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Abstract

Coatings are important in our society due to their contribution in terms of safety, health,
comfort and well-being, for example, by offering protection from external agents to buildings,
infrastructures, transports, food, and textiles. Since in our life most of the time we are in direct
contact with them, for example in the shoes that we wear or in the food that we eat, it is essential
that the materials used to develop the coatings are not toxic for our health. In addition,
nowadays, the coating research-field and industry are looking for solutions to improve the
sustainability of materials (e.g. biosourced, biodegradable, renewable materials) and processes
(e.g. energy efficient manufacturing) in order to reduce their impact on the environment [1].

In this contest, the main objective of this work is to select sustainable materials in order
to develop functional coatings for different applications, such as food packaging and leather
industry. Concerning the food packaging, one of the main trend is to develop antimicrobial
active coatings to reduce or avoid the bacterial growth on food, preserving its quality for a
longer a time [2]. For this reason, a food grade sustainable copolymer and an antioxidant
molecule, curcumin, have been combined to develop a sustainable and active coating for
various substrates such as glass and polysaccharide films with the aim of proposing a coating
for food packaging [3]. Due to the application, the coating presents appealing properties, such
as reduction of gas exchange between the inside and the outside of the packaging, as well as
transparency to allow the visibility of the food, and UV-filtering ability to protect the food from
the UV light. Last but not least, the coating is characterized by low bacterial adhesion, making
it a possible candidate for active food packaging.

Since the challenge of finding sustainable and green solutions for low environmental
impact coatings has been evolving from avoiding petroleum-derivatives into the opportunity to
get materials derived from renewable resources and waste [4], in this work, as next step, by-
products of the food industry have been taken in consideration to develop a hydrophobic and
water resistant coating for fish leather. Since salmon fish skin is one of the main waste of the
aquaculture, the Horizon 2020 project, FISHSKIN [5], has considered it a sustainable raw
material for fashion transforming it into leather. In this contest, the coating for fish leather has
been developed by using the epoxidized soybean oil, which derives from the soybean oil
produced in excess in many geographical areas respect to the consumption in cooking [6], and
a sustainable trimer acid. As a result, it improved the waterproof ability of the leather in terms
of water and humidity without affecting its breathability and softness.



Both the developed coatings could be easily scalable in an industrial process and
considered as possible solutions in their fields of application, firstly because they respect the
sustainability goal as main aim of the industries. In addition, the curcumin-based coating could
be easily applied on different substrates, such as paper, PET and other food packaging
materials, as well as the ESO-based coating could make water resistant cotton, as demonstrated,

or other functional materials, such as paper, used also in other fields of application.

Key-words: coatings, sustainability, by-products, functionalization



Chapter 1. Introduction
1.1. Functional coatings

Coatings are thin layers applied on the surface a substrate, in order to protect and/or
decorate it. For this reason, it is very common that in our life we are in contact with them, even
if we are not conscious about it. Indeed, coatings are important in our society because they
contribute to our safety, health and well-being, for instance, by offering protection from
external agents to buildings, infrastructure, transports, food, and textiles [1]. Nowadays, it is
more common talking about functional coatings, which have the aim of enhancing the
properties of the substrate and/or giving to it new functionalities, creating, most of the times,
multifunctional systems for a wide range of applications. Applying functional coatings aims to
respond to specific needs. Generally, reducing the bad environmental impact of our life-style,
in terms of pollution, energy consumption or production of waste, is one of the main issue.

For this reason, functional coatings have been proposed as possible solutions to face
various problems. For instance, climate changes are causing the increasing of energy
consumption: therefore, the demand of solutions to improve the energy efficiency of buildings
is increasing. In this contest, transparent heat insulation coatings have been developed to
improve the energy efficiency of glass windows, which satisfy esthetic purposes (e.g. greater
brightness inside the buildings) causing, on the other hand, the increasing of heating during the
winter and of cooling during the summer [7]. Or, coating mortar has been proposed in order to
have optimized thermal and acoustic efficiency with the same weight of the material, reducing
the demand for energy in buildings [8]. Our bad impact on the environment is caused also by
the larger and larger amount of waste that we produce day by day: food, clothes, electronics
etc. For this reason, various solutions have been proposed and developed to improve the
durability of textiles. For instance, Dastjerdi et al. overcame the fact that already proposed
TiO2/Ag nanoparticles-based treatments lead a tournament in colour to brown of the fabrics,
limiting their durability and, therefore, their application, by proposing a further coating with
cross-linkable polysiloxane and obtaining more durable textiles in terms of antibacterial
properties, UV-protection and washing [9]; or, Mazzon et al. shielded cotton fabrics’ oxidative
degradation with a bi-layer functional coating, where the first layer was made by incorporating
butylated hydroxytoluene, as food grade antioxidant, into a polycaprolactone matrix, while the
second one with polydimethylsiloxane to improve the stability in water of the treatment [10].
In addition, functional coatings made with zein have been proposed to protect stone surfaces

in cultural heritage from water and humidity [11], or to make drug-eluting stents for treating



cardiovascular diseases [12]. Anyway, whatever the application, today the main goal in
developing functional coatings is to moderate our impact on the environment, for example by
facing climate changes decreasing the demand for energy, reducing the amount of waste that
we produce improving the durability of materials, and proposing more and more socially,
economic and environmentally sustainable solutions.

In this work, two functional coatings have been developed with the aim of reduce the
bad environmental impact of some industries, in terms of processes and materials. First of all,
an antioxidant and antibacterial coating was proposed in order to extend the shelf life of the
packaged food and, therefore, reducing the amount of wasted food. As second project, a
hydrophobic and water resistant coating was made in order to protect fish leather artefacts and
products, such as bags and clothes, from rain. The reduction in the amount of waste was
respected as aim of this project not only by improving the durability of the final products, but
also by selecting by-products of the food industry to make the coating. Of course, due to the

different application and substrate for the two projects diverse materials have been considered.
1.2. Polymer coatings

More specifically, when a thin layer of polymer is applied on the substrate, we talk
about polymer coatings, with thickness in the order of 1-100 um [13]. The type of substrate
and the method of application of polymer coatings depend on the liquid or solid nature of the
coating itself. Liquid coatings from solutions/suspensions of polymers and/or functional
molecules can be applied with different techniques and the most common are spray drying,
airbrush spraying, dipping, and casting. The choice of the method depends on several factors,
such as the physico-chemical properties of the solution (e.g. concentration, viscosity) and the
surface features of the substrate (e.g. morphology, porosity, roughness), influencing the
homogeneity and the drying speed of the coating [14]. In this work, two liquid polymeric
coatings were developed by dissolving the polymers in the respective solvents and then dipping
manually the substrates in order to ensure good uniformity and coverage of large areas. Due to
the type of solvent, different speed of drying were considered. In addition, in order to have
multifunctional systems, polymer composite coatings have been developed with two parts: the
matrix, usually represented by the polymer(s), and the filler, which usually are
molecules/materials, for instance, in form of fibers or nanoparticles, with the aim of giving new
functionalities or enhance some polymer’s properties. The type of polymer and filler has been

selected basing on the field of application and the type of substrate. In the first part of this work,



a polymer functional coating was developed for food packaging application. Therefore, in the

next section coatings’ properties and features for this application are investigated.
1.3. Functional coatings as sustainable solutions in food packaging

Nowadays, the food packaging industries are looking for alternative and innovative
solutions in order to improve some fundamentals of packaging, such as [15]:
- Protection of the packaged goods from contaminations;
- Communication about both the state of the packaged food, for example whether it has
gone bad or not, and information regarding its nutritional values and preparation;
- Convenience, since day by day people have been changing their way of live and,
therefore, eating, consuming and demanding for more convenient food,;
- Containment in order to make the transport of the food easier.

Additionally, safety, quality and freshness of the packaged food have to be preserved,
and, simultaneously the packaging has to respect all the regulatory requirements without
increasing the production costs [15]. Furthermore, the industries have to be taken into account
all the sustainability issues in terms of reduction of produced waste also including recycle and
reuse processes, efficient use of resources, and optimization of the processes [15]. Therefore,
all these aspects have to be considered by the food packaging industries in order to reduce the
environmental impact in terms of food loss and packaging waste. For this reason today the
industries and several research fields are investing in active and intelligent sustainable food
packaging, proposing not only new composite films but also functional coatings made of
sustainable materials such as biopolymers and by products. Indeed, active functional coatings
can reduce the food loss by extending the shelf life of the packaged food, but also improve the
packaging recyclability by substituting traditional materials that are not recyclable (e.g. EVOH)
in multi-layer packaging, with sustainable and easy-to-manage in terms of waste materials.

Concerning the materials used in packaging, in the last decades plastics and petroleum-
based polymers have substituted conventional materials such as paper or metal because they
are lighter, easier and cheaper to process. In addition, they protect the packaged food
mechanically and chemically. The most used polymers in food packaging are: polyethylene
(PE), polypropylene (PP), polyethylene terephthalate (PET). The main drawback of these
materials is the permeability to gases and vapors [16]. However, due to the recent plastic-free
feeling shared by industries, researcher and common people, now the market is considering
again the paper due to its recyclability, biodegradability and compostability [17]. In spite of

this, it presents some disadvantages for food packaging applications such as hydrophilicity,



poor barrier properties, and high sensitivity to microbial attack [18]. In order to overcome some
of the drawbacks, different strategies have been proposed by the researchers and, then, adopted
by the industries. First of all, by using natural polymers such as polysaccharides or proteins to
make films. For instance, chitosan, which is one of the most abundant polysaccharide present
in nature and a renewable resource, a part from being non-toxic, biocompatible, biodegradable
and biocompatible, it presents antimicrobial activity and it is soluble in water [19]. To
exemplify, Tanpichai et al. coated paper with chitosan obtaining an improvement in wettability,
making the paper hydrophobic, and in mechanical properties, making the paper more robust,
but still observing cellulose fibrils released from the coated paper in contact with food
simulants [20]. Or, collagen and, consequently, gelatin (collagen’s hydrolyzed form) that are
the most abundant proteins in nature can be used as main part of bioplastic due to their good
mechanical properties. About this, Battisti et al. improved the mechanical properties of paper
by applying a coating made with gelatin crosslinked with transglutaminase enzyme, and
encapsulating an antioxidant and antimicrobial agent to extend the shelf life of the packaged
beef [21].

On the other hand, another strategy consists in applying coatings to overcome the main
disadvantages of the already commercialized packaging materials that are poor in terms of gas
barrier properties. Indeed, whey-protein-based coatings were applied on PET films in order to
improve its barrier properties, obtaining results comparable to the ethylene vinyl alcohol
copolymer (EVOH) used in food packaging composites, with side important effects such as
good adhesion to the substrate, no fractures due to mechanical loads, and no affection of the
transparency of PET, making easier the recyclability and biodegradability of the multi-layer
system [22]. Or, an improvement of the barrier properties of polylactic acid (PLA) films was
obtained by coating them with a PLA/SiO, hybrid material, maintaining relatively high optical
transmittance [23]. Or, corn zein nanocomposite coatings were developed to reduce the water
vapor and oxygen permeability of PP films [24]. Or, a functional coating is applied on the
previous substrates to give to them new functionalities, for instance to avoid the spoilage of the
food extending its shelf life without affecting its quality. Indeed, Al-Naamani et al.
demonstrated the inactivation and the prevention of growth of food pathogens on PE films
coated with chitosan-zinc oxide nanocomposite [25], or Munteanu et al. encapsulated essential
oils into a chitosan matrix to obtain an antimicrobial and antioxidant coating for PLA films
[26]. These are examples of active coatings for food packaging.

Therefore, in the last years active coatings have become an important sustainable

solution in food packaging by putting the surface of the packaged food in contact with the



active agent (e.g. antioxidant, antimicrobial, enzyme). In particular, different techniques are
reported in the state of the art to make active coatings for food packaging [27]:

- Coating with incorporated agent for controlled release, where the active agent is
encapsulated in the polymeric matrix from where it migrates exercising its functionality
onto the packaged food,;

- Coating with agent’s surface immobilization, where the surface of the substrate is
initially functionalized by chemical or physical methods in order to immobilize the
active agent. In this case, the agent will not migrate onto the packaged food,;

- Coating with layer-by-layer assembly made by an attraction of alternating
polyelectrolytes with opposite charges, where the active agent can be incorporated
between layers or within the single layer. The active agent is not supposed to migrate
onto the food,

- Coating with polymer chains grafted from the surface by UV light due to
photoinitiators, where the active agent can be incorporated during or after the
photografting.

Whatever the technique to incorporate the active agent into/onto the coating, the most
used agents in active packaging are antimicrobials, antioxidant, and enzymes [27]. In
particular, antimicrobial agents are used to control or prevent the growth of microorganisms on
food, avoiding its spoilage. Indeed, Bastarrachea et al. reviewed some antimicrobial agents
(e.g. essential oils, natamycicn, nisin) incorporated in coatings applied on PP, low density
polyethylene (LDPE) or PLA films, in order to modulate their release and have inhibition effect
against standard microorganisms such as Escherichia coli, Salmonella Typhimurium, or
Staphilococcus aureus [27]. In addition, protecting packaged food from oxidative degradation
is another important aim in order to maintain its quality during transport and storage. For this
reason, different strategies are used to overcome this problem such as adding preservatives with
antioxidant properties directly on food, incorporating the antioxidant agent into the packaging
material, or developing antioxidant active coatings [27]. Bastarrachea et al. reported some
examples of antioxidant active coatings, such as a citrus oil-based coating sprayed on the
surface of PET trays with antioxidant activity on cooked turkey meat, or rosemary extract-
based coating applied on LDPE plastic wrap to delay the lipid oxidation of chicken [27].

In Chapter 2 of this work it will be described how the first coating technology, the
controlled release of the active agent, was used to develop an antioxidant and antimicrobial

coating for food packaging. In particular, a both antimicrobial and antioxidant active agent,



curcumin, was encapsulated into a polymeric matrix made of polyvinyl acetate-vinyl laurate

copolymer.
1.4. Functional coatings for textiles

Textile fabrics derive from an interlacement or intermingle of fibers that can be natural
or synthetic. Natural fibers can be plant-derived (e.g. cotton, jute, flax) or protein-based (e.qg.
wool, silk). Plant-derived fibers are essentially made of cellulose with hydroxyl (-OH)
functional groups, whereas the protein-based fibers have amine (-NH2), hydroxyl (-OH),
carboxyl (-COOH) and tiol (-SH) groups.

Textile fabrics from natural fibers present some advantages, for instance they are soft
and breathable. On the other hand, they are hygroscopic, so they absorb water in form of both
drop and moisture, and they are less durable. For this reason, it is a long time that the demand
for hydrophobic and water-repellent treatments and coatings for textiles is increasing. In the
last years, commercial textile fabrics have been treated with polymeric coatings in order to
have high water repellency. For instance, famous commercial brands used C8 fluorinated
products to make waterproof jackets, shoes and accessorize, in particular by adding expanded-
poly (tetrafluoro-ethylene) (e-PTFE) membrane. However, in 2006 the U.S. Environmental
Protection Agency (EPA) committed to reduce the use of this kind of materials by eliminating
completely C8 chemistry till 2015 because they release perfluorooctanoic acid (PFOA) and
perfluorooctane sulfonate (PFOS) after degradation, which are toxic for the environment as
well as dangerous for human health [28]. Therefore, in the following years hydrophobic and
water-repellent coatings made of polymers with six fluorinated carbon atoms (C6 chemistry)
were proposed [29-32].

Nowadays, in spite of this regulamentation, the trend is to find out fluorine-free
solutions for hydrophobic/superhydrophobic surfaces and textiles, since —CF3 are harmful for
the environment and for the human being, even if the carbon chain is shorter. For this reason,
fluorine-free silicon-based polymers such as silan or siloxane have been proposed to develop
hydrophobic coatings. For instance, polydimethylsiloxane (PDMS) was widely used as
alternative to fluorinated polymers due to its low surface tension, easy workability, high
durability and cheapness, also for textile fabrics [33]. In particular, this kind of polymers were
often coupled with nanoparticles as filler to lead superhydrophobicity, as silica [33], TiO2 [34],
or ZnO [35] nanoparticles.

On the other hand, in the last years the environmental impact of materials and processes

have been becoming more and more important in the production of hydrophobic or



superhydrophobic coatings. Therefore, the researchers and the industries are looking for
materials that are not only more eco-friendly and bio-based, but also easy to recycle or to
manage once discarded. Indeed, since inorganic nanoparticles are not degradable, they can
represent a problem for the environment, as well as they make the recycle and waste
management processes more complex [36]. Therefore, now the market is demanding not only
for fluorine-free but also for nanoparticles-free solutions by giving a look at renewable
resources and by-products of the industries. For instance, Cheng et al. used cellulose
nanocrystals, that are renewable and biodegradable nanoparticles extracted from cellulose, as
possible substitutes of inorganic nanoparticles for increasing the roughness of cotton fabrics
and obtain superhydrophobicity and water/oil separation property [37]. On the other hand,
nanoparticles-free superhydrophobic coatings for cotton fabrics were developed: Dong et al.
firstly coated the fabric with polydopamine and then induced the roughness and surface energy
with stearic acid obtaining a multi-functional fabric with not only high superhydrophobicity
but also protection from UV, self-healing property due to solar light, and efficient oil-water
separation [38]; Cheng et al. created the desired roughness on cotton by enzyme etching, then
coated the surface with epoxidized soybean oil and lowered the surface energy with stearic
acid, making superhydrophobicity and excellent oil/water separation properties [39]; or Cheng
et al. obtained similar results as above but they induced the roughness with acid-etching [40].

Indeed, also in the field of hydrophobic coatings for textiles the researchers are looking
for fully sustainable solutions basing on materials that are by-products of the industry or/and
obtaining coated systems completely recyclable. For instance, paper, another cellulose-based
material, is widely used by the industries for single-use items instead of plastic in packaging
because it is biodegradable, light, cheap and recyclable [41]. Due to its hydrophilic nature and
low moisture resistance, plastic-based and/or bio-based composites gather with by-products of
the industries were developed to coat paper in order to improve its wettability properties were
used. Concerning the use of biopolymers, for instance, Li et al. developed a coating from
aqueous solution by grafting polydimethylsiloxane (PDMS) onto chitosan in order to make the
paper hydrophobic and improve its moisture resistance demonstrating its recyclability [42].
Other research studies started to focus on plant oil-based coatings to improve the water
resistance of paper in terms of both water and moisture by modifying chemically the oils to
improve their performances. For instance, Parvathy et al. synthetized two bio-resins from
transesterification and silanization of epoxidized castor oil and crosslinked them with paper by
condensation: as a result, the coated paper presented hydrophobicity and high resistance to the

moisture with the possibility to remove the coating in alkalinic solutions and recycle the paper



[43]. Or, Thakur et al. obtained similar results by crosslinking silane-modified epoxidized
downstream corn oil with hydroxyl groups of the paper [44]. Or, Li et al. imparted water
resistance to the paper with a coating made by synthetizing chitosan-graft-castor oil copolymer
[45]. Therefore, now the research and the market are focusing their attention in proposing plant
oils-based solutions for hydrophobic coatings for cellulose-based materials reducing the costs
and improving the sustainability of the processes.

For these reasons, in Chapter 3 of this work epoxidized soybean oil, derived from
soybean oil, was selected as main material to improve the water resistance of a protein-based

textile fabrics, fish leather, and cotton fabrics.
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Chapter 2. Antioxidant coatings from elastomeric vinyl
acetate — vinyl laurate copolymer with reduced
bacterial adhesion

This chapter is adapted from Fadda M. et al., Antioxidant coatings from elastomeric
vinyl acetate — vinyl laurate copolymer with reduced bacterial adhesion, Progress in organic

coatings, 2022.
2.1. Poly(vinyl acetate)-vinyl laurate copolymer

Since very few information about the copolymer poly(vinyl-acetate)-vinyl laurate
(PVACc-VL) were found in the state of the art, first of all a literature review of the two
components of the copolymer, polyvinyl acetate (PVAc) and its monomer vinyl acetate (VAc),
and vinyl laurate (VL) was conducted, focusing much more on their sustainability in terms of
non-toxicity and bio-degradation, and their application in composites.

VAc-based polymers are widely used as adhesives for paper and wood bonding [46]. A
typical example is PVAc, which is non-toxic, cheap, biodegradable [47], and subjected to bio-
deterioration by fungi [48]. The applications of PVVAc are various, such as adhesives, coatings,
emulsifiers, paints, and precursor in the synthesis of polyvinyl alcohol (PVA) [49]. It was
demonstrated that PVAc presents low thermal stability, weak resistance against moisture, and
partial hydrolysis: for this reason, to overcome these drawbacks VAc is often copolymerized
with other monomers [50]. Indeed, VAc is usually copolymerized with vinyl chloride [51, 52],
or acrylate [53] to produce latexes with a wide range of properties [54]. For instance, vinyl
acetate-butyl acrylate emulsion copolymer is extensively used for architectural applications
[54]. The ethylene-vinyl acetate copolymer (EVA) is well-known and used for a wide range of
applications such as paints, encapsulation of photovoltaic modules [55], and for drug delivery
systems due to its non-toxicity and biocompatibility [56]. More recently, composites of PVAc
with natural polymers have also been developed [49]. For instance, cellulose nanofibrils were
used to improve the mechanical properties of PVAc producing an adhesive nanocomposite
[57]; graft copolymerization of VAc onto corn starch in an aqueous solution with a redox
initiation system was performed [58]; the thermal stability of a starch-based wood adhesive
was improved by using the co-monomers VAc and butyl-acrylate in order to promote the graft
copolymerization [59]; a chitosan-graft-poly(vinyl acetate) copolymer was developed

increasing the toughness and the water-resistance of chitosan for particular membrane
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applications [60]; finally, the blending of PVVAc with sugar cane bagasse lignin demonstrated
that lignin protected PVAc from photochemical degradation [61].

The monomer VL is a vinyl ester that is mainly used in acylation processes [62, 63]. It
was demonstrated to be biocompatible and non-toxic in different in vitro and in vivo models
[64-66]. Moreover, it was implemented in various copolymerization processes, such as a
carboxyl-terminated N-isopropylacrylamide/VVL copolymer coupled with chitosan as a vector
for gene transfection [67], a cotton-graft-VL with good water repellency even after repeated
treatment with plasma [68], a microgel system based on N-isopropylacrylamide co-
polymerized with VL [69], or nanoparticles with a poly(vinyl laurate-co-vinyl acetate) core
and poly(ethylene glycol) shell to produce surfactant molecule in situ and to control oil-water
interfaces [70].

Elastomeric resins based on VL are commercially available and particularly used as
chewing gum base. Specifically, PVAc-VL (Figure 1) has been recently commercialized and
is approved for food and drug packaging [57], while it is considered safe in cosmetic

formulations [71] and certified with food-contact compliance according to the European

Regulation 10/2011 [72].
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Figure 1. Molecule of PVAc-VL

Currently, PVAc-VL copolymer it is mainly used as a biodegradable chewing gum base
to replace polyisoprene-based (synthetic rubber) (AU647719B2, US8409638B2,
US20130071515A1). To the best of our knowledge, it has not been used to develop functional
coatings. On the other hand, in this work it was taken in consideration as polymeric matrix in
a functional coating thinking of its chemical structure: first of all, it was expected to have good

adhesion properties due to the PVAc part, and then to be hydrophobic due to the VL segment.
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2.2. Curcumin

Curcumin is a natural compound present in a pigment from Curcuma Longa L
(turmeric). It is a symmetric molecule, also known as diferuloyl methane. It has three chemical
entities in its structure: two aromatic rings connected by a seven carbon linker (Figure 2). It
has been widely studied in several fields such as pharmacology [73, 74], biomedicine [75],
dentistry [76], anti-cancer [77, 78], and sensors applications [79]. The use of this molecule was
also investigated in food preservation and packaging due to its strong antioxidant and radical
scavenging properties [80], and its antibacterial and bactericidal activity [81, 82]. Therefore,
curcumin was widely used as additive in composite films for packaging applications. For
instance, it was incorporated in low-density polyethylene films increasing their water vapor
barrier properties [83], or in carbohydrate-based composite films to have strong antioxidant
and some antimicrobial activity [84], or into gelatin composite films [85] or polylactic acid
films [86] to improve mechanical, water vapor barrier and UV-barrier properties while
maintaining the transparency of the films. Furthermore, aloe vera-starch composite films were
reinforced with curcumin-loaded starch nanoparticles lowering their water vapor permeability
[87]. Or, a combination of curcumin and anthocyanins were added in starch/polyvinyl alcohol
blends to make pH-sensing composite films to monitor the real-time freshness of fish products
[88].

Curcumin was also used as additive in coating for food packaging. For instance,
cellulose-polycaprolactone composites with curcumin that can detect pH changes in food were
developed [89], as well as edible coatings using curcumin doped iron-functionalized cellulose
nanofibers and chitosan biocomposites to maintain the quality of kiwifruits during storage [90];
or, curcumin was loaded into gelatin-based and zein-based coatings, revealing promising
release behaviour in contact with different food simulants [91]; finally, fabricated

photoinduced antibacterial PVAc-curcumin coatings for active packaging applications were

produced [92].
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Figure 2. Molecule of curcumin

Therefore, in this work, a functional coating for food packaging was developed by using
a food-grade copolymer, PVAc-VL, and curcumin for the first time. It was showed the

biodegradable solvent 4-methyl-2-pentanone (MIBK, see: Environmental Health Criteria 117

13



by World Health Organization, 1990) (Figure 3) is a suitable solvent for both curcumin and the
copolymer, and the coatings can be easily applied by dip coating technique. The elastomeric
coating was applied not only on solid surfaces like glass, but also on natural polymer substrates,
like gelatin and alginate films. Furthermore, these functional coatings demonstrate effective,
antioxidant, UV-blocking and low bacterial adhesion properties while improving wettability
and barrier properties of natural polymers films. Therefore, this functional coating can be a

cost effective alternative in food packaging applications.

CHy; ©

H;C CHy

Figure 3. Molecule of 4-methyl-2-pentanone

2.3. Materials and methods

2.3.1. Materials

Poly(vinyl-acetate)-vinyl laurate copolymer (PVAc-VL; VINNAPAS® B 500/40 VL)
was purchased from Wacker Chemie AG (Viscosity: 8.0-12.0 mPa.s; Molecular weight:
320000 g/mol; Glass transition temperature: 0 °C). Curcumin, 4-methyl-2-pentanone (Methyl
isobutyl ketone, MIBK), ethanol, alginic acid sodium salt, gelatin from cold-water fish skin
and glycerol were purchased from Sigma Aldrich. All chemicals are analytical grade and used
as received. Deionized water was obtained from Milli-Q Advantage A10 purification system.

2.3.2. Preparation of the solution

Curcumin (1 g) was dissolved in 4-methyl-2-pentanone (100 mL) after stirring for 2
hours at room temperature to obtain 1 % (w/v) curcumin solution. Afterward, PVAc-VL (109)
was added to the curcumin solution until complete polymer dissolution after stirring for 2 hours
at room temperature. This kind of solution produced a polymer coating containing 10 wt. %
curcumin upon drying. In Table 1 are summarized all the concentration details relative to the
other formulations including control solutions. For instance, the samples labeled as PC 10
(Polymer-Curcumin 90:10) indicated a dry coating with 10 wt.% of curcumin, or PC 2.5
indicated a dry coating with 2.5 wt.% of curcumin; and finally PC 10A or PC 10G indicate the
PC 10 coating applied on alginate (A) or gelatin (G), respectively.
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% PVAc-VL

% Curcumin

Sample label Substrate
(dry coating) (dry coating)

PCO Glass 100 0
PC 100 Glass 0 100
PC 10 Glass 90 10
PC OA Alginate 100 0
PC 10A Alginate 90 10
PC 0G Gelatin 100 0
PC 10G Gelatin 90 10
PC 1.25 Quartz 98.75 1.25
PC25 Quartz 97.5 2.5

PC5 Quartz 95 5
PC75 Quartz 925 7.5

Table 1. Coating labels and dry weight percentages. Coatings in the last four rows were made for
detailed UV filtering measurements on quartz slides as substrates.

2.3.3. Preparation of the alginate and gelatin films

Glycerol (0.5 g) was mixed with deionized water (100 mL) at room temperature.
Afterward, alginic acid sodium salt (3 g) was dissolved in the previous solution under shaking
overnight at room temperature to obtain a 3 % (w/v) sodium alginate solution. Likewise, 3 %
(w/v) gelatin solution was made. 70 mL of the solution were casted on squared Petri-dish (12
cm x 12 cm), previously covered with a layer of PDMS, and dried under an aspirated hood for
24 hours. The thicknesses of alginate and gelatin films were measured to be 145 £+ 20 um and

155 + 35 um, respectively.
2.3.4. Preparation of the coatings

Microscope glass slides were dip-coated in 20 mL of various solutions for 30 seconds
and left to dry under an aspirated hood for 24 hours in standard conditions (21-23 °C, 40-50 %
R.H.). The coatings were made with PC 10 (8 £ 2 um, thick), PC 0 (8 + 2 um, thick) and PC
100, respectively. Similarly, alginate films and gelatin films were dip-coated in the same
solutions to apply the coatings. Figure 4 summarizes the solution and coating preparation

processes schematically.
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Figure 4. (A) Schematic illustration of solution fabrication steps. (B) Schematic illustration of the dip
coating steps. The photos show coatings on glass (PC 10), gelatin (PC 10G) and alginate (PC 10A).

2.3.5. Morphological characterization: SEM and AFM

Scanning electron microscope JSM-6490LA (JEOL, Tokyo, Japan) was used to
investigate the microstructure of the surface and cross-section of PC 100, PC 0, PC 10, pure
alginate film, PC 10A, pure gelatin film and PC 10G with 5 kV acceleration voltage. The
samples were previously mounted on a tilted stub, framed with silver paste, and sputter-coated
by using a Cressington Sputter Coater — 208 HR (Cressington, Watford, UK) with a 10 nm
thick layer of gold.

An AFM system XE-100 (Park Scientific, Suwon, South Korea) with a NCHR probe (f
=320 kHz, ¢ =42 N/m) was used to investigate the topography of PC 100, PC 0, PC 10. Areas
of 5x 5 pm (256 x 256 pixels) were scanned. The images were acquired in non-contact mode

and then processed by Gwyddion software.
2.3.6. UV-Vis absorbance, light transmittance and opacity

A Varian CARY 6000i Scan UV-Vis spectrophotometer (Walnut Creek, CA, USA) was
used to investigate the absorbance, transparency, and UV-blocking properties of the coatings.
The spectral region scanned was from 200 to 800 nm. To study the transparency and the UV-
blocking properties of the coatings, the light transmittance was measured. In particular, the

transmittance at 660 nm (Teeo) and 280 nm (T2g0) of the coatings was evaluated, following the
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protocol of Roy et al. [84]. Coatings were made on quartz slides. An uncoated quartz slide was
used as a reference to take the measurements.

On the other hand, the opacity was calculated at 600 nm as indicated in previous works
[93, 94] using the following equation:

bseoo

A
Opacity = * 100

where Abseoo is the value of absorbance at 600 nm and X is the thickness of the coating (mm).
2.3.7. Yellowness and whiteness index

The yellowness (Y1) and whiteness (W1) indexes, of PC 10, pure alginate film, PC 10A,
pure gelatin film, and PC 10G were evaluated. Photographs of the samples were processed by
using a free app “RGB Color Detector” for Android to obtain R, G and B values from all

samples. These values were converted from RGB to CIELAB values using a free online color

converter (http://colormine.org/convert/rgb-to-lab) and YI and WI values were estimated by

using the following equations reported in previous works [86, 95], respectively:

1_142.86><b
B L
WI=L—-3Xb

where L is the lightness and b is the yellowness/blueness. A sheet of printing paper was used
as white support for the samples to take the pictures. There different films from each film were
photographed and there different zones on each sample were photographed to ensure reliable

results.
2.3.8. Chemical characterization: ATR-FTIR and pRaman spectroscopy

Chemical characterization of curcumin, PVAc-VL (polymer resin), PC 0, PC 10, pure
alginate film, PC 10A, pure gelatin film and PC 10G, was performed by using a single-
reflection ATR accessory with a diamond crystal (MIRacle ATR, Pike Technologies) coupled
to FTIR spectrophotometer (VERTEX 70v FTIR, Bruker). The spectral region scanned was
4000-600 cm* with a resolution of 4 cm™. The spectra were normalized to their maximum.

A Horiba Jobin-Yvon pRaman LabRAM HR800 (Horiba Scientific, Kioto, Japan)
operating with a He-Ne laser source (632.8 nm) was used to study further the molecular
vibration modes of curcumin, PC 0, and PC 10. The objective used was a 50x with a slit
aperture of about 150 pum. The spectral region scanned was 3500-1000 cm™* with a resolution

of 1 cm™. The spectra were normalized with maximum absorption peaks.
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2.3.9. Thermogravimetric analysis

Thermogravimetric analysis (TGA) of curcumin, PVAc-VL, and PC 10 samples were
carried out by using a TGA Q500 (TA Instruments, USA) instrument. Measurements were
performed placing the samples (4-7 mg) in platinum pans under inert N2 flow (50 mL/min) in

a temperature range from 30 to 800 °C with a heating rate of 10 °C/min.
2.3.10. Mechanical characterization: AFM-nanoindentation and tension test

The Young’s modulus of PC 0 and PC10 coatings applied on glass slides was measured
with an AFM Nanowizard I11-JPK (Bruker, Billerica, MA, USA), operated in nano-indentation
mode called QI. The system was placed on an active anti-vibration platform inside an anti-
acoustic box. A probe CP-NHC-BSG-C-5 (sQUBE, Germany) with a tapping silicon cantilever
(thickness 4+1 um, length 125+10 pum, width 30.0£7.5 um, resonance frequency 204-497 kHz,
spring constant 10-130 N/m) and a borosilicate glass bead of 20 pm diameter as the tip was
used for the indentation. The cantilever was calibrated to obtain the actual sensitivity and spring
constant. Regions with 5 um x 5 um area were scanned with a rate of 0.5 Hz. For each area,
64 force-distance curves (8x8 array) were acquired, and three different areas were scanned.
The force versus indentation curves were analyzed using the Hertz model with the Poisson’s
ratio taken as 0.3.

Coatings applied on alginate and gelatin films were tested with uniaxial tension tests
on a dual column universal testing machine Instron 3365 (Instron, Norwood, MA, USA) as
composites (coating and substrate). Namely, pure alginate film, PC 10A, pure gelatin film and
PC10G were cut in dog bone specimens (ten samples tested for statistical analysis) with a width
of 4 mm and length of 25 mm. They were conditioned at 24 °C and 50 % R.H. in an Espec SH-
262 Environmental Chamber (ESPEC, Hudsonville, M1, USA). Displacement was applied at a
rate of 3 mm/min. The Young’s modulus, stress at maximum load, and elongation at break

were calculated from the stress—strain curves.
2.3.11. Water contact angle

Static water contact angles of PC 0, PC 10, pure alginate film, PC 0A, PC 10A, pure
gelatin film, PC 0G, and PC 10G were measured by using a contact angle goniometer OCA-20
(DataPhysics Instruments GmbH, Filderstadt, Germany) at room temperature. Deionized water
droplets of 3 pL were deposited on the surface and the contact angle was calculated from the
side view with the help of the built in software. Six measurements for each coating were taken

to ensure repeatability.
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2.3.12. Water vapor permeability measurement

The water vapour permeability (WVP) of pure alginate film, PC 0A, PC 10A, pure
gelatin film, PC 0G and PC 10G was evaluated under 100 % relative humidity gradient ARH
(%) by following the ASTM E96 standard method. In detail, 400 uL of deionized water were
placed in the permeation chambers (Inner diameter = 7 mm; height = 10 mm) to generate 100
% R.H.. Samples were mounted on the top of the permeation chamber, sealed and placed at O
% R.H. by using anhydrous silica gel. The chambers were weighted every hour for 7
consecutive hours by using a sensitive electronic balance (0.0001 g of accuracy) to monitor the
transfer of water from the chamber to the desiccant, through the sample, evaluating the water
mass loss, which was plotted as a function of time. The slope of each line was calculated by
linear regression. Afterwards, the water vapor transmission rate (WVTR) was determined by
using the following equation:

slope
A

WVTR(g(m?d)™1) =

where A is the area of the sample.
The water vapor permeability (WVP) of the samples was calculated by using the
following equation:

WVTR x L x 100
pe X ARH

where L is the thickness of the sample (m), ps is the saturation water vapor pressure at 25 °C

WVP (g(mdPa)™1) =

(Pa). Each measurement was replicated four times to ensure reliability of the results.
2.3.13. DPPH and ABTS radical scavenging assays

DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay (RSA) was performed
with PC 10 samples (2 cm x 2 cm) that were placed in a 6-well plate in a standing position. 12
mL/well of 0.2 mM solution of DPPH" radical molecule in ethanol were added. Samples were
covered with aluminum and kept in darkness. 3 mL of extract was taken at specific time points
(0,0.25,0.5, 1, 2, 3, 4, 6, 24 hours), placed in a polystyrene cuvette and its light absorbance
was measured at 517 nm by using a Cary 6000i Scan UV-Visible spectrophotometer (Walnut
Creek, CA, USA), in dark condition and at room temperature. Separately, PC 0 (2 cm x 2 cm)
sample was immersed in 12 mL of DPPH" radical ethanol solution to control if pure PVAc-VL
had any antioxidant activity.

ABTS (2,2’-azino-bis(e-ethylbenzothiazoline-6-sulphonic acid) radical scavenging

assay (RSA) was performed in the same conditions previously described.
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The percentage RSA was calculated by using the following formula:

Acontrol - Asample

RSA (%) = [ * 100

Acontrol

where Acontrol IS the absorption of the control PC 0 sample and Asample is the absorption of the

PC 10 sample at the specific time point.
2.3.14. Release tests in food simulants, water and acidic environment

The release of curcumin from PC 10 samples in 3% (v/v) acetic acid, 10%, 50% and
95% ethanol-water solutions was measured to simulate aqueous foods (10 vol.% ethanol), oil-
in-water emulsions (50 vol.% ethanol) and fatty foods (95 vol.% ethanol), respectively [96,
97]. Measurements were made by using a Cary 6000i Scan UV-Visible spectrophotometer
(Walnut Creek, CA, USA). Curcumin had a characteristic UV absorbance peak at 428 nm in
3% acetic acid, 10%, 50% and 95% ethanol solutions, whereas presented a peak at 416 nm in
water. Calibration curves of curcumin were constructed, to extrapolate the molar extinction
coefficient (g), which resulted in & = 2,653 cm™M? for 3% acetic acid, & = 2,546 cm™*M* for
water, € = 18,951 cm™M™ for 10% ethanol solution, € = 59,933 cm™*M™ for 50% ethanol
solution and € = 69,702 cm™*M™* for 95% ethanol solution. PC 10 samples (2 cm x 2 cm) were
placed in a 6-wells plate and immersed in 4 mL of mediums at room temperature. 3 mL of
extract was taken at specific time points (0, 0.25, 0.5, 1, 2, 3, 4, 6, 24, and 48 hours), and the
measurements were carried out. At each time point, 3 mL of respective solution was added to

the sample. Six samples for each liquid were analyzed.
2.3.15. Bacterial adhesion study

The bacterial anti-adhesion property of PC 0, PC 10, and uncoated glass (control) was
evaluated by using Escherichia coli (E. coli) (ATCC 25922) and Staphylococcus aureus (S.
aureus) (8325-4). A single colony of E. coli or S. aureus was inoculated in Luria-Bertani (LB)
broth medium (25 ml) and incubated at 37 °C overnight (0.n.) with shaking at 200 rpm. 1 mL
of E. coli or S. aureus o.n. culture, approximately 10° CFU/mL, was centrifuged and suspended
in 100 pL of LB. 10 pL of E. coli or S. aureus suspension was gently placed, under sterile
conditions, onto the PC 0, PC 10, and uncoated glass, previously sterilized by UV irradiation
for 30 minutes. To allow the bacterial adhesion on the material surface, the samples were left
to dry for 90 minutes at room temperature. Afterwards, the bacteria were stained with 0.3 %
crystal violet (CV) (Merk, Germany) for 15 minutes to understand if the bacteria adhered to

the surface of the samples, following the method previously described with slight modifications
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[98, 99]. To remove unattached or weakly adherent bacteria, the stained samples were carefully
rinsed in sterile distilled water (SDW). Then, the uncoated glass, PC 0 and PC 10 were
immersed in 25 mL of LB broth and incubated at 37 °C with shaking at 200 rpm. 1 mL of each
sample was removed after 1, 2, 3, 4, 5 hours, and the absorbance of the solutions was estimated
using a UV—Vis spectrometer at 590 nm (ODsgp).

To determine the percentage of the adhered bacteria to the samples, the same amount
of E. coli and S. aureus were spotted on PC 0, PC 10, and uncoated glass. The samples were
left to dry for 90 minutes at room temperature. After rinsing with SDW, the adhered bacteria
were harvested by detaching with 1 mL of SDW. 10 pl of the E. coli or S. aureus original
suspension was added to 1 mL of SDW and used as control. The absorbance of the bacteria
solution was measured at 590 nm (ODsg0). The percentage of adhered bacteria was calculated
respect to the control. The results are presented as mean * the standard error of the mean
(SEM). The significance of the differences in the mean values of groups was evaluated using
the analysis of variance (one-way ANOVA). Results with a p-value <0.05 were considered

statistically significant.
2.3.16. Biocompatibility study

2.3.16.1. Cell culture
Chinese Hamster Ovarian (CHO) cells (ATCCs, UK) were cultured in Dulbecco’s
modified Eagle medium (DMEM, Euroclone) 10% fetal bovine serum inactivated, and 1%
penicillin streptomycin in a humidified incubator at 37°C and 5% CO». All reagents were
products of ThermoFisher. CHO cells were seeded in DMEM at a density of 2x10* cells mI™*
and let to grow until they were confluent. Cells were then treated with trypsin-EDTA, detached,
and centrifuged (1000 rpm, 5 min); the cell pellet was re-suspended in DMEM, and the cell
density was precisely determined with an automated cell counter. Further, the cell density was
precisely adjusted to 400 cell ul to conduct the indirect biocompatibility test.
2.3.16.2. Cell proliferation assay
Prior to conduct the test, PC 0 and PC 10 were sterilized under UV for 30 minutes, then
rinsed with sterile water, and submerged in DMEM culture medium for 48 hours. The
proliferation assay was performed with an XCELLigence device (ACEA Biosciences) equipped
with E-plate 16. The xCELLigence device allows the real-time monitoring of cell viability
based on electrical impedance read out. For each condition (i.e., DMEM conditioned with PC
0, DMEM conditioned with PC 10, and normal DMEM) 4 different wells were used. Each of
the 4 wells was filled with 150 uL. of DMEM (either conditioned or not). After a background
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measurement, 50 pL of CHO cell suspension in DMEM was added to each well in order to
plate 2x10° cells/wells. The proliferation assay was run for 50 hours in the incubator. Sampling
of the cell proliferation was done every 15 minutes by reading out the impedance of the
electrodes and converting it to a dimensionless parameter, named Cell Index (C.l.),
proportional to the electrode area covered by the cells [100]. The C.I. matrix was then processed
by lgorPro (Wavemetrics). At the end of the experiment, the cells were inspected by
fluorescence microscopy. For fluorescence imaging, CHO cells plated on glass coverslips in
the identical conditions were fixed using 4% (w/v) Paraformaldehyde (PFA,
SCBiotechnology,USA) in 1X Phosphate Buffer Saline (PBS). The cells were washed once
with pre-warmed PBS, pH 7.4, and fixed using 4% PFA for 10 min at room temperature. The
fixed cells were first permeabilized with 0.1% Triton X-100 in PBS for 3 to 5 minutes and then
incubated for 10 min in 1% w/v bovine serum albumin (BSA) in PBS to reduce nonspecific
background. For selective F-actin staining, the cells were stained with Alexa Fluor-647
phalloidin (life Technologies, USA) diluted in PBS 1X and placed at room temperature for 20
min. The nuclei were stained with Hoechst 33342 (ThermoFisher Scientific). The confocal
analysis was finally carried out using a Nikon Inverted Microscope TiE equipped with a Nikon
Confocal Laser System (Nikon Optical Co., Ltd., Japan) at an excitation wavelength Aex = 405

nm, and Aex = 647 nm.
2.4. Results and discussion

2.4.1. Morphology of the coatings

The microstructure of the coatings PC 100, PC 0 and PC 10 was investigated by SEM.
Images of the surface and of the cross section are reported in Figure 5. In Figure 5A PC 100
surface showed a relatively compact coating as a further demonstration of the complete
dissolution of curcumin in the selected solvent. However, its cross-section (Figure 5D) revealed
a somewhat porous internal structure that could be attributed or to the sub-microscopic particles
of curcumin or to some cutting effects (e.g. glass fibers after the breaking of the sample). On
the other hand, PC 0 presented both a uniform surface without visible separation between VAc
and VL segments (Figure 5B) and a uniform cross section (Figure 5E). Similarly, the coating
PC 10 showed a uniform and smooth surface (Figure 5C) and cross section (Figure 5D),
revealing a good encapsulation of curcumin in the polymeric matrix. In addition, the cross
section images of PC 0 and PC 10 gave information about the coatings’ thickness of about 8-

10 pm.
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Figure 5. (A-C) SEM images of the surface of PC 100, PC 0 and PC 10 coatings. (D-F) SEM images
of the cross section of PC 100, P C 0 and PC 10.

Further surface analysis of PC 100, PC 0 and PC 10 were conducted by AFM (Figure
6). The scanned area of PC 100 (Figure 6A and Figure 6D) confirmed the results obtained by
SEM, showing the sub-microscopic particulate nature of the curcumin coating. Furthermore,
the analysis of the topography conducted by Gwiddion gave information about the surface
roughness (Ra) of nearly 0.6 nm and root mean square (RMS) of nearly 1 nm, indicating a high
variability in the peak-valley distribution. On the other hand, PC 0 (Figure 6B and Figure 6E)
showed a smoother topography without microscale surface rugosity formation after the coating
and drying process as confirmed by the lower Ra (~ 0.1 nm) and RMS (~ 0.1 nm). Similar
results were obtained on the PC 10 coating, with roughness parameters comparable to PC 0’s

ones, confirming again a good encapsulation of the filler curcumin into the polymeric matrix.
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Figure 6. (A-C) AFM topography (3D view) of PC 100, PC 0 and PC 10. (D-F) AFM topography (2D
view) with a random cross section (black line) of PC 100, PC 0 and PC 10. (G-I) Roughness graph,
Roughness average (Ra) and Root Mean Square (RMS) parameters of PC 100, PC 0 and PC 10.

Additionally, the microscale morphology of alginate and gelatin films without and with
PC 10 coating on them was inspected by SEM. Figure 7 shows the pictures and SEM images,
both of the surface and cross section, of the uncoated (Figure 7A-C) and coated (Figure 7D-F)
alginate film. From the photographs it can be immediately noticed that the application of the
coating, a part from a change in color, did not affect the transparency of the film. From the
comparison between the Figure 7B and Figure 7E, it can be noticed that the uncoated alginate
film microstructure featured a rough surface that changed in a smoother, more homogeneous
and pores-free one due to the application of the coating, revealing a pattern similar to the PC
10 one observed previously (Figure 5C). In addition, the estimated thickness of the PC 10 was
also confirmed by the SEM image of the cross section of the PC 10A (Figure 7F), resulting to
be around 5-8 um. Furthermore, it can be observed that the coating adhered well to the natural
film, without showing defects ad cracks.
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Figure 7. (A) Photograph and SEM images of the (B) surface and (C) cross section of the uncoated
alginate film. (D) Photograph and SEM images of the (E) surface and (F) cross section of the PC 10A
sample.

Similar results were obtained by the photographs and SEM images, both of the surface
and cross section, of the uncoated (Figure 8A-C) and coated (Figure 8D-F) gelatin film. From
the photographs a good degree of optical transparency was demonstrated. In addition, the
surface of the gelatin film (Figure 8B) appeared smoother respect to the alginate’s one, but the
PC 10G’s surface (Figure 8E) revealed the same pattern as for PC 10A and PC 10, previously
observed. The cross section image of PC 10G (Figure 8F) confirmed the coating thickness of
about 5-8 um and a good adhesion to the substrate.
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Figure 8. (A) Photograph and SEM images of the (B) surface and (C) cross section of the uncoated
gelatin film. (D) Photograph and SEM images of the (E) surface and (F) cross section of the PC 10G
sample.

Therefore, the coating was demonstrated to be homogeneous with an excellent
encapsulation of the filler curcumin into the PVAc-VL polymeric matrix, demonstrated both
by the picture of the samples where it was visible that the yellow color due to the curcumin
was homogeneously distributed, as it will be discussed in the study of yellowness of the
samples (Section 2.4.3), and then by the SEM and AFM images. In addition, it can be
concluded that the coating adhered well not only on glass but also on natural substrates, as
demonstrated by the cross section images, where any delamination or breaking of the coating

was observed, with an average thickness of 8 pm.
2.4.2. Optical features

In this section, the optical features of the various coatings were investigated in terms of
absorption, transparency and UV-filtering ability.

The UV-Vis absorption spectra of the coatings PC 100 and PC 10 on quartz slides with
their photographs are reported in Figure 9A and Figure 9B, respectively. For the PC 100
coating, the intense absorption band of curcumin at 431 nm was ascribed to a combination of
n > m and n = n” transitions, and a weaker band at 267 nm was due to 1 = & transitions
[101]. On the other hand, in PC 10 the two curcumin-related absorption peaks shifted to 421
nm and 264 nm due to the presence of the copolymer in the formulation.
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Figure 9. UV-Vis absorption spectra and photographs of (A) PC 100 and (B) PC 10.

Afterwards, the transparency of the coating was evaluated because it was considered an
important feature in order to allow the consumer to look through the packaging, evaluating the
freshness and the quality of the packaged food. Results were showed in Figure 10. In particular,
the photographs of PC 0 and PC 10 coatings on quartz attached on Figure 10A demonstrate
their transparency to the naked eye. In addition, a further investigation of this property was
done on PC 0, PC 1.25, PC 2.5, PC 5, PC 7.5, and PC 10 coatings by evaluating the percent
transmittance (%T) from 400 to 800 nm as visible range (Figure 10A). The spectra indicated
that the coatings, whatever the amount of curcumin, were transparent in all the visible range,
obtaining same results as for PC 0. In particular, the percent transmittance at 660 nm (%T e60)
was took in consideration to evaluate the transparency. Values were practically 100 % for all
the samples. The transparency of the coatings was also evaluated in terms of percent opacity
in the visible (600 nm) (Figure 10B). As can be noticed, the PC 0 sample had the lowest opacity

but also all the curcumin coatings’ opacity did not exceed 5%.
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Figure 10. (A) Light transmittance (%T) of PC 0, PC 1.25, PC 2.5, PC 5, PC 7.5, and PC 10 coatings
in the range 400-800 nm (visible range), with attached photographs of PC 0 and PC 10. (B) Percent
opacity (%) of PC 0, PC 1.25, PC 2.5, PC 5, PC 7.5, and PC 10 coatings.
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The protection from UV light conferred by the coating was evaluated, first of all
because it was expected that the curcumin gave this property as previously reported for
curcumin-based composites [86], and then because it was considered important that the coating
protected the packaged food from the deterioration of the UV light during transportation and
storage. For this reason, the UV-filtering ability of PC 0, PC 1.25, PC 2.5, PC 5, PC 7.5, and
PC 10 was evaluated (Figure 11). The %T of all the coatings in the range between 200 nm and
450 nm are showed in Figure 11A. Betwe