%);
fluorescein  (3,60-dihydroxypirol[isobenzofuran-1[3H],90[9H]-xanthen]-3one);
and Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid; 98%);
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potassium phosphate dibasic heptahydrate and potassium phosphate monobasic
dihydrate were purchased from Sigma Aldrich. Working solutions for hydrophilic
oxygen radical absorbance capacity (ORAC) assay were prepared following the
AOAC standard method described by Ou et al. [255]. All the working solutions
for the ORAC assay were prepared in sodium phosphate buffer (75 mM, pH 7.0).
Aliquots of fluorescein stocks were prepared and stored at -80 °C and they were
thawed once per time to prepare a stock solution 5.70 uM in ORAC buffer from
which a working solution of 0.112 uM was obtained.

Folin-Ciocalteu’s phenol reagent was purchased from Sigma Aldrich and
sodium carbonate from Carlo Erba.

Hydrogen peroxide (>50%) was purchased from Scharlab (Barcelona, Spain),
Sodium salicylate (>99.5%) and 2,5-dihydroxybenzoic acid (>99%) were supplied
by Sigma-Aldrich, orthophosphoric acid (85%, reagent grade) and sodium
hydroxide (0.01 mol/l) were purchased from Scharlab.

Trichloroacetic acid (TCA) (> 99%) and paraffin oil were purchased from
Carlo Erba. Trichloroacetic acid 10% w/v was prepared dissolving it in Milli-Q®
water. 4,6-dihydroxy-2-mercaptopyrimidine (2-thiobarbituric acid, TBA, 98%)
was purchased from Acros organics (Rodano, Milan) and dissolved in Milli-Q®
water to obtain two solutions with final concentrations of 4 mM for the calibration
curve and 20 mM for the analysis of meat. Malondialdehyde tetrabutylammonium
salt (MDA, > 96%), was purchased from Sigma Aldrich.

All the solutions described and the standard calibration solutions were
prepared daily immediately before the starting of the analysis for all the tests.

For bacterial cultivation and assays Muller Hilton (MH) broth and agar
purchased from Lickson, Phosphate Buffer Saline (PBS) tablets for 200 ml from
PanReac AppliChem and NaCl by Carlo Erba were employed.

The following standard polyphenols and reagents were used for the UPLC-
TQ-MS analysis, performed by the University of Zaragoza: Caffeine (CAS 58-08-
2) (CAF), (+)catechin (> 99.0% (HPLC), CAS 154-23-4) (C), (—)epicatechin (>
95% (HPLC), CAS 490-46-0) (EC), (—)epicatechin gallate (> 98% (HPLC), CAS
1257-08-5) (ECG), (—)catechin gallate (>98% (HPLC), CAS 130405-40-2) (CG),
(—)epigallocatechin (> 95% (HPLC), CAS 970-74-1) (EGC), (—)gallocatechin (>
98% (HPLC), CAS 3371-27-5) (GC), (—)gallocatechin gallate (> 98% (HPLC),
CAS 4233-96-9) (GCG) and (—)epigallocatechin gallate (> 95% (HPLC), CAS
989-51-5) (ECG) were from Sigma Aldrich. Formic acid (MS solution) was from
Waters (Waters; Manchester, UK). Methanol (LC-MS, CAS 67-56-1) was from
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Honeywell (Barcelona, Spain). Ultrapure water was obtained from a Wasserlab
Ultramatic GR system (Barbatdin, Spain).

5.2.2  Plant materials and extraction techniques

Moringa exsiccated leaves (Moringa oleifera Lam.) were purchased from
Alesframa (Malaga, Spain). Olive fruits (Olea europea) collected after their
harvesting in December 2020 were collected from trees located in Ayerbe (Spain,
42° 18’ 12°° N 1° 57° 53°* O) and the olive cake was supplied by a local olive oil
mill (Ayerbe). Grape waste (grape skin and seeds) obtained from the “Garnacha”
kind of grape for red wine production were collected after the pressing of the
fruits harvested in the zone of Rioja Baja, near Calahorra (Spain, 42° 16’ 36> N
0°41’° 21°” O) in October 2020.

The three plant materials were extracted in Zaragoza by three different
methods: SFE using the CO; as critical solvent in three steps (see the scheme in
Figure 36), the solid residues (mainly non-polar, this kind of extraction is indeed
usually used as a cleaning step to remove fats and other non-polar compounds
from the extracts) were collected manually from each of the two collectors, then
hexane was employed to dissolve and collect the remaining residues in another
two fractions. A part of the solid residues collected from SFE extractor were
macerated in ethanol to solubilize them (this allows to obtain fractions containing
the more polar compounds) and injected in a second extractor to perform a SAE
employing CO: as supercritical solvent in two steps. Firstly, from the extractor
two fractions were collected: one was collected manually and one after its
solubilisation with ethanol.

Then, the remaining residues after another step of pressure regulation were
collected manually from the collector. All the process is schematized in Figure 36.
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Figure 36: Scheme of SFE and SAE extractions and collected fractions.
Upper panel: scheme of the SFE three steps extraction and of the 4 fractions collected for
each plant material. Lower panel: scheme of the subsequent two steps SAE extraction
from the solid residue collected from the extractor after the SFE and macerated in ethanol
and of the three fractions collected for each plant material.

The other extraction technique employed was MAC for 10 days and 30 days
in different solvents: ethanol, methanol, acetone, dichloromethane and water (the
latter was employed only for grape residues due to their more polar nature). 100 g
of material were put in contact with 500 ml of solvent. After the maceration time,
solvent was recovered, put in a round flask and evaporated until dryness by means
of a rotary evaporator Buchi R-300 (Flawil, Switzerland).

All the extractions were performed in the University of Zaragoza and the
plants materials were purchased by the University of Zaragoza (Spain).
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All the extracts fractions of grape and moringa were solubilized in ethanol at a
final concentration of (1400 = 5) mg/l, which was the maximum limit of
solubilisation, except for the three grape’s macerates for 10 days in ethanol,
methanol and acetone which were solubilized at the same final concentration in a
solution of Milli-Q® water and ethanol 1:1 because they resulted insoluble in

ethanol only.

All the olive extracts fractions were solubilized in ethanol at a final

concentration of (5000 + 13) mg/1.

All these extracts solutions were placed in glass tubes, stirred and sonicated
for at least 1 h at 300 W (Q-Sonica Q700 sonicator, 20 kHz, Newtown, CT, USA).
Then the tubes were covered with aluminium foils, plugged and sealed with
Parafilm® M and they were stored at 4 °C until their analysis.

A legend of all the fractions analysed is reported in Table 12.

Table 12: Legend of moringa, grape and olive extracts samples.

Extraction method Fraction Symbol
Collector 1 manually SFE 1
Collector 1 with hexane SFE 2
Supercritical fluid extraction
(SFE)
Collector 2 manually SFE 3
Collector 2 with hexane SFE 4
Extractor manually SAE 1
Supercritical antisolvent Extractor with ethanol SAE 2
extraction (SAE)
Collector 1 manually SAE 3
Solvent days Symbol
Maceration 10 MAC Et 10d
Ethanol
30 MAC Et 30d
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10 MAC Met 10d
Methanol
30 MAC Met 30d
10 MAC Ac 10d
Acetone
30 MAC Ac 30d
10 MAC DCM 10d
Dicloromethane
30 MAC DCM 30d
Water 30 MAC W 30d

5.2.3  Chemical characterization of plant extracts

5.2.3.1 Determination of the total phenols content by Folin-Ciocalteu assay

This assay is based on the reaction between the phenols present in the
extracts with the Folin-Ciocalteu reagent (a complex mixture of
heteropolyphosphotungstate-molybdate) in the presence of sodium carbonate
forming a blue-coloured complex. The intensity of the blue colour is proportional
to the amount of reactive phenolic compounds in the sample. The phenolic
content in percentage (w/w) is determined by measuring the absorbance of the
sample solution at 765 nm and comparing it with a calibration curve built using
gallic acid as a standard. This method allows quantifying total polyphenolic
content of about 5% to 100% (w/w) in the extracts. The protocol was adapted by
the official method described by Kupina et al. [256].

Briefly, a gallic acid stock solution (1 mg/ml) was prepared in Milli-Q® water
and five dilutions from 40 mg/l to 200 mg/l were obtained to build the standard
calibration curve. A series of test tubes, each containing 3 ml of water, 200 ul of
Folin-Ciocalteu reagent were prepared and in each tube was added one of the
following: 200 pl of sample test solution; 200 pl of calibration standard solution
or 200 pl of water as blank. They were vortexed and allow to settle for 6 min.

Then, 200 pl of a 20% (w/v) sodium carbonate solution was added to each
tube and mixed well. All the test tubes were incubated at (37 = 1) °C for 30 min
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and then 200 ul of each sample was placed in a well of a 96-wells plate in
triplicate. The absorbance was measured at 765 nm in a multiwall reader, by
subtracting the absorbance of the blank. A linear fit was calculated from the gallic
acid calibration curve and the total phenolic content % (w/w) of each sample was
calculated interpolating their average absorbance subtracted of the blank from the
fit, normalizing the results by the concentration of the sample (mg/1). The relative
uncertainty values were calculated for the linear fit considering all the uncertainty
budget related both to the x-axis and to the y-axis. For the first, the sample
pureness, each dilution performed (considering for the final volume uncertainty
the propagation of the uncertainties related to each specific pipette used) and the
weighing of the sample, were considered. For the second, a propagation of the
calculated standard uncertainty values, derived from the three replicates
absorbance measurements, was performed. Then the calculated uncertainties were
propagated for each successive calculation performed.

5.2.3.2 UPLC-TQ-MS analysis of polyphenols

All the plant extracts already solubilized in ethanol as described in section
5.2.2 were analysed by UPLC-TQ-MS targeted for polyphenolic compounds
using the standards listed in paragraph 5.2.1. Semi-quantitative analysis was
carried out using an Acquity™ UPLC chromatography system coupled to an
electrospray interface (ESI) and Xevo TQ-S micro detector supplied by Waters
(Manchester, UK). A UPLC BEH C18 column of 1.7 pm particle size (2.1 mm x
100 mm) was used with a flow rate of 0.3 ml/min and a column temperature of 35
°C. The mobile phases were water (phase A) and methanol (phase B), both with
0.1% formic acid. The gradient used was 95% A and 5% B for 6 min; 5% A and
95% B up to 8 min; 95 A and 5% B up to 10 min. The volume of the sample
injected was 10 pl.

The electrospray interface (ESI) was used in positive and negative ionization
mode with a capillary voltage of 3.5 kV. The sampling cone voltage was
optimized for each compound using standard, and it was set as 40 V. The
temperatures used were 150 °C and 350 °C for source and desolvation gas,
respectively, and the desolvation gas flow was 400 1/h. Selected Ion Recording
(SIR) mode was used as an MS acquisition function. MassLynx v.4.1 software
was used for data acquisition and processing. Results were expressed as the
percentage ratio between the area of the peak of each specific compound
(subtracted of the area of the same compound detected in the blank, solvent only,
if present) and the total of the areas of all the target compounds detected for each
sample. The analysis were performed in duplicate.
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5.2.4  Antibacterial activity evaluation of plant extracts

Escherichia coli ATCC 8739 and Staphylococcus aureus ATCC 75380 were
used for this work as a Gram — and a Gram + bacterial model, respectively.

5.2.4.1 Disk diffusion assay

Frozen stock cultures of E. coli and of S. aureus were revitalized on MHA
and a single well separated colony was selected from each culture, suspended in 5
ml of physiologic solution (0.9% NaCl) with a sterile loop. The ODgoo of the
bacterial suspension was measured using physiologic solution without bacteria as
blank and adjusted to a final ODgoo of 0.1 (~1 x 108 CFU/ml). Then bacteria were
spread on the surface of MHA plates using sterile cotton swabs taking care of
covering all the surface of the plate and allowed to dry. 30 ul of each extract
sample and of TCS 10 pg/ml as positive control were spotted on sterilized paper
disks (@ 6 mm) that were air-dried under the biological cabinet. The disks were
placed on the top of the plates (in triplicate for both the bacterial strains) which
were incubated overnight at (37 £ 1) °C. After 24 h the zones of inhibition were
analysed on a dark background.

5.2.5 Antioxidant activity evaluation of plant extracts
5.2.5.1 DPPH radical scavenging activity

The antioxidant activity of all the extracts solubilized in ethanol, like
described in paragraph 5.2.2, was determined by the DPPH assay. This is a
colorimetric technique based on the capacity of the considered antioxidant agent
to scavenge the DPPH radical. This reaction leads to the decolourization of the
DPPH solution from dark violet (DPPH radical) to yellow (reduced DPPH) which
is proportional to the decrease of the intensity of the absorbance at 516 nm,
typical of the DPPH radical (Figure 37).
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Figure 37: Reduction of free DPPH radical to 2,2-diphenyl-1-picrylhydrazine
(DPPHH) by the presence of an antioxidant compound [257].

This measurement was performed using a multiplate reader (Varioskan, LUX
Thermo Scientific) following the method previously described by Prieto [258].
Briefly, a DPPH stock solution was freshly prepared in methanol (final
concentration 0.2 mM), sonicated in an ultrasonic bath for 5 min at 180 W,
filtered with a 0.2 um polystyrene filter. Then, it was stored in hermetically sealed
amber glass bottle covered with aluminium foil and used over at least three hours
from the preparation. In a 96-wells plate three kind of wells were prepared all
with a final volume of 200 ul: i) blanks for each extract sample (100 ul of
methanol and 100 pl of sample at each concentration tested); ii)) DPPH controls
(100 pl of methanol and 100 pl of DPPH stock solution); iii) test samples (100 pl
of DPPH stock solution and 100 pl of sample at the chosen concentration). Each
one of the wells containing the DPPH solution had a final concentration of DPPH
of 0.1 mM. For each sample, 8 different concentrations were tested. All the
measurements were performed in triplicate. The plate was left to stand in the dark
under continuous shaking at 60 rpm and absorbance single lectures at 516 nm
were collected every 10 min over 1 h. The radical scavenging activity or the
antioxidant power (AP%) after one hour of incubation with the DPPH for each
extract was expressed as the percentage of reduction of the free radical by the
sample and calculated as follows:

Equation 9: Antioxidant power (AP%) = [(Acontrol — Asample)/Acontrol] % 100

where Acontrol 1S the mean of the DPPH controls (DPPH in methanol)
absorbance values subtracted of methanol absorbance and Asampie 1s the mean of
each samples replicates absorbance values (DPPH with extracts) subtracted of
their blank absorbance values (extracts in methanol). The AP% was calculated for
each sample concentrations (mg/l). The AP% of gallic acid at 8 different
concentrations from 0.06 mg/l to 2.5 mg/l was measured as well as internal
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control. The extracts that did not reached almost the 50% of AP were excluded
from the subsequent analysis. For each sample, 5 concentrations which have
demonstrated an AP% in the range between 20% and 70% were chosen and a
linear fit was calculated from this five measurements points for each extract
sample. The half maximal effective concentration (ECso), the concentration of
extract needed to reduce 50% of the DPPH radical, was calculated from the linear
range of each sample. The relative uncertainty budget was calculated for each
value taking into account, for each linear fit, all the uncertainties related both to
the x-axis and to the y-axis. For the first, the sample pureness, each dilution
performed (considering for the final volume uncertainty the propagation of the
uncertainties related to each specific pipette used) and the weighing of the sample,
were considered. For the second, a propagation of the calculated standard
uncertainty values, derived from the three replicates absorbance measurements,
was performed.

5.2.5.2 ORAC (oxygen radical absorbance capacity) assay

This assay measures the capacity of antioxidants to protect a fluorescent probe
(fluorescein) from fluorescence intensity decay induced by the quenching with
free peroxyl-radicals introduced by the addition in the well of AAPH which
spontaneously decompose at (37 = 1) °C. Fluorescence loss of the probe is
measured over time. The efficacy of the antioxidants is determined by its capacity
to prolong fluorescein fluorescence decay by measuring the average of the areas
under the curve (AUC) of the sample in triplicate, subtracted of that of the blank
(net AUC), in which no antioxidants are present. Trolox, a water-soluble analogue
of vitamin E, was used as the calibration standard. In a unique assessment since as
the reaction goes to completion, both the inhibition time and the inhibition degree
are measured.

A stock solution of Trolox (100 uM) was obtained dissolving it in ORAC
buffer. Then it was diluted to obtain a 25 mg/l solution from which seven different
concentrations from 0.1 mg/l to 4.6 mg/l were obtained to build the calibration
curve. A 96-wells plate was prepared placing 150 pl of a stock solution of
fluorescein 11 x 10> mM, prepared diluting one aliquot from the frozen stock in
ORAC working buffer. Then 25 pl of phosphate-diluted buffer as blank, three
replicates of each of the eight Trolox different concentrations and 3 replicates for
each sample were added to appropriate wells. The plate was incubated in the dark
at 37 £ 1 °C for 30 min. A 25 pl amount of AAPH was added to all wells to reach
a final volume of 200 pl. Timing is critical for the addition of AAPH as the
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reaction begins immediately, and the rate is temperature-dependent, and for this
reason, a multichannel pipette was used.

The plate was immediately transferred to the multiwell reader, agitated at 60
rpm before reading and the fluorescence was measured at the top of each well at
520 nm (excitation wavelength was 485 nm) every 90 seconds for 150 min. The
net AUC was calculated for each sample including the Trolox dilutions by
summation of all the fluorescence measurements over time, normalized by their
initial fluorescence values. Then the Trolox calibration curve was obtained
plotting the calculated net AUC over Trolox tested moieties (umol). Each sample
average AUC was interpolated in the calculated linear fit to obtain the relative
Trolox equivalents (TE) (umol). The results were expressed as ORAC values
which are the calculated (TE) (umol) per gram of sample. The relative uncertainty
budget was calculated for each value taking into account, for the standard
calibration curve linear fit, all the uncertainties related both to the x-axis and to
the y-axis. For the first, the same factors mentioned in section 5.2.5.1 for the
DPPH assay were taken into consideration. For the second, a propagation of the
calculated standard uncertainty values, derived from the AUC measurements of
the replicates, was performed.

5.2.6  Antioxidant packaging production

The developed packaging material was composed of cellulose-based
biopolymer incorporated with a minimal amount of PVdC (polyvinylidene
chloride) to optimise the moisture and gas barrier properties of the material and
was purchased from the NatureFlex™ (45 NK) product range supplied by
Futamura UK Ltd (Burgos, Spain). For the active film production with moringa
leaves and olive extracts they were manually coated with a homogeneous layer of
safe food-contact varnish methyl ethyl ketone-based, ADCOTE™ 17-3, courtesy
of DOW Chemical Ibérica (Madrid, Spain) employing a wire close wound bar
(bar number: 7; color code: brown; wire diameter: 1.02 mm; wet film deposit: 80
uM). Samples were prepared incorporating 5% (w/w) of the chosen active extracts
of olive and moringa leaves directly in the varnish and all the samples were
sonicated at the power of 300 W for 1 h. Samples with 5% (w/w) of gallic acid
(GA) and with varnish only were prepared as well as positive control (CTRL+)
and blank respectively. Then they were coated on the cellulose sheets and air-
dried to get rid of the solvent (Figure 38).
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Figure 38: Scheme of the cellulose-based biopolymer coating procedure for the
active packaging preparation.
A) About 2 g of safe food-contact varnish with 5% of the active agent were spotted in a
line at the top of the cellulose film. B-C) The varnish was gently laminated on the surface
of the cellulose foil using a wire close wound bar. D) The cellulose foil homogeneously
coated with the active varnish was air-dried.

The grape macerates extracts, showed limited solubility in the solvent based
varnish. Consequently, the corresponding developed packaging material was
based on two cellulose polymer layers laminated together with a water-based
biodegradable adhesive (Flex Tack 4M35) for food packaging applications from
Samtack (Barcelona, Spain). Extracts were incorporated to the adhesive at 5%
(w/w) concentration and homogenized by sonication using the same conditions
previously described for moringa and olive samples. The active adhesive was
spread on the cellulose sheet using the coating machine K control coater from RK
print coat instruments (Litlington, UK). The same wire close wound bar described
before was used for coating and the sheet was air-dried. The cellulose sheet with
dry adhesive was covered by another cellulose layer. The developed multilayer
biomaterial was placed in BiO 330 A3 Heavy Duty Laminator (South Korea), and
it was pressed at 40 °C with a speed number 5.
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5.27 Antioxidant packaging characterization
5.2.7.1 DPPH radical scavenging activity

The DPPH inhibition assay applied directly on active films was already
previously described [259, 260]. Briefly, squares of 2 cm x 2 cm were cut in
triplicate from each active film produced including the blank and the gallic acid as
negative and positive control, respectively. Then, the volume of a solution (50
mg/l) of DPPH radical in methanol was calculated to maintain the proportion
between the DPPH and the extracts molecules present in the area of the film the
same of that used for the analysis of pure extracts. Therefore, the squares of active
films were put in sterile 50 ml Falcon tubes and covered with aluminium foils,
and then 12 ml of DPPH radical solution were put in each Falcon tube adding a
falcon with DPPH solution only as control. Aliquots of 200 pl of each replicate of
each sample were collected immediately after the addition of the DPPH and after
24 h. They were put in a 96-wells plate and their absorbance at 516 nm was
measured. Then the AP% was calculated using the Equation 9 for all the samples
including the blank at the two time points. The relative uncertainties were
calculated by propagation of standard uncertainties obtained from the three
measurement replicates.

5.2.7.2 Free radical scavenging assay

Antioxidant capacity of all the prepared cellulose-based active films was
measured using a method developed by Pezo et al. [151] and a schematic
representation of the apparatus used is shown in Figure 39.
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Figure 39: Schematic representation of generator of hydroxyl free radicals.
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The method consists of the hydroxylation of salicylic acid by the free radicals
generated from an aqueous H>O: (0.29 M) aerosol, under UV-light irradiation.
Samples of 1 dm? of each active cellulose films were placed inside PE bags with
internal dimensions of 150 mm x 150 mm, internal volume was (420 + 6) ml, and
an impulse sealer PFS-200 Zhejiang Dongfeng Packing Machine Co (Wenzhou,
Zhejiang, China) was used to thermo-seal the bags. The prepared bags were
placed in a holder with separators that contained up to eight bags at the same time
and the bags were then connected to the OHe radical generator. The generated
atmosphere enriched in free radicals was carried by air through plastic bags with
the active material inside, and finally bubbled into a salicylic acid solution.
Salicylic acid reacts with the not scavenged free radicals and forms 2,5-
dihydroxybenzoic acid (2,5-DHB) as major compound, which is fluorescent
(Figure 40).

Na* HO
OH- OH

OH OH

Figure 40: Reaction of sodium salicylate and hydroxyl radicals to form 2,5-DHB.

The setup comprised a Bio-Rad peristaltic pump (Hercules, CA, USA) set at
0.8 ml/min and a total air flow set at 3.76 1/min. The photoreactor used to generate
OHe radicals from 1.66% (v/v) hydrogen peroxide solution consisted of a (300
mm % 30 mm cylindrical quartz tube that was irradiated with UV light generated
by eight 250 mm X 15 mm Philips fluorescent UV lamps (TL 8W/08 F8TS5/BLB
Hg, Eindhoven, The Netherlands) that were placed axially around the quartz tube.
Drechsler-type gas-washing bottles filled with 50 g of 2 pg/g of sodium salicylate
solution were used to collect the flow-through gases. Three replicates of each
sample have been analysed. The antioxidant samples have been compared to their
targets. The oxidation of the samples has been carried out for 24 h.

Quantitative analysis of 2,5-DHB and the residual salicylic acid was
performed by high-performance liquid chromatography (Alliance 2695
Separations Module (Waters, Milford, MA, USA)) with a 474 Scanning
Fluorescence Detector. A Waters reversed phase column ((100 x 4.6) mm, 3 pm)
Atlantis dC18 was used. The mobile phase was a mixture of aqueous acetate
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buffer (35 mmol/l, pH 5.9, 1.0 ml/min) and methanol, 9:1 (v/v). The injection
volume was 10 pl. Excitation and emission wavelengths were set at 324 nm and
448 nm, respectively.

As a result, the percentage of hydroxylation (H%), calculated from the rule of
three, has been obtained where 100% is the peak area of 2,5-DHB in the blank
sample (control) and x% is the area of the 2,5-DHB peak in a sample with
antioxidant.

Equation 10: H% = [Area spus (active film) / Areas spus (control)] x 100

5.2.7.3 TBARS assay on beef meat

This test is a colorimetric assay based on the reaction of thiobarbituric acid
with malondialdehyde (MDA) molecules, a secondary product of the lipid
peroxidation process, to form a pink product, as schematized in Figure 41,
absorbance at 532 nm is measured.
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Figure 41: Scheme of the TBARS assay method reaction principle.

A scheme of the lipid peroxidation process is showed in Figure 42.

Induction RH— R +H

Propagation R'+ 0, - ROO’

ROO*+RH — ROOH + R’

Termination R*+R*—RR
R*+RO0O*— ROOR

ROO*+R0O0O"— ROOR + O,

Figure 42: Scheme of the lipid peroxidation process.
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Briefly, the oxidation of the double labile bondages in polyunsaturated fatty
acids lead to the formation of peroxides, which could be further oxidised or
decomposed in compounds with lower molecular weight such as ketones, short
chain aldehydes like the MDA which could fasten the food degradation and also
negatively influence its quality and safety [261].

In order to perform this assay 12 g of fresh beef meat minced twice with a
content of about 50% of fat were weighted for each of the film samples (5% M
MAC Met 30d, 5% GA, blank) and packaged individually in 2 squares of 6 cm %
6 cm of the films over and above the meat piece, flattening it to make sure that all
the coated film area was in full contact with meat (Figure 43).

Figure 43: Packaging process of minced beef meat in active films.
A) 12 g of minced beef meat was weighted and placed in the centre of rectangles of each
active films prepared with the coated layer in direct contact. B) Meat samples were
flattened to cover the entire internal area of the film. C) The samples were inserted in
PET thermos-sealable bags and sealed in normal atmosphere. D) Final packaged sample
stored at 4 °C.

Each sample was inserted in a polyethylene terephthalate (PET) thermo-
saleable bag of an external area of 12 cm x 14 cm and sealed aerobically with
non-modified atmosphere air and stored in the fridge at 4 °C. Samples were
prepared in triplicate for each kind of film tested, including the blank coated with
varnish only, and for each time point of analysis (0, 3, 6, 9, 16) days, to follow the
meat lipid peroxidation over time. The thiobarbituric acid index (TBARS value)
was determined for each sample at each time point by adapting many previously
described protocols [105, 262, 263, 264]. Briefly, the MDA was dissolved in
Milli-Q® water to obtain a stock solution of 1 mM and diluted in different
concentrations from 0.8 mM to 0.01 mM, and 1 ml of each standard dilution was
mixed with 1 ml of TBA stock solution 4 mM, to build a calibration curve. 10 g of
meat, from each packed sample in triplicate, were homogenized with 20 ml of
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TCA 10% (w/v) for 30 s with a Brinkman Polytron (PT 10/35, Kinimatica,
Switzerland) till a uniform slurry was obtained. Than the samples were
centrifuged at 2000 rcf for 5 min at 10 °C. 1 ml of supernatant was collected from
each sample and mixed with 1 ml of aqueous solution of TBA at a concentration
20 mM. All the samples, including the calibration curve dilutions, were kept in
paraffin oil bath at 97 °C for 20 min, to allow the reaction between the MDA and
the TBA. Then they were cooled in a water bath at 20 °C for at least 10 min to
complete the colour change. The samples were then centrifuged at 2000 rcf for 15
min at 10°C and 200 pul were taken from each sample and put in a 96-wells plate
including a column with water only as blank. The absorbance was measured at
532 nm and subtracted for the absorbance of the blank. The concentration of
MDA in the samples was calculated interpolating the values in the linear fit
obtained from the calibration curve. TBARS values were expressed as mg of
MDA per kg of meat. All measurements were made in triplicate. The uncertainty
budget for each measurement was obtained in the same way described for the
DPPH assay in section 5.2.5.1. The statistical significance of the difference
between the average of the measurements on the blank and the moringa samples
was analysed performing a t-tfest and the relative p-value were calculated and
represented in the graphs as a single star for p < 0.05 and two stars for p <0.01.

5.2.7.4 Raman evaluation of meat oxidation

Pieces (2 g) of each meat sample at the first and final measurement time
points were weighted and positioned on a microscope glass slide, flattening them
as much as possible. Before data collection, the alignment and calibration of the
Raman DXR™ Thermo Fisher Scientific microscope was performed using the
instrument calibration tool, as described before. A 10x objective (0.25 NA) with a
20 pum slit aperture was employed. The analysed spectral range was (3500-200)
cm’l. All the spectra were acquired using the following conditions: laser
wavelength 780 nm with a power of 5.0 mW, exposure time 5 s for 24 scans. All
the spectra collected were manually corrected for the baseline and normalized for
the intensity of the peak at 1000 cm™ corresponding to the stretching vibrational

mode of aromatic rings.
5.2.7.5 FT-IR evaluation of meat oxidation

The same meat samples on the glass slides were analysed by Fourier
Transform-infrared (FT-IR) spectroscopy after the Raman measurements. For
these measurements the Nicolet™ iN™10 infrared microscope equipped with a
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DTGS detector was used. The spectra were collected by attenuated total reflection
(ATR) collection mode using a Ge crystal, as they were solid, not transparent and
not particularly reflecting samples. The tip was gently washed with ethanol
between measurements. The background was collected in air before each
measurement. 64 scans were acquired for 1 min of total collection time. Spectra
were corrected for the baseline and deconvoluted for the amide 1 (1640—1680)
cm! and amide II (1550-1530) cm™ signals. Thermo Scientific Peak Resolve was
use to fit a number of individual peaks to a complex set of overlapping peaks in
the spectrum. The operation is performed on the selected region (1750-1350) cm-
1 (where protein peaks appear) of the selected spectrum. Voigt function was
selected as peak type initial guess. Once the peak shape is set, the peak
characteristics are described by the location, height and full width at half height
(FWHH=15). Find Peaks functions automatically defines a set of peaks based on
the current sensitivity and FWHH (full width at half height) settings. The
algorithm used to find peaks looks for minima in the Savitsky-Golay second
derivative of the selected regions of the spectrum. The Sensitivity parameter
determines the polynomial order used in calculating this derivative: we used
medium sensitivity, which corresponds to a third order polynomial. Then the Fit
Peaks function initiates the process of automatically adjusting the peak center,
height and width to produce a composite spectrum that matches the original. The
convergence routine in OMNIC is a Fletcher-Powell-McCormick algorithm.
Convergence is determined by the ratio of the root mean square (RMS) of the
residual to the RMS noise of the spectrum. Ideally, this should approach 1 as the
RMS of the residual approaches the noise. The type of baseline component used
in the fit operation was linear or none baseline. Baseline correction before fitting
was however performed. The AUC of the deconvoluted spectra were calculated
and their ratio was calculated for the evaluation of the proteins variation.

5.2.7.6 Migration test of active agents

For each active cellulose film including the blank and the CTRL+ a portion of
5 cm? were cut and put in amber glass bottle. then 8.33 ml of simulant (ethanol
10% or acetic acid 3%, considering that we want to simulate meat) were added,
based on proportional relationship established by the European normative (1 dm?
of simulant per 6 dm? of packaging), Regulation (EU) No 10/2011, and the bottles
were carefully closed also by Parafilm® M to avoid evaporation of the simulant.

The migration test was carried out for 10 days at 40 °C, including hot-filling,
according to Commission Regulation (EU) No 2016/1416 amending and
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correcting chapter 2, section 2.1.4, of Regulation (EU) No 10/2011. After ten
days, the films were removed from the bottles and the simulants were analysed by
UV-Vis. Calibration curves of all the pure extracts tested were built making serial
dilutions in both the food simulants. The amount of released compounds after 10
days was evaluated by interpolation in the linear fits following the Lambert-Beer
law:

Equation 11: A=gxbxc

Where A is the absorbance, ¢ is the molar absorptivity, b is the length of light
path, and c is the concentration of sample detected.

5.3 Characterization of the antibacterial and
antioxidant properties of the different natural
extracts fractions

5.3.1 Evaluation of the antibacterial properties of the
natural extracts by disk diffusion assay

Extracts were obtained from olives residues from olive oil production, grape
residues from red wine production and from exsiccated Moringa oleifera Lam.
leaves by the University of Zaragoza. All the fractions of extracts obtained by
SFE, subsequent SAE and MAC in four different solvents for 10 days or 30 days
of each plant material were dissolved in ethanol, or water and ethanol (1:1) at a
fixed concentration (see paragraph 5.2.2). All these solutions were analysed for
their antibacterial and antioxidant properties by different standard assays.

Firstly, their bactericidal effect against both E. coli and S. aureus standard
strains, as a Gram — and a Gram + bacterial model, respectively, was tested by the
disk diffusion assay. The zone of inhibition due to each test sample was evaluated
and compared with a negative and a positive control of pure ethanol and TCS,
respectively (Figure 44).
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Figure 44: Disk diffusion assay results of all the pure extracts toward E. coli and S.

aureus.
Disk diffusion assay most results of moringa leaves extracts (first line on the top), grape
extracts (second line), olive extracts (third line) and comparison of the inhibition zone
with positive (TCS) and negative (ethanol) controls (fourth line) towards A) E. coli
ATCC 8739 and B) S. aureus ATCC 65380. In this image samples fractions were
numerated from 1 to 15 or 11 to simplify their labelling on the plates.

As Figure 44 shows, no significant bactericidal effects were observed for each
extract at the tested concentrations against both E. coli and S. aureus. Indeed, no
inhibition zone was detected near all the extracts samples, which were comparable
to the CTRL—, while a significant halo of inhibition was detected only around the
CTRL+ for both the selected bacteria.

5.3.2  Evaluation of the antioxidant properties of the natural
extracts by DPPH and ORAC assays

The antioxidant properties of all the ethanol solutions of the different fractions
of the extracts were evaluated by both two standard assays: the DPPH scavenging
capacity assay and the ORAC assay. As previously commented, these are two
standard methods very commonly employed to assess the antioxidant efficacy of
liquid compounds.
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5.3.2.1 DPPH assay results

Different dilutions of all the ethanol solutions of the three plant materials
were prepared and mixed with the DPPH radical solution. The reaction took place
in the dark and the change of colour of the solution from violet to yellow was
measured after one hour of incubation by UV-VIS absorbance at 516 nm. All the
samples were analysed in triplicate, including gallic acid as reference standard
compound since it is a phenolic simple molecule with very well characterized
antioxidant properties. The antioxidant power percentage (AP%) was calculated

for each sample using the Equation 9 and plotted against their different
concentrations (Figure 45).
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Figure 45: DPPH assays results expressed as antioxidant power percentage (AP%).
Plots showing the calculated AP% against sample concentrations for each extraction
fractions by SFE (red lines), SAE (green lines) and MAC for 10 days (solid lines) or 30
days (dashed lines) in the four different solvents of A) moringa leaves extracts, B) grape
extracts and C) olive extracts.
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Figure 45 shows that, as expected, the fractions obtained by SFE and
maceration in dichloromethane exploited the lowest values of antioxidant power,
which, in most of the cases, do not even reach the 50%. This is due to the mostly
non-polar composition of these extracts, which do not contain the higher
antioxidant active compounds such as polyphenols, flavonoids and tannins. These
compounds are usually extracted by polar solvents such as water, ethanol or
methanol. Indeed, the extraction with supercritical CO> is often employed to
precipitate the polar fractions and eliminate the non-polar compounds that are not
interesting for their antioxidant efficacy. Moreover, in this case the solid residues
of this extraction were recovered with ethanol and then underwent an anti-solvent
extraction which allowed to obtain extracts fractions with very high antioxidant
efficacy (green lines in the plot), especially those collected immediately after the
passage in the extractor (see the scheme in Figure 36). In addition, the macerates,
especially those obtained after 30 days of maceration in ethanol or methanol
showed good capability to reduce the DPPH radical, which again might be due to
their more polar composition. The slope of the curves linearly reflects the
antioxidant efficacy of the samples, since the higher is the pendency the lower
concentration of sample is needed to reduce the same amount of DPPH.
Consequently, it results evident that the highest efficacy is obtained by grape
extracts, excluding the SFE and MAC in DCM fractions, followed by moringa
extracts and lastly by olive.

This could be due to the more lipophilic composition of olive extracts, which
could partially negatively influence their antioxidant efficacy in liquid assays
conducted in hydrophilic conditions.

From these results, a linear range of at least 4 concentrations in the
surrounding of the 50% of AP was analysed for each sample, in triplicate,
excluding those that did not reach a 50% of AP and the relative linear fit were
calculated (Figure 46).
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Figure 46: Example of the study of the linear range around 50% AP of a grape
extract sample.
A) Antioxidant power (in %) plotted against concentration of a grape extract sample and
example of the study of the linearity around 50% of AP (red points). B) Linear fit
obtained from the 4 concentrations analysed on the sample in panel A.

From these fits, the half-maximal effective concentration (ECso), that is, the
minimal amount of antioxidant agent needed to reduce 50% of the radical DPPH,
was obtained for each sample. The linear fits with their relative uncertainties and
y? values are shown in Table 13.

Table 13: Linear fits of olive, grape and moringa extracts obtained from the DPPH
assay results around 50% of antioxidant power.

Extraction Linear fit equation . . 2
Sample fraction (y = mx + q) uncertainty(q) uncertainty(m) y/(n-p)
SFE 1 y=0.145x +17.8 9.1 0.039 0.107
SFE 2 y=0.176x + 15.2 7.4 0.029 0.312
SFE 3 y=0.476x -4.9 8.4 0.067 0.237
SAE 1 y=0.63x+6.3 11 0.16 0.044
Moringa
SAE 2 y=0.526x +2.3 5.7 0.079 0.154
SAE 3 y=0.371x-1.5 6.5 0.081 0.110
MAC Et 10d y=0.561x-2.0 7.7 0.085 0.019

MAC Et 30d y=0.302x+ 0.6 6.9 0.038 0.368
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MAC Met 10d y=0.585x +4.5 4.7 0.072 0.233
MAC Met 30d y=0.633x +15.8 5.1 0.069 0.236
MAC Ac 10d y=0.521x+2.3 7.6 0.080 0.113
MAC Ac 30d y=0.472x-1.0 59 0.070 0.090
MAC DCM 10d y=0.290x + 6.8 13 0.065 0.018
MAC DCM 30d y=0.279x+ 0.7 13 0.084 0.006
SAE 1 y=28.63x-5.6 5.6 0.78 0.712
SAE 2 y=6.6x +10.4 8.6 1.2 0.010
SAE 3 y=0.139x+ 1.0 4.7 0.014 0.215
MAC Et 10d y=57x+2.7 7.2 1.0 0.005
MAC Et 30d y=1.86x-5.6 5.7 0.23 0.162
Grape
MAC Met 10d y=5.92x+10.3 4.9 0.74 0.013
MAC Met 30d y=1.66x-1.3 8.1 0.31 0.091
MAC Ac 10d y=32.5x-74.5 9.1 2.6 0.981
MAC Ac 30d y=0.75x + 11.5 6.1 0.12 0.001
MAC water 30d y=232x+0 20 0.98 0.013
SAE 1 y=0.96x+6 11 0.24 0.003
SAE 2 y=0.56x + 14 13 0.19 0.007
SAE 3 y=0.334x + 3.7 83 0.050 0.134
Olives
MAC Et 30d y=0.453x+2 11 0.096 0.029
MAC Met 30d y=0.80x + 13.1 9.9 0.19 0.112
MAC Ac 30d y=0.165x + 14.8 9.2 0.034 0.018
Gallic acid y=462x+1.0 2.5 2.6 0.214
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The ECso of each sample was interpolated from their respective linear fit and
the obtained values with the correspondent standard uncertainties are showed in
Table 14. The samples that revealed the lower ECso value have the higher
antioxidant efficacy. The ECs values were compared with the percentage of total
content of polyphenols (w/w) determined for each sample by the Folin-Ciocalteu
assay. For this assay, a calibration curve was built using gallic acid as standard
polyphenolic compound (Figure 47). Then the total content of polyphenols in
percentage (w/w) of each sample was calculated interpolating their absorbance
measured at 765 nm in the calibration curve, obtaining the concentration in gallic
acid equivalents and normalizing the results for the concentration of each sample.
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Figure 47: Gallic acid calibration curve obtained for the Folin-Ciocalteu assay.

Table 14: ECso and total polyphenols content % (w/w) calculated for each olive,
grape and moringa extract.

Total
Sample Extraction fraction ECso polyphenols
content % (w/w)
SFE 1 223 + 87 2.931+£0.052
SFE 2 198 + 53 2.83+£0.10
Moringa
SFE 3 115+24 3.086 + 0.057

SAE 1 69 £25 10.693 £ 0.067
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SAE 2 91+17 10.217 £0.081
SAE 3 139+ 35 3.479 £ 0.068
MAC Met 10d 78 £13 7.476 £ 0.050
MAC Ac 10d 92 +£20 4.69 +0.20
MAC Et 10d 93 +20 3.643 +0.029
MAC DCM 10d 149 £ 55 3.688 +0.082
MAC Met 30d 54+10 7.60 £ 0.49
MAC Et 30d 164 + 30 5.652 +0.088
MAC Ac 30d 108 +20 4.085 + 0.046
MAC DCM 30d 177+ 71 3.968 + 0.029
SAE 1 6.45+091 45.0+4.8
SAE 2 6.0+ 1.7 38.23+0.74
SAE 3 352+ 50 10.34 £ 0.12
MAC ac 10d 3.80+0.42 47.34+0.71
MAC met 10d 6.7+1.2 448+19
Grape
MAC et 10d 83+1.9 31.78+£0.91
MAC DCM 10d 21+£12 15.40+0.21
MAC water 30d 31.0+ 7.6 16.35+0.12
MAC met 30d 29.8+4.7 14.67+0.21
MAC et 30d 51+12 14.74 £ 0.49
SAE 1 46 + 16 5.05+0.11
SAE 2 66 +33 3.614 +0.081
Olives SAE 3 139 £33 341+0.15
MAC Met 30d 46 + 16 3.78+0.15

MAC Et 30d 108 +34 3.309 +£0.073
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MAC Ac 30d 214+ 71 2.133 +0.039

Gallic acid - 1.060 £ 0.079 -

The correlation between the obtained ECso values and the total content of
polyphenols of each extract was also evaluated (Figure 48) because a higher
content of polyphenols is often related to a higher antioxidant efficacy due to the
important antioxidant effect of those molecules and their capability to donate H"

thus reducing radical compounds.
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Figure 48: Comparison between the calculated ECsp and the total content of

polyphenols% (w/w).

Total polyphenolic content plotted against the relative ECso values of each extract sample
of A) moringa leaves, B) grape industrial waste, and C) olive industrial waste. The

samples with the most antioxidant efficacy were squared in red.
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As showed in Figure 48, the samples with lower ECso values are well
correlated with a higher content of polyphenols. Furthermore, from this analysis it
results clear that the extractions by SAE are those that produced the most
antioxidant active extracts with the highest content of polyphenols, especially
those collected from the first extractor. Those samples are immediately followed
by macerates, especially those in methanol, confirming that this solvent resulted
the one with the highest extractive capacity of active compounds. These findings
are in line with literature data [265].

Additionally, grape extracts demonstrated the highest content of polyphenols
with a relative very high antioxidant activity. This was a confirmed data because
in the peel and seeds of red grapes huge amount of antioxidant active compounds
are present [266].

For the maceration extracts, in particular, the time of maceration seems to
influence the extraction of active compounds. Indeed, since for both moringa and
olive the bests results in terms of antioxidant efficacy and polyphenolic content
were obtained by the macerates for 30 days, this is not the case observed for
grape, where the best samples were those macerated for 10 days. These results
obtained for grape were confirmed also by the redder colour observed in the
ethanolic solutions of the macerates for 10 days in all the 4 solvents, while the 30
days showed a loss of the red colour indicating a lower content of phenolic
compounds. This phenomenon 1is confirmed in literature [267] because
excessively prolonged time of exposition to the solvents could cause oxidation of
phenolic compounds or their polymerization into insoluble compounds.
Furthermore, it is known that the changes in the solid to liquid ratio occurring
over time could influence the mass transfer of active compounds. So, the optimal
extraction conditions, including solvent, temperature and time of extraction could
be different between the plant materials due to their different compositions.

5.3.2.2 ORAC assay results

Firstly, Trolox at seven different concentrations was tested to obtain the
standard calibration curve (Figure 49).



Characterization of the antibacterial and antioxidant properties of 149
the different natural extracts fractions

Normalized fluorescence intensity (a.u.)

B
. . g-g mgm a5 v = (8120 + 270)x + (2.90 + 0.25)
1 " - 2 _
f.":‘ ::-. "~ + 16 mgml R™=0.99 A
L = 0.80 mg/ml 304
084 Lot + 040 mgml -
A . « 0.20 mg/ml 3 254
. - O
o6l - . . +  0.10 mg/ml —
| : . (& 20
. S
0ad oL T o
S T 159 HO 0
AT s N pd
- - - 1] -
024 a. L 10 o\
RN N S 5
0,0 e et i
T T T T T ] 0 T T T T !
0 1500 3000 4500 6000 7500 9000 0,000 0,001 0,002 0,003 0,004
Time (s) Trolox (umol)

Figure 49: Trolox standard calibration curve and kinetics for the ORAC assay.
A) Fluorescein kinetics of fluorescence intensity decay at 520 nm over time in presence
of AAPH and seven different concentrations of Trolox. B) Trolox calibration curve
obtained for the ORAC assay.

Then, all the plant extracts were analysed and the kinetics of fluorescence
signal decay over time in presence of the oxidative molecule AAPH were
measured for each sample in triplicate. The average of the calculated net areas
under the curve of each sample were interpolated in the Trolox standard
calibration curve and the TE were obtained and normalized for the sample
concentration as explained in materials and methods paragraph 5.2.5. For each
value the uncertainty budget was calculated propagating the standard uncertainty
taking into consideration all the dilutions and weighed made. The results are
summarized in Table 15.
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Table 15: ORAC values obtained for each moringa, grape and olive extract
expressed as pmol of Trolox equivalents (TE)/g of plant material.

Sample Extraction fraction (zflﬁocl r;;l:l/uge)s
SFE 1 21790 £ 610
SFE 2 22990 + 660
SFE 3 24190 + 670
SFE 4 22880 + 640
SAE 2 46900 + 1400
SAE 3 43500 + 1300
MAC Et 10d 42900 £ 1200
Moringa
MAC Ac 10d 33900 £ 990
MAC DCM 10d 30160 £ 890
MAC Met 10d 26040 + 750
MAC Met 30d 42600 + 1200
MAC DCM 30d 31670+ 950
MAC Ac 30d 28300 + 840
MAC Et 30d 26240 £ 910
SFE 1 18730 £ 540
SFE 2 23960 + 760
SFE 3 19530 £ 570
SFE 4 31400 = 860
Grape
SAE 1 127700 + 3700
SAE 2 91600 £ 2600
SAE 3 80900 =+ 2400

MAC Ac 10d 78000 + 2300
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MAC Met 10d 74600 £ 2300

MAC DCM 10d 72300 £ 2000

MAC Et 10d 69000 £ 2000

MAC water 30d 89400 + 3500

MAC ac 30d 75300 £ 2200

MAC met 30d 75100 £2100

MAC Et 30d 60600 £+ 1800
SFE 1 2480 + 130
SFE 2 3000 + 80
SFE 3 3340 + 150
SFE 4 3530+90
SAE 1 4060 =110

Olives SAE 2 2950 + 140
SAE 3 3400 + 180

MAC Et 30d 4300+ 110

MAC Ac 30d 3420 +£90

MAC Met 30d 3340 £170

Mac DCM 30d 3010+ 170

In this case higher ORAC values (umol TE / gsampie) correspond to higher
antioxidant properties since the values represent how many times the sample
works better than Trolox to protect fluorescein probe from oxidation induced by
the presence of AAPH radical.

Despite minor differences from the DPPH assay results among the antioxidant
efficacy of the MAC extracts with different solvents, which are included in the
uncertainty values, and are mainly due to the different antioxidant mechanism
measured by the two assays, it could be notice that also in this case all the grape
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extracts showed the highest antioxidant properties followed by moringa and by
olive, which as before, showed the lowest antioxidant effect also in this test.
Furthermore, it was confirmed again that SAE is the extraction technique which
allows to obtain the extracts with the highest antioxidant efficacy. Between the
macerates, those that have already demonstrated the highest antioxidant power in
the DPPH assay reconfirmed this result also by ORAC assay. In particular, the
moringa MAC in methanol for 30 days, the grape MAC in acetone for 10 days
and in water for 30 days, as well as the olive MAC in ethanol for 30 days showed
the highest capability to protect fluorescein signal decay, which demonstrated
once more their highest preservatives capabilities from oxidation among the other
macerates.

5.3.3 UPLC-TQ-MS analysis of the polyphenolic content of
the extracts

To better elucidate the relation between higher antioxidant properties and
higher content of polyphenols a semi-quantitative analysis of the content of the
principal polyphenolic molecules such as catechins, epicatechins and gallates was
performed by targeted UPLC-TQ-MS. The results, expressed as relative peak
ratio%, are summarized in Tables 16, 17 and 18, and in the graphs in Figure 50.
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Table 16: Relative polyphenols content analysis of moringa extracts by UPLC-TQ-MS.

Compound GA CAF C EC CG ECG GC EGC GCG EGCG
ESI Mode Negative  Positive  Negative Negative Negative Negative Negative Negative Negative Negative
tr (min) 0.76 3.00 2.63 3.09 3.46 3.37 1.99 2.32 3.06 4.98
m/z 169.02 195.1 289.07 289.07 441.08 441.08 305.07 305.07 457.08 457.08
MeOH (blank) 0 ND ND ND ND ND ND ND ND ND
SFE 1 100 ND ND ND ND ND ND ND ND ND
SFE 2 100 ND ND ND ND ND ND ND ND ND
SFE 3 65 ND ND ND ND ND 8 6 ND 21
SFE 4 96 ND ND ND ND ND 2 2 ND ND
SAE 1 35 65 ND ND ND ND ND ND ND ND
SAE 2 83 17 ND ND ND ND ND ND ND ND
SAE 3 92 ND ND ND ND ND ND ND ND 8

MAC Et 10d 100 ND ND ND ND ND ND ND ND ND
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MAC Et 30d 60 40 ND ND ND ND ND ND ND ND
MAC Met 10d 35 65 ND ND ND ND ND ND ND ND
MAC Met 30d 90 10 ND ND ND ND ND ND ND ND

MAC Ac 10d 100 ND ND ND ND ND ND ND ND ND

MAC Ac 30d 100 ND ND ND ND ND ND ND ND ND

MAC DCM 10d 100 ND ND ND ND ND ND ND ND ND
MAC DCM 30d 100 ND ND ND ND ND ND ND ND ND

*ND: non detected
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Table 17: Relative polyphenols content analysis of grape extracts by UPLC-TQ-MS.

Compound GA CAF C EC CG ECG GC EGC GCG EGCG
ESI Mode Negative  Positive  Negative Negative Negative Negative Negative Negative Negative Negative
tr (min) 0.76 3.00 2.63 3.09 3.46 3.37 1.99 2.32 3.06 4.98
m/z 169.02 195.1 289.07 289.07 441.08 441.08 305.07 305.07 457.08 457.08
MeOH (blank) 0 ND ND ND ND ND ND ND ND ND
SFE 1 ND ND ND ND ND ND ND ND ND ND
SFE 2 100 ND ND ND ND ND ND ND ND ND
SFE 3 100 ND ND ND ND ND ND ND ND ND
SFE 4 100 ND ND ND ND ND ND ND ND ND
SAE 1 67 ND 22 11 ND ND ND ND ND 0
SAE 2 65 ND 23 10 ND 2 ND ND ND ND
SAE 3 100 ND ND ND ND ND ND ND ND ND

MAC Et 10d 62 ND 22 12 ND 4 ND ND ND ND
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MAC Et 30d 66 ND 23 9 ND 1 ND ND ND ND
MAC Met 10d 64 ND 22 12 ND 2 ND ND ND ND
MAC Met 30d 90 ND 6 3 ND 1 ND ND ND ND

MAC Ac 10d 53 ND 29 14 ND 4 ND ND ND ND

MAC Ac 30d 53 ND 34 12 ND 1 ND ND ND ND

MAC DCM 10d 100 ND ND ND ND ND ND ND ND ND
MAC water 30d 72 ND 17 11 ND ND 1 0 ND ND

*ND: non detected
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Table 18: Relative polyphenols content analysis of olive extracts by UPLC-TQ-MS.

Compound GA CAF C EC CG ECG GC EGC GCG EGCG

ESI Mode Negative Positive Negative Negative Negative Negative  Negative Negative Negative Negative
tr (min) 0.76 3.00 2.63 3.09 3.46 3.37 1.99 2.32 3.06 498

m/z 169.02 195.1 289.07 289.07 441.08 441.08 305.07 305.07 457.08 457.08
MeOH (blank) 0 ND ND ND ND ND ND ND ND ND
SFE 1 100 ND ND ND ND ND ND ND ND ND
SFE 2 100 ND ND ND ND ND ND ND ND ND
SFE 3 100 ND ND ND ND ND ND ND ND ND
SFE 4 100 ND ND ND ND ND ND ND ND ND
SAE 1 37 ND ND ND ND ND ND 63 ND ND

SAE 2 22 ND ND ND ND ND ND 72 1 5
SAE 3 100 ND ND ND ND ND ND ND ND ND
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MAC Et 30d 46 ND ND ND ND ND ND 54 ND ND
MAC Met 30d 38 ND ND ND ND ND ND 62 ND ND
MAC Ac 30d 81 ND ND ND ND ND ND 19 ND ND
MAC DCM 30d 100 ND ND ND ND ND ND ND ND ND

*ND: non detected
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Figure 50: UPLC-TQ-MS results for all the moringa, grape and olive extracts.
A-B-C) Plot resultant from the overlap of the UPLC-IMS results for each polyphenolic
standard listed in the legend obtained by each extract of moringa leaves, grape and olive,
respectively.

From this semi-quantitative analysis, it resulted that the polyphenolic content
of all the three plants extracts is mostly composed of gallic acid, which is higher
in the samples which have already evidenced a high polyphenolic content in the
Folin-Ciocalteu assay such as the MAC and the SAE fractions. In particular, grape
extracts confirmed again to be the ones with the highest content of polyphenolic
compounds including catechin, epicatechin and epicatechin gallate. The highest
values of those compounds were obtained once more by the two first SAE
fractions and by the macerates for 10 days in acetone, followed by those in
methanol and in ethanol. Also the MAC for 30 days in water showed a high
content of polyphenolic molecules. Moringa leaves extracts showed also a
predominance of gallic acid content, especially in the sample macerated for 30
days in methanol and also the presence of caffeine especially in the MAC in
methanol and in the first SAE fraction. Again, olive extracts confirmed to contain
the lower amount of polyphenols in comparison with the other two plants extracts
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but they evidenced the presence of epigallocatechin and epigallocatechin gallate
especially in the first two SAE fractions and in the macerates in ethanol and
methanol. These results are perfectly in line with the DPPH, ORAC and Folin-
Ciocalteu results confirming that the grape extracts are those with the highest total
content of polyphenols, that the extracts which revealed the highest antioxidant
effects in the DPPH and ORAC assays are also those with the highest content of
polyphenols especially gallic acid. For all the three plants it results clear that the
solvent that extracts the highest moiety of active compounds is methanol.

5.4 Active film production and antioxidant activity
characterization

The active cellulose films, produced as described in detail in paragraph 5.2.6,
with 5% (w/w) of the moringa leaves, grape and olive extracts which
demonstrated the best antioxidant properties in the previous tests (moringa
macerates for 10 days and 30 days in methanol, olive macerates in methanol and
ethanol for 30 days and grape macerates in acetone and methanol for 10 days)
were characterized for their antioxidant efficacy with different techniques. The
macerates were chosen instead of the SAE best fractions because maceration
represent a more sustainable and cheaper extraction process, since it do not need
any particular high temperature or pressure and also the amount of solvent needed
is reduced in comparison with other industrial extraction techniques [145].

5.4.1 DPPH radical scavenging assay

Firstly, a DPPH assay was performed directly on the films avoiding any
extraction procedure by simply soaking squares of the active coated films in the
DPPH radical solution (50 mg/l) in a volume calculated to maintain the same
(DPPH / sample) molecules ratio of the tests on the pure extracts. The absorbance
at 516 nm was measured almost immediately and after 24 h, and the AP% was
calculated using the Equation 9. The results of the active cellulose films with
moringa and olive extracts obtained by coating are presented in Table 19.
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Table 19: Antioxidant power % (AP%) of the produced coated cellulose films
obtained from the DPPH assay.

Sample AP%
Blank 0.1+£5.9
Gallic acid 89.8+3.0
Moringa MAC Met 10d 374+49
Moringa MAC Met 30d 50.1+7.8
Olive MAC Et 30d 13.3+24
Olive MAC Met 30d 13.0+2.9

This assay evidenced that the most effective DPPH radical scavenger resulted
to be the cellulose film coated with 5% of the moringa macerate in methanol for
30 days. This sample, after 24 h of incubation was able to reduce (50.1 + 7.8)% of
the total radical DPPH molecules.

Then, the same assay was repeated with the cellulose double layer films with
5% of the two more promising grape macerates in the adhesive between the
layers. The results are summarized in Table 20.
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Table 20: Antioxidant power % (AP%) of the produced double-layer cellulose films
obtained from the DPPH assay.

Sample AP%

Blank 56£6.9

Trolox 71.6 +£6.7

Grape MAC Ac 10d 28.6+6.7
Grape MAC Met 10d 48 +11

These results evinced that also these kind of packaging results active to
reduce the DPPH radical present in the methanol solution. In particular, the
cellulose-based packaging with 5% of the Trolox standard molecule in the
adhesive resulted, as expected, more effective than the grape samples and with an
antioxidant power percentage lower but comparable with that of gallic acid, which
is a very good result considering that these samples are not in direct contact with
the DPPH solution as for the coated ones. Furthermore, the sample with 5% of the
grape extract by maceration in methanol for 10 days demonstrated an antioxidant
efficacy very similar to that obtained by the moringa MAC Met 30d with an AP%
of (48 = 11)% suggesting a very promising antioxidant efficacy.

5.4.2  Free radical scavenging assay

All these produced active films were tested also for their ability to scavenge
hydroxyl radicals by the method described by Pezo et al. [151]. Samples of active
cellulose with moringa and olive extracts including also blanks (CTRL-) and
gallic acid (CTRL+) in bags were prepared in triplicate. The fluorescence signal
of the formed 2,5-DHB was measured and the percentage of hydroxylation (H%)
was calculated by Equation 10. As previously described, the higher is the
scavenging capacity of the active agent tested, the lower fluorescence signal is
measured, so lower H% indicated better antioxidant efficacy of the film. The
results are collected in Table 21.
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Table 21: Free radical scavenging capacity of the active packaging materials
expressed as average hydroxylation percentage (H%) of 2,5-DHB.

Active material H%" uncertainty%
Gallic acid 60.53 £ 0.16 0.3
Trolox 65.81 +£0.13 0.2
Olive MAC Et 30d 74.01 £0.32 0.4
Olive MAC Met 30d 55.11+0.19 0.3
Moringa MAC Met 10d 57.92+0.10 0.2
Moringa MAC Met 30d 52.13+0.17 0.3
Grape MAC Ac 10d 58.10+0.18 0.3
Grape MAC Met 10d 66.84 +0.10 0.1

*blank: H% = 100%.

From this test resulted that the best radical scavenging capacity were obtained
by the cellulose film coated with 5% of the moringa macerate in methanol for 30
days with a percentage of hydroxylation of 52 + 0.17, which is even lower than
that of gallic acid. This fact confirms again its higher antioxidant efficacy in
respect to the other active film also applied in non-direct contact conditions. This
test evidenced a good radical scavenging capacity also of the films coated with
olive macerates, which with the DPPH test, in liquid, did not show satisfactory
results. Furthermore, also the Trolox and grape extracts showed a good peroxyl
radical scavenging capacity, comparable to that of gallic acid and moringa MAC
Met 10d, even if their action was expected to be reduced in respect of that made
by coating since their availability could be mitigated by the presence of another
layer of cellulose-based biopolymer. In consequence, it must be pointed out that
different tests are needed for a correct characterisation all the antioxidant effects
of the produced active materials. Some of them are more indicated for the direct
contact use since they are able to release larger amount of reducing compounds.
On the contrary, other are more suitable as non-contact packaging materials
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because they demonstrated higher scavenging activity, or because they are more
active on different substances due to their more lipophilic behaviour.

However, in this work, since the cellulose-based biopolymer coated with
moringa leaves macerated in methanol for 30 days demonstrated the higher
antioxidant efficacy in all the performed assays, this sample was chosen to be
applied on a case study of the oxidation of meat.

5.4.3  Analysis of oxidation of beef minced meat packed in
the active film with Moringa leaves macerate extract

5.4.3.1 Evaluation of lipid peroxidation by TBARS assay

Since lipid peroxidation is one of the main cause of the degradation of meat,
during transportation or storage, in this study minced beef meat containing about
50% of fat was wrapped with celluolose coated with 5% of moringa MAC Met
30d. Its oxidation was compared with meat packed in cellulose with only varnish
without any active agent (blank) and in cellulose coated with 5% of GA as
negative and positive controls respectively, over 16 days of storage in the fridge at
4 °C.

This particular active film was chosen to be tested in this experiment
evaluating its ability to protect fresh meat oxidation because it demonstrated the
highest antioxidant efficacy in the DPPH assay among the other active cellulose-
based films produced by coating. Also the efficacy of the cellulose double layers
films with grape macerates should be very interesting to test in the future but, they
were not taken into consideration in the present work since they should involve
more indirect process as non-contact active films.

The formation of the MDA as reference compound indicative of the lipid
peroxidation of meat was quantitatively followed over time by the TBARS assay.

The MDA present in each sample was quantified as mg of MDA/kg of meat
calculated interpolating the absorbance values in the MDA calibration curve.

The TBARS results are represented in Figure 51 and Table 22. The more
MDA/kg is measured the more peroxidation of lipids took place on the analysed
piece of meat.
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Figure 51: TBARS assay results of lipid oxidation of minced beef meat over time.
TBARS assay analysis of minced beef meat packed in cellulose with moringa leaves 5%
(green), gallic acid 5% (maroon) or blank (blue). The results are expressed as mg
MDA/kg of meat. Absorbance measurements of the lipids extracts of each sample were
taken at day 0, 3, 6, 9 and 16. Three different hamburgers were analysed for each sample
at each measurement point and the relative uncertainties were calculated by propagation
of standard uncertainty then a ¢-fest was performed to determine the significance of the
difference between the blank and the other samples mean values. Panel A) *: p-value <
0.05. **: p-value < 0.01.

Table 22: TBARS values of meat lipid peroxidation over time, expressed as mg

malondialdehyde (MDA)/kg of meat.

Packaging used for Blank Cellulose coated with Cellulose coated with moringa

the meat storage gallic acid 5% w/w leaves extract 5% w/w
Day of analysis mg MDA/kg of meat

0 0.212+0.036 0.212+0.036 0.212+0.036

3 0.302 £+ 0.082 0.207 + 0.029 0.267 = 0.030

6 0.372£0.079 0.189 £+ 0.023 0.279 £ 0.024

9 0.407 £ 0.048 0.177£0.018 0.291 +£0.039

16 0.389 £ 0.028 0.197 £ 0.018 0.262 +0.024
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The relatively high uncertainty values are reasonable, since three different
hamburgers were analysed for each sample at each time point, so the total content
of lipids could vary between each replicate. These results evidenced that a
statistically significant difference of oxidation between the meat packed in the
blank and the one packed in the cellulose with 5% of moringa leaves extract is
visible from day 9 (p < 0.05) and even more evident after 16 days (p < 0.01). The
results of the two controls showed the rightness of the test development. Indeed,
the sample with 5% of gallic acid showed a maintenance of the meat integrity
over all the time of storage tested, evidencing a significant difference of lipid
peroxidation in comparison with the blank (p < 0.05) after only 6 days. On the
other hand, the meat packed in the cellulose coated with the varnish without the
addition of any antioxidant agent evidenced a clear meat oxidation, which reached
the 84% of the total lipid content after 16 days. In contrast, the lipid peroxidation
of the moringa sample was calculated to be only 24% and the one with gallic acid
7%. The percentages of oxidation were calculated using the Equation 12:

Equation 12: [(Ad— Adis) / Ago] % 100

Where Aqo is the absorbance of the sample measured at day 0 and Aqie is the
absorbance of the sample measured at day 16.

Therefore, the minced beef meat packed in the cellulose coated with 5% of
the moringa leaves extract by maceration in methanol for 30 days demonstrated to
be able to protect lipid peroxidation by 60% over 16 days of storage in the fridge.

5.4.3.2 Raman analysis of meat oxidation

The TBARS assay is an indirect method to assess the oxidation of meat or
other foods, which require a previous extraction of the lipids contained in the
sample by meat homogenization followed by lipids extraction in trichloroacetic
acid. Thus, many studies have focused their attention on the development of
direct, rapid and non-destructive methods for the analysis of oxidation over time.
In this case vibrational spectroscopy results to be a very suitable technique as it
requires minimal sample preparation to obtain a detailed chemical fingerprint of
the sample.

In particular, Raman spectroscopy was already reported to follow the lipid
oxidation of meat over time [136, 268]. In the work described by Moudache et al.
[136] a step of lipid extraction from the meat was included and the samples were
analysed by a special sample holder with silver nanoparticles employing the
surface enhanced Raman spectroscopy (SERS) configuration.
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However, in this work hamburgers were analysed directly without using any
preparative steps or extractions by simple Raman spectroscopy configuration as a
rapid and non-contact technique.

The Raman spectra of minced beef meat showed in Figure 52 were collected
at different times: immediately after buying the meat (to, fresh meat), after 3 days
(t1, dashed line) or 16 days (tsn, solid line) of storage in the fridge at 4 °C packed
in the active packaging with 5% of moringa leaves extract (green lines) or 5% of
gallic acid (pink lines). The results were compared with the ones packed in the
blank cellulose. All the spectra were pre-processed for baseline correction to
eliminate fluorescence contribution and normalized by the intensity of the signal
at 1000 cm™ which corresponds to aromatic rings stretching modes (Socrates,
2001), which do not vary their Raman intensity from one sample to another. At
least 5 spectra were taken in different part of each meat sample and the average
spectrum is displayed.
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Figure 52: Raman in situ analysis of minced meat oxidation over time.
Raman spectra of minced beef meat immediately after buying it (red line, to), packed in

blank (dark blue), in cellulose coated with moringa leaves extract (5%, green) or in
cellulose coated with gallic acid (5%, pink) for 3 days (dashed lines, t;) or 16 days (solid
lines, tsn). Spectra were corrected for the baseline and normalized for the intensity of the
peak at 1000 cm™! (aromatic rings). The Raman signals of amide I and II and of fatty
acids were highlighted.
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The Raman analysis of meat revealed that if the attention is focused on the
bands relatives to fatty acids like the band at 1450 cm™, corresponding to
O0(CH2/CH3), a significant decrease of the intensity over time could be detected.
This effect is particulary evident in the blank sample, indicating an increasing of
the total unsaturation of the fatty acids [136], due to the oxydation of meat over
time. This decrease is drastically reduced in the sample packed in the cellulose
with moringa extracts and even more in the sample packed in the cellulose with
galic acid, in which the intensity of this signal after 16 days is nearly overlapped
to that measured after 3 days. These results are perfectly in line with the findings
reported by the TBARS assay and further confirm the protective action of
cellulose with 5% of moringa leaves extract from lipid oxydation over time.

5.4.3.3 FT-IR analysis of meat oxydation

The same samples analysed by Raman spectroscopy were analysed also by
FT-IR spectroscopy to obtain further information thanks to the complementarity
of the two vibrational spectroscopy techniques. The ATR collection mode was
used for better observation of protein conformation changes revealed by accurate
comparison of the peaks associate to the amides. Thus, FT-IR spectra were
collected in the range (400-4000) cm! and attention was focused on amide I
(1640 cm™) and amide II (1570-1530) cm™ signals [269]. As for proteins, the
most evident changes are expected in this spectral region. These spectral changes,
related to the O=C—NH peptidic bond of proteins, depend reasonably on structural
changes involving intermolecular and intramolecular hydrogen bond interactions
and on protein denaturation [270].

The spectra of the different samples of fresh meat, i.e. the day of purchase,
(to) and after 16 days (tan) of storage in the fridge packed in the different
cellulose-based samples were collected. After smoothing (Savitzky Golay filter,
second order, 15 pt) and baseline correction (automatic weighted least squares
regression performed by Omnic® software, the two amide peaks were
deconvoluted as described in the materials and methods section (paragraph
5.2.7.5) and the ratios of the calculated areas under the curves were analysed
(Figure 53).
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Figure 53: FT-IR spectra of Amide I and Amide II signals of minced beef meat over
time.
FT-IR spectra of minced beef meat immediately after buying it (red line, to), packed in
blank (dark blue), in cellulose coated with moringa leaves extract (5%, green) or in
cellulose coated with gallic acid (5%, pink) for 16 days (tfn). The spectra were smoothed
and baseline corrected and normalized by the amide I band.

Table 23: Deconvoluted peak areas of Amide I and Amide II FT-IR signals of
minced beef meat immediately after buying it (o) or stored in the cellulose packaging for

16 days (tfn)-
Sample (164(1)4-1112;}1(‘)3)1 cm’! (15713?11;%‘:; Icm-1 Amidell/Amidel
to 54.31 26.33 0.49
tin gallic acid 54.83 23.12 0.42
tfin moringa 64.32 25.61 0.40
tfin blank 61.20 18.23 0.30

Figure 53 showed a significant change in the ratio between amide II and
amide I bands. In particular, this ratio reaches its maximum in the fresh meat,
while it is significantly lower in the blank sample, i.e. the meat sample expected
to deteriorate the most since it was stored in the absence of any antioxidant. The
meat stored in contact with moringa extract and gallic acid showed intermediate
values, with gallic acid being slightly more efficient in the meat freshness
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preservation (Table 23). The decrease of the ratio of amide II over amide I due to
the change of the whole protein pattern was previously reported in literature by
Palaniappan (2009) [271], in accordance with the results here shown.

Moreover, a clear shift of amide I at higher frequency of the blank after 16
days in respect to time 0, which is less evident in the samples packed with
moringa and gallic acid addictive films. The major shift registered for the blank
sample, i.e. the meat stored in the absence of any antioxidant, attests the transition
to a different protein conformation, which include the formation of more p-turns,
which could be due to protein unfolding and denaturation process driven by
oxidative phenomena [270]. The shift can be also partially due to a decrease of the
component at (1630-1640) cm™ (B-sheets) and it is observed in all the samples
after 16 days but it is significantly more evident in the blank sample in respect to
the samples stored in contact with gallic acid and moringa extract.

To confirm the previous observation, the amide I signal was further analysed
by deconvoluting this band in two components at 1675 c¢cm™, corresponding to
turns, and at 1640 cm relative to P sheets [271], to follow the proteins
conformational changes over time (Figure 54 and Table 24).
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Figure 54: Deconvoluted components of FT-IR peak of Amide I in meat.
Minced beef FT-IR analysis immediately after buying it (to) or after 16 days of storage in
the cellulose packaging (tsn) blank (blue line), with 5% of moringa (green line) or with
5% of GA (pink line).
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Table 24: Deconvoluted FT-IR peak areas of Amide I signals in meat, immediately after
buying it (to) or after 16 days (ts,) of storage in the cellulose packaging.

Sample (turnlz)n;lgg({ cm’! (Bshejztl)n;%fﬂl) cm’! Turns/psheet
to 5.10 49.23 0.10
tan gallic acid 6.52 48.31 0.13
tin Moringa 9.01 55.20 0.16
trin blank 13.72 47.51 0.29

The analysis of the area of the two deconvoluted components of the amide I
band confirms the hypothesis that the (1670-1680) cm™ component increases
during the meat storage period, while a decrease of the component at 1640 cm! is
registered. This demonstrates a change in the protein conformation over time,
which is more evident for the blank sample and reduced for the meat stored in the
presence of antioxidants. Again, the band area ratio attests that this effect is less
severe in the meat stored into the packages with 5% (w/w) of moringa and gallic
acid, confirming once more that the produced active package contributes to the
preservation of meat over time reducing not only the oxidation of fats but also the
protein degradation.

5.4.4  Polyphenols specific migration assay in food simulants

The extracts of moringa leaves, olive and grape that were chosen to be coated
on the cellulose for their evident good antioxidant properties were used to build
UV-VIS calibration curves, since they all contain polyphenolic molecules, they all
present absorption bands at about 270-280 nm which demonstrated a trend
proportional with extracts concentration. In particular, in this work the specific
migration of polyphenols from the active films with moringa leaves, (M MAC
Met 30d), olive, (O MAC Met 30d), and gallic acid was analysed. Acetic acid 3%
(w/v) and ethanol 10% (v/v) were chosen as food simulants, indicated in the
European normative (EU) No 10/2011 as food simulants A and B. They are
assigned for foods that have a hydrophilic character and are able to extract
hydrophilic substances and specified to be good simulants of meat ((EU) No
10/2011, table 2). UV-VIS measurements of the two solvents were taken after 10
days of contact with the active films at 40 °C, mimicking the worst foreseeable
use possible.

For moringa extracts, a linear dynamic range at 268 nm was obtained between
36 mg/l and 175 mg/l in both the solvents with LOD and LOQ values of 4 mg/l



172 Production and characterization of a novel antioxidant active packaging
based on natural extracts

and 11 mg/l, respectively, for acetic acid, 10 mg/l and 29 mg/l for ethanol. For
olive extracts the linear range was obtained at 279 nm between 16 mg/l and 420
mg/l in acetic acid, with LOD and LOQ values of 8 mg/l and 24 mg/l, respectively
and between 156 mg/l and 420 mg/1 for ethanol with LOD and LOQ values of 30
mg/l and 90 mg/1, respectively. Gallic acid was tested as well and a linearity range
at 268 nm was found between 4 mg/l and 35 mg/1 for acetic acid, with LOD and
LOQ values of 1 mg/l and 2 mg/l, respectively, and between 8 mg/l and 47 mg/l
for ethanol, with LOD and LOQ values of 0.3 mg/l and 1 mg/l, respectively. The
results of the migration test are presented in Table 25.

Table 25: Selective polyphenols migration test results of moringa, olive, and gallic
acid active films expressed as mg of polyphenols per kg of meat and per dm? of film.

Migration . .
(Irglg/kg) Migration Migration (mg/kg) Migration
Sample in simulant A (mg/dm?) in simulant B (mg/dm?)
(ethanol 10%) & (acetic acid 3%) &
(1]
Olive MAC Met 30d 229 + 149 38 £25 28 £10 5+£2
Moringa MAC Met 30d 517 8+ 1 64+ 18 11£3
Gallic acid 43+ 13 T+2 3447 6+1

From this analysis it resulted that the cellulose-based active film with 5% of
moringa leaves extract showed a migration of its polyphenolic component in
simulant A, of (51 + 7) mg/kg of simulant, which corresponds to (8 = 1) mg/dm?
of active packaging. However, in simulant B it showed a higher release. This
could be due to the higher pH and higher polarity of this kind of simulant. The
olive active packaging revealed a migration in simulant B which is far lower than
that evidenced in simulant A. Indeed, celluolose with olive extract coating
demonstrated to be the one which released the higher quantity of polyphenols in
ethanol 10%. This could be a good property if the positive effect in food
preservation of polyphenolic compounds is considered, but could also represent
an issue to face when a total migration analysis is performed and the results must
be below the normative limits of 10 mg/cm?. On the other hand, gallic acid active
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film showed a release of polyphenols that is comparable to that observed for
moringa active film.

5.5 Conclusion of part III

Extracts of Moringa oleifera leaves and olives and grapes industrial waste
obtained by SAE and MAC revealed to have the highest antioxidant efficacy, by
both DPPH and ORAC assays, due to their highest content of polyphenols and
other active molecules such as gallic acid. However, grape extracts exhibited the
lowest ECso and the highest ORAC values related to higher total content of
polyphenols, determined by both the Folin-Ciocalteu assay and UPLC-TQ-MS,
followed by moringa leaves and by olive extracts. The latter demonstrated the
lowest antioxidant activity and a lower content of active molecules which could
be due to their more lipophilic composition.

Among all macerates, methanol revealed to be the solvent with the highest
extraction yield of active compounds, followed by ethanol and acetone thanks to
their higher polarity and affinity with phenolic molecules. As for grapes, also
water resulted to extract fractions with high antioxidant efficacy.

Active cellulose films with 5% (w/w) of the two macerates of each plant
material which exhibited the highest antioxidant properties were produced by
coating (moringa and olive extracts) or by inclusion of the active agent in the
adhesive between two layers of cellulose (grape extracts). The film coated with
moringa MAC Met 30d showed the highest antioxidant properties in both DPPH
and free radical scavenging assays. Then, the TBARS assay analysis of minced
beef meat, packed with this active film and stored in the fridge for 16 days,
revealed significantly reduced lipid peroxidation over time in comparison with
samples packed in simple cellulose without moringa (blank). The produced active
packaging demonstrated to protect meat from lipid peroxidation by 60% over 16
days. This protective action was also confirmed by in sifu vibrational
spectroscopy analysis, i.e. Raman and FT-IR spectroscopies, measuring the lipids
oxidation and changing of protein conformation over time directly on the meat,
avoiding any extractive step.

Additionally, the specific release of polyphenols from the moringa active
packaging in food simulant (acetic acid 3%) resulted to be (8 £ 1) mg/dm?. This
could be a very good result, but needed to be further investigated by a total
migration analysis to assess if this packaging material complies with the migration
limits settled by the European normative (EU) No 10/2011.
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In conclusion, this work demonstrated the comparability and reliability of data
obtained employing many different analytical techniques. Furthermore, novel
natural active agents revealed their antioxidant efficacy in different food
packaging systems both in vitro or applied on minced beef meat. Therefore, this
work could open the way to the production of innovative, safer and sustainable
active packaging systems suggesting a novel way to employ food industry related
waste.
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Chapter 6

General Conclusions

In this Doctoral thesis a novel DEP-Raman approach, which allows to rapidly
identify and classify different bacterial strains, thanks to their specific Raman
chemical fingerprint, was developed. This method was optimized to analyse
bacteria directly in liquid suspension enabling dynamic analysis of living cells in
their natural environment. Thus, their response to different treatments, including
antibiotic or biocides, can be followed real-time without the need of any staining,
minimizing sample preparation process. Furthermore, this method, coupled with
machine learning techniques, was used to build statistical models able to evaluate
bacterial susceptibility to antibiotics and to reveal the insurgence of cross-induced
tolerance phenomena with high sensitivity and specificity within hours, reducing
the time consuming steps required by classical microbiological techniques. The
reliability of this method was confirmed by comparing the results with those
obtained by standard microbiological assays.

Moreover, it was demonstrated that Raman hyperspectral imaging combined
with machine learning allows to detect the spatial distribution of different
biomolecules at sub-micrometre level, enabling to detect actually dividing single
bacterial cells.

Innovative active antibacterial materials based on silver and carbon
nanoparticles were here developed and characterized. In particular, the SMBC of
differently sized AgNPs attached on glass surfaces was evaluated, for the first
time, by the ISO 22196:2011. The introduction of a value that determines the
minimum concentration of antibacterial agent needed on a surface to eliminate the
99.9999% of bacteria, which is measurable by an international standard method,
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facilitates comparisons between different measurements, materials and
laboratories. This assumes a great importance, for instance, during the
development of innovative active food packaging materials because it enables to
obtain an optimal characterization of their antibacterial properties and to minimize
the concentration of antibacterial agents present on the materials’ surface, thus
reducing their eventual toxicity and the cost of production.

Novel CNP, obtained from glucose by a green synthesis process, were also
tested against both Gram + and Gram — bacteria as more biocompatible and safer
nanomaterial. Their interaction with bacterial cells was dynamically followed
directly in the culture medium by the developed DEP-Raman method. This
allowed investigating the cells defensive mechanisms to external stimuli by the
presence of specific Raman signals related to ECM production. Starting from
these observations, new strategies for the production of an efficient CNP-based
antibacterial system could be defined. For instance, their combination with
antimicrobial peptides, which was here demonstrated to be a successful path,
especially against Gram + bacteria, or, in future projects, by exploiting their
proved photothermic and photodynamic activity. These characteristics, together
with their possible degradability by the human body, offer a fertile ground for
their employment in novel antibacterial food packaging systems.

Another important study was focused on natural active agents to be included
in more sustainable active packaging systems. In particular, extracts of grapes and
olives from food industry waste and moringa leaves, obtained by different
extraction methods, including SFE, SAE and MAC, were characterized and
compared for their antioxidant properties by different techniques. The highest
antioxidant efficacy was highlighted in fractions obtained by SAE and MAC,
which was related to a higher content of polyphenols, in particular gallic acid.
Active cellulose-based packaging systems, here chosen as model biodegradable
biopolymer, were produced by coating and multilayer techniques, including 5%
(w/w) of the highest effective macerates, as more sustainable extraction process.
The active packaging produced by coating of moringa MAC Met 30d
demonstrated to protect minced beef meat from lipid oxidation by 60% over 16
days, as confirmed by TBARS assay.

Moreover, an in situ analysis of the meat oxidation over time was performed
by vibrational spectroscopy techniques, involving Raman spectroscopy for the
direct evaluation of the lipids oxidation, avoiding any destructive extraction steps,
and FT-IR spectroscopy to investigate the conformational changes related to the
degradation of the biological matrix over time.
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The specific migration of polyphenols from the produced active packaging
materials after 10 days of incubation at 40 °C, as the worst storage condition
possible for meat, was analysed in two food simulants. The values of polyphenols
migration measured resulted to be reasonably low for all the materials tested, a
part from the olive active packaging in ethanol 10%. Although, to demonstrate
that novel materials are in compliance with the (EU) No 10/2011 limits, a total
migration analysis is needed and it will be further performed.

In summary, a huge variety of materials were here analysed for their
antibacterial and antioxidant properties with many different techniques.

In particular, the importance to compare results obtained by different
antioxidant assays was highlighted here by the fact that distinct properties of the
natural extracts were considered, obtaining a more global evaluation of their
antioxidant activity. Some differences that emerged between the results underline
the importance of adopting a metrological approach of characterization,
employing standard procedures, including AOAC methods and ISO, and a proper
evaluation of the measurement uncertainty budget in order to ensure the data
comparability and their traceability to the SI.

As regards novel active packaging development, it emerged that the analysis
of their actual application on real biological matrices is fundamental to understand
their real effectiveness and functioning.

Furthermore, this work stressed out the versatility of direct, non-destructive
and rapid methods, such as vibrational spectroscopies, in many application fields
from the study of microorganisms, and their interactions with nanomaterials, to in
situ real-time assays in order to dynamically follow different effects over time.

Also in this case, in which innovative methodologies are proposed, metrology
resulted fundamental to validate them and ensure the reliability of data obtained
with these techniques by constant comparisons with standard methodologies.
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