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ABSTRACT

DEVELOPMENT AND  CHARACTERIZATION OF  KEFIRAN,
CARBOXYMETHYL CELLULOSE, ZNO NPS NANOCOMPOSITES FOR
FOOD PACKING APPLICATIONS. Polysaccharides are polymers derived from
natural and renewable sources, which can be utilized in various applications,
including the packaging industry. Kefiran is one of these polymers that has gained
prominence recently due to its antimicrobial properties. Several studies have
sought to combine the intrinsic properties of kefiran with other biopolymers and
oxide nanoparticles as an effective alternative for producing active food
packaging. In this context, the present study investigates, in detail, the
development of films and edible coatings based on kefiran, carboxymethyl
cellulose (CMC), and zinc oxide nanoparticles (ZnO NPs) for food packaging
applications. Kefiran was extracted and purified from kefir grains, and its purity
and structural features were confirmed by proton and carbon nuclear magnetic
resonance (‘H and *C NMR), Fourier-transform infrared spectroscopy (FT-IR),
and gel permeation chromatography (GPC). For the first time, kefiran exhibited
significant antibiofilm activity against Staphylococcus epidermidis ATCC 35984,
achieving eradication at 512 mg/L (p < 0.001). At the same time, ZnO NPs were
synthesized via a microwave-assisted hydrothermal method and showed high
crystallinity and distinct morphologies. These nanoparticles exhibited selective
bactericidal activity against Gram-positive multidrug-resistant bacteria, primarily
due to the generation of reactive oxygen species (ROS), especially hydroxyl
radicals. Statistical analyses demonstrated that minimum inhibitory
concentrations (MICs) of 256 and 512 mg/mL were effective in bacterial
inhibition, highlighting the potential of ZnO NPs for functionalization in bio-
based packaging systems. Subsequently, nanocomposite films were prepared by
incorporating ZnO NPs into the kefiran/CMC matrix at different concentrations

(5, 10, and 25% w/w), and their physicochemical, mechanical, structural, and



functional properties were thoroughly evaluated. Characterization techniques,
including Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), X-ray Diffraction (XRD), X-ray Photoelectron Spectroscopy (XPS),
Raman spectroscopy, Fourier-Transform Infrared Spectroscopy (FT-IR), and
Ultraviolet—Visible (UV-Vis) spectroscopy, revealed significant morphological,
structural, and optical changes resulting from the incorporation of ZnO NPs. The
nanocomposites exhibited improved mechanical strength, UV-blocking capacity,
and water vapor barrier properties. Additionally, the films demonstrated enhanced
antimicrobial activity, particularly against Staphylococcus aureus, indicating their
suitability for active food packaging applications.

Keywords: Kefiran, active films, antimicrobial, antibiofilm, food packaging
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RESUMO

DESENVOLVIMENTO E CARACTERIZACAO DE NANOCOMPOSITOS A
BASE DE KEFIRAN, CARBOXIMETILCELULOSE E ZNO NPS PARA
APLICACOES EM EMBALAGENS DE ALIMENTOS. Os polissacarideos sdo
polimeros derivados de fontes naturais e renovaveis, que podem ser utilizados em
varias aplicacdes, inclusive no setor de embalagens. O kefiran ¢ um desses
polimeros que ganhou destaque recentemente devido as suas propriedades
antimicrobianas. Varios estudos buscaram combinar as propriedades intrinsecas
do kefiran com outros biopolimeros e nanoparticulas de 6xido como uma
alternativa eficaz para a produgdo de embalagens ativas para alimentos. Nesse
contexto, o presente estudo investiga, em detalhes, o desenvolvimento de filmes
e revestimentos comestiveis a base de kefiran, carboximetilcelulose (CMC) e
nanoparticulas de 6xido de zinco (NPs de ZnO) para aplicagdes em embalagens
de alimentos. O kefiran foi extraido e purificado dos graos de kefir, e sua pureza
e caracteristicas estruturais foram confirmadas por ressonancia magnética nuclear
de protons e carbono ("H e *C NMR), espectroscopia de infravermelho com
transformada de Fourier (FT-IR) e cromatografia de permeacdo em gel (GPC).
Pela primeira vez, o kefiran apresentou atividade antibiofilme significativa contra
Staphylococcus epidermidis ATCC 35984, alcancando erradicacdo a 512 mg/L (p
< 0,001). Ao mesmo tempo, as NPs de ZnO foram sintetizadas por meio de um
método hidrotérmico assistido por micro-ondas e apresentaram alta cristalinidade
e morfologias distintas. Essas NPs apresentaram atividade bactericida seletiva
contra bactérias Gram-positivas resistentes a multiplos medicamentos,
principalmente devido a geragdao de espécies reativas de oxigénio (ROS),
especialmente radicais hidroxila. As analises estatisticas demonstraram que as
concentracdes inibitorias minimas (MICs) de 256 e 512 mg/mL foram eficazes na

inibicdo bacteriana, destacando o potencial das NPs de ZnO para a
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funcionalizacdo em sistemas de embalagem. Em seguida, os filmes
nanocompositos foram preparados com a incorporagdo de NPs de ZnO na matriz
de kefiran/CMC em diferentes concentracdes (5, 10 e 25% m/m), e suas
propriedades fisico-quimicas, mecanicas, estruturais e funcionais foram
avaliadas. As técnicas de caracterizagdo, incluindo microscopia eletronica de
varredura (SEM), microscopia de for¢a atdomica (AFM), difracdo de raios X
(XRD), espectroscopia de fotoelétrons de raios X (XPS), espectroscopia Raman,
espectroscopia de infravermelho com transformada de Fourier (FT-IR) e
espectroscopia ultravioleta-visivel (UV-Vis), revelaram mudangas morfologicas,
estruturais e Opticas significativas resultantes da incorporagao de NPs de ZnO. Os
nanocompoOsitos apresentaram maior resisténcia mecanica, capacidade de
bloqueio de UV e propriedades de barreira ao vapor de d4gua. Além disso, os filmes
demonstraram uma atividade antimicrobiana aprimorada, especialmente contra
Staphylococcus aureus, indicando sua adequagdo para aplicacdes em embalagens
ativas de alimentos.

Palavras-chave: Kefiran, filmes ativos, antimicrobiano, antibiofilme,

embalagens de alimentos
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PREFACE

Among the alternatives that address these environmental concerns, bio-
based plastic derived from renewable sources has emerged as an effective strategy
to mitigate sustainability issues and pollution problems. In this context, the
development of active packaging, capable of controlling or preventing the growth
of bacteria, fungi, and viruses, has gained attention as a practical approach for
enhancing food safety and, in some cases, extending shelf life. One such
biopolymer is kefiran, a high-molar-mass, branched glucogalactan that has
garnered significant interest due to its antibacterial, antitumor, and
immunomodulatory properties, making it a promising candidate for various
applications. However, certain limitations, such as the insufficient mechanical
strength and barrier properties of kefiran-based films, must be addressed to make
them viable alternatives to conventional polymers in terms of performance and
cost-effectiveness. Therefore, the central motivation of this study is to develop
kefiran-based nanocomposite films incorporating carboxymethyl cellulose
(CMC) and zinc oxide nanoparticles (ZnO NPs) to enhance their barrier,
mechanical, and antimicrobial properties, thus enabling their potential application

in food packaging systems.

To provide a clear understanding of this thesis, the work has been
organized into six chapters. Chapter 1 presents the state of the art, covering the
central topics addressed in this research, including the use of polysaccharides in
film production and the development of active packaging systems incorporating
antimicrobial agents. Chapter 2 outlines the general and specific objectives that
guide the research scope, as well as the underlying motivation for addressing the
identified problem. Chapter 3 describes the experimental procedures, beginning
with the extraction and characterization of kefiran, followed by the synthesis of

ZnO NPs. The optimization of CMC- and kefiran-based films is then detailed,



along with the methods employed for the preparation and characterization of
nanocomposite films containing different concentrations of ZnO NPs. Chapter 4
presents the results obtained throughout the research, along with a detailed
discussion of their significance and implications. Chapter 5 presents the final
remarks and general conclusions drawn from the study, followed by a
comprehensive list of references that support the development of this thesis,
Chapter six.

The appendix provides additional material that complements the main

text, including supporting data and scientific articles that have been submitted or

accepted for publication as a result of this research.



Chapter 1 GENERAL INTRODUCTION

1.1 Potential use of biodegradable polymeric materials based on

polysaccharides in the food packaging industry

In recent years, environmental pollution caused by the accumulation
of non-biodegradable plastics has increased significantly, becoming a global
concern '3, The slow degradation of these materials, combined with the release
of chemical additives used in their manufacture, contributes to their persistent
accumulation across diverse environments and ecosystems. This accumulation
can lead to irreversible imbalances, affecting various species, including plants,
aquatic organisms, and even humans *°. Given the growing environmental
impacts related to greenhouse gas emissions and marine contamination, various
strategies have been discussed to mitigate the issues associated with conventional
plastics. Among these, recycling, energy recovery, and the development of
alternative materials, such as biodegradable biopolymers, stand out. In addition to
environmental concerns, there is also increasing pressure from policies and
regulations aimed at promoting a circular economy for plastics, which emphasizes

the importance of integrated and sustainable solutions *°.

In this context, several biopolymers have attracted attention not only
for their renewable origin but also for their potential in applications such as
controlled drug release and the development of antimicrobial food packaging.
This is mainly due to their favorable properties, including excellent
biocompatibility and water solubility *7-1°. In particular, growing concern over
the environmental impact of petroleum-based, non-biodegradable plastics, along
with issues related to micro- and nanoplastic contamination and the increasing
demand for renewable alternatives, has intensified research into polysaccharide
(PS)-based materials 2. PSs are complex carbohydrates made of

monosaccharides linked by glycosidic bonds, regardless of their origin 2. These
3



units range from D-glucose and D-fructose to D-galactose and D-galactosamine'.
Naturally abundant and nontoxic, PSs are attractive for biomedical applications,

such as drug delivery and wound healing, as well as food packaging'® (Figure
1.1).

Main polysaccharides and their uses

Chitosan o o0 Pectin | Kefiran ]
OH A HO o — o,
KO HO ; CH,0H
HO 0%\ HO | coom . Hoﬂ,o_‘ ST
AH 0 CH, CH,0H Q

2 *
> &Oﬂ o Hl(jo Qoo OH ° CHDOH
HO MILK! )
OH C‘\h HO 1 coom OH  HO

I 0 OH
g L OH
i a v 0 N
o HO HO HO
»
HO b oH HOH,C WA ’,:l'/*_

Cellulose A
Om% ! OH - .‘l. Nunooczllulose é)"*’/j -

HO O Q 0 OH (] | Fibrillated (CNFs)
. HO HO 0 Ho 3 OHO 0 Food and
: 0 ¢]
¥ HO OH Drug
HO g OH

Administration

ED"‘
“generally

»

E

Antitumor ~ Vaccines Drug  PharmaceuticalCosmetics Regeneratlve Edible Food reeogmzed
and ggal)}/e delivéry medicine Coatings packing assafe”
theraples

FIGURE 1.1- Chemical structures of the main polysaccharides used to produce
biodegradable packaging.

PS-based materials offer desirable properties, including gas barrier
capacity, low water vapor permeability, good tensile strength, and the potential to
extend shelf life due to the antioxidant properties of specific matrices'?. Their
versatility stems mainly from their recognized safety, endorsed by regulatory
agencies such as the U.S. Food and Drug Administration (FDA). Chitosan, for
instance, 1s a non-toxic, biocompatible, and biodegradable biopolymer widely
commercialized due to the abundance of its precursor, chitin %% (Figure 1.1).
This linear polysaccharide stands out for its antimicrobial activity against fungi

and bacteria, offering an advantage over other biopolymers and enabling its use



in drug delivery, tissue engineering, and other biomedical applications '*. Several
studies report the antimicrobial efficacy of this polymer in biodegradable plastics,
attributing it to electrostatic interactions between the polymer and

microorganisms 4716,

Subramani et al. (2024) *> developed a chitosan film incorporating bio-
vanillin and kaolin clay, exhibiting antimicrobial, antioxidant, and antifungal
properties. Additionally, weight loss and color change tests revealed its high
preservation capacity for freshly cut apples. Hu et al. (2018)!" developed
multilayer films combining acrylamide-modified chitosan and alginate for
strawberry packaging. The synergy between the polysaccharides endowed the
films with self-healing properties, restoring surface integrity after minor cuts, and
anti-fogging capacity. A key drawback of chitosan is its insolubility in water
without acidification (pH < 6.3) . In contrast, starch, another widely used, non-
toxic polysaccharide, readily dissolves in water and is commonly applied as a fruit

coating to extend shelf life #18,

Similarly, cellulose i1s a renewable and abundant biopolymer naturally
produced by plants and microorganisms, further expanding the range of viable
PSs for sustainable material development ':1%2° It consists of linear chains of
repeating D-glucose units (CsH10Os) linked by B-1,4-glycosidic bonds (Figure
1.1), which confer structural strength and stability. These characteristics make
cellulose a promising material for sustainable applications. Due to extensive
hydrogen bonding and high crystallinity, cellulose is insoluble in water and most
common organic solvents 22!, However, this limitation can be overcome by using
cellulose derivatives, such as methylcellulose, hydroxypropyl methylcellulose
(HPMC), and carboxymethyl cellulose (CMC), which have modified chemical
groups that enhance their solubility and expand their usability in various industries

10 Furthermore, processing cellulose's structure can yield nanometer-scale



particles, such as cellulose nanofibrils (CNF) and cellulose nanocrystals (CNC),

which exhibit enhanced properties ideal for food packaging applications 2.

Additionally, cellulose can be produced by microorganisms like
Gluconacetobacter, forming a nanofiber network with a three-dimensional
structure?>. Microbially derived polysaccharides, such as kefiran, an important
exopolysaccharide (EPS) produced by bacterial biofilms in milk, have gained

increasing prominence due to their unique properties .
1.2. Kefiran — An important exopolysaccharide

These microbial polysaccharides not only expand the range of natural
biopolymers available but also offer distinct functional properties that are
increasingly explored for applications in food preservation, biomedicine, and
packaging. Among them, kefiran, a high-molar-mass branched glucogalactan, has
attracted significant interest due to its antibacterial, antitumor, and

immunomodulatory effects %7,

The antitumor activity of kefiran was
demonstrated in vivo through oral administration in mice with Ehrlich carcinoma
and sarcoma 180 tumors %, Its ability to enhance antibody production and activate
macrophages led to significant reductions in tumor size and weight. Structurally,
kefiran consists of nearly equal amounts of D-glucose and D-galactose arranged

in chains %%,

The promising bioactive properties of kefiran have stimulated extensive
research into its production and application; however, its potential as an edible

coating for fruits remains an unexplored area >

. Despite its promising
functionality, the large-scale application of kefiran films faces challenges
primarily related to production scalability. Factors such as the choice of carbon
source and the time required for biofilm development significantly influence yield
31, The microbial community responsible for kefiran synthesis varies depending

on the culture -233; however, it typically includes bacteria such as Lactobacillus



kefiranofaciens, Lactococcus, Streptococcus, and yeasts from the

24273435 Research on kefiran extends beyond

Saccharomycetaceae family
biofilm composition to optimizing fermentation parameters, including pH,
temperature, and culture medium composition, to enhance EPS production and
maximize kefiran yield 332%%. Such optimization is crucial for improving

3839 However,

scalability and consistency in kefiran-based applications
depending on the microbial strains used during grain cultivation, variations in

growth kinetics and EPS properties may occur’’.

Moreover, scaling up production while maintaining consistency is
essential to meet industrial demands and ensure product efficacy. In this context,
the extraction and purification processes are equally important. Typically, kefiran
1s extracted by dissolving the grains in distilled water at 100 °C, followed by
centrifugation at 20 °C to remove residues. The supernatant is treated with 98%
ethanol and refrigerated at —20 °C for 24 hours. This cycle is repeated three times
before the polymer is lyophilized. Recent efforts to optimize these steps have
explored variations in dissolution and precipitation temperatures to enhance yield
and purity *. To address these limitations, studies have focused not only on
optimizing fermentation conditions and incorporating industrial by-products as
alternative carbon sources, but also on enhancing kefiran's functional performance
through its combination with other polysaccharides *°. This strategy is particularly
relevant given the common drawbacks of some PS-based films, including high

moisture sensitivity and poor mechanical strength 3.

Blending kefiran with other polysaccharides has emerged as a
promising strategy to address its limitations, particularly its sensitivity to moisture
and limited mechanical strength (Figure 1.2) ?#?741, For instance, Rad et al.
(2017)* investigated the incorporation of water-based polyurethane (WPU) into
kefiran films and evaluated its impact on film properties. Through morphological

analysis, thermal behavior, and FTIR spectroscopy, the study demonstrated that

7



formulations containing up to 30% WPU by weight exhibited improved
miscibility and compatibility. These interactions led to enhanced mechanical
performance and optical clarity, indicating the potential of such blends for

advanced packaging applications .
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FIGURE 1.2- Main characteristics of films produced with pure Kefiran **, with
the addition of different plasticizers *, and as a blend with Carboxymethyl

cellulose (CMC) and Satureja Khuzestanica essential oil +°.

In another study, Motedayen et al. (2013)* reported that although
kefiran and starch are compatible, increasing starch concentration negatively
affected the films' mechanical properties and surface wettability, limiting their
incorporation to a maximum of 50%. This finding highlights the importance of
optimizing polymer ratios, as they directly influence film thickness and,
consequently, key characteristics such as mechanical strength, transparency, and

water vapor permeability (WVP) #’. In some cases, physical crosslinking has been



employed to enhance the mechanical performance of carboxymethyl starch
sodium (CMS) films *¥, while other approaches have focused on incorporating
plasticizers to improve the tensile strength of biopolymer-based films. In addition
to structural modifications, several studies have explored the incorporation of
additives, such as plasticizers, to enhance the tensile strength of biopolymer-based
films *°. The strategy of blending two or more biopolymers to improve film
properties is well-established. However, selecting the ideal polysaccharide
requires careful evaluation of multiple factors, including cost, availability,

intrinsic properties, compatibility, and processability *°.
1.3 Carboxymethylcellulose to improve kefiran properties

Carboxymethylcellulose (CMC) is a cellulose derivative obtained
through etherification, in which hydroxyl groups (—OH) are partially substituted
by carboxymethyl groups (—CH2COONa). This structural modification improves
its solubility in water, enabling its application in various fields, including the
development of biodegradable food packaging >>°!. Among the methods reported
for producing CMC-based plastic films are electrospinning, extrusion, and casting
(Figure 1.3) >3, The casting method is the most commonly used on a laboratory
scale due to its low cost, the high solubility of CMC, and the simplicity of the
technique. Additionally, CMC has a limited electrospinning capacity and cannot
be extruded on its own >*. In the casting method, CMC is first dissolved in water
or another suitable solvent under constant stirring and controlled temperature
(Figure 1.3). In some cases, particularly when temperatures exceed 50 °C, this
process can lead to the formation of unwanted air bubbles in the solution >*. The
resulting solution is then poured onto plates to allow the solvent to evaporate, a
process that can occur at room temperature or in an oven with air circulation. The
resulting films are generally transparent, although the incorporation of additional
materials may alter their optical properties (Figure 1.3). The incorporation of

additional materials into the CMC matrix can significantly influence the

9



properties of the films, particularly water vapor permeability (WVP), surface

wettability, and mechanical performance.
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FIGURE 1.3— Main methods used to produce CMC-based films (casting,
electrospinning®, and extrusion). Visual appearance of CMC films produced by
adding different materials (CMC and agar >> and CMC-curcumin-zinc oxide ).

Primary characterization methods used in the study of polysaccharide films.

All these processing parameters significantly influence the properties
of the resulting films, especially since several studies have reported the use of
CMC concentrations above 7% (w/v) in solution >*. For example, increasing the
film thickness improves its mechanical response but reduces its transparency >’
Conversely, increasing thickness can decrease water vapor permeability while
increasing its moisture content **°°. Increasing the concentration of the polymer
matrix can even affect the surface's wettability, as in the case of starch films, for
example. Optimizing processing parameters is a crucial step in film production,

from selecting the appropriate blend to achieving optimal film performance *¢!

However, despite its advantages, CMC presents certain limitations that
must be addressed. Its hydrophilic nature leads to moisture absorption from the
environment, compromising both mechanical strength and gas vapor barrier

properties. Additionally, CMC lacks inherent antimicrobial activity, making it

10



necessary to functionalize the polymer with antimicrobial agents ®2. Valizadeh et
al. (2019) %, for instance, developed films based on CMC and chitosan, and found
that the addition of glutaraldehyde as a cross-linking agent enhanced both

mechanical properties and antioxidant capacity.

A review by Filho et al. (2025)%!, highlighted kefiran's strong
antimicrobial activity against bacteria such as Streptococcus pyogenes,
Staphylococcus aureus, Streptococcus salivarius, Salmonella typhimurium,
Listeria monocytogenes, Pseudomonas aeruginosa, and Escherichia coli, as a key
factor driving its use in bioplastic film development. The strong synergistic
interaction between CMC and other biopolymers makes it a promising strategy
for enhancing the functional properties of kefiran-based films. This approach has
been further explored by Hasheminya et al. (2019)*, who developed
bionanocomposite films combining kefiran and CMC with Satureja Khuzestanica
essential oil. The incorporation of the essential oil significantly improved the
tensile strength (TS) of the films, while reducing their elongation at break (EB).
Additionally, it notably modified the films' color parameters and transparency.
Regarding antimicrobial activity, the resulting films exhibited inhibitory effects
against both Gram-positive and Gram-negative bacteria. Motedayen et al.
(2019)% developed kefiran-CMC biocomposite films with varying proportions of
the biopolymers, utilizing glycerol as a plasticizer. The authors observed that
increasing the CMC content up to 50% (v/v) improved the tensile strength and
extensibility of the films, but higher concentrations reduced these properties. The
WVP initially decreased and then increased with the addition of CMC.
Morphological characterization revealed rougher surfaces with higher CMC

content, and thermal analysis indicated good compatibility between the polymers.

Although kefiran exhibits inherent antimicrobial activity, the
incorporation of nanoparticles has been investigated as a strategy to enhance this

property further *6>% These agents, when combined with kefiran, can act

11



synergistically, enhancing the film's antimicrobial effectiveness against a broader
spectrum of microorganisms and potentially improving other functional

properties, such as barrier capacity and mechanical strength.
1.4 Metal oxide nanoparticles

The development of surface materials with antimicrobial properties has
become increasingly important, particularly in light of the recent rise in serious
contact-borne diseases, such as the SARS-CoV-2 pandemic in 2020 78, Cross-
contamination due to contact with infected surfaces has significantly contributed
to the spread of pathogens. At the same time, the growing emergence of
multidrug-resistant bacteria and frequent cases of food contamination by
pathogenic microorganisms have prompted researchers to develop materials that

can function as antimicrobial agents .

The incorporation of metal oxide nanoparticles into biopolymer-based
films has gained growing attention due to their multifunctional role in enhancing
the performance of packaging materials >, When integrated into polysaccharide
matrices such as carboxymethyl cellulose (CMC) and kefiran, nanoparticles like
zinc oxide (Zn0O), titanium dioxide (TiO2), and copper oxide (CuO) can
significantly improve mechanical strength, decrease water vapor permeability,
enhance UV-blocking capacity, and introduce or reinforce antimicrobial
properties®>’*7 (Figure 1.4). Additionally, these nanoparticles are generally safe
and non-toxic’. These nanocomposite structures benefit from the synergistic
interaction between the biopolymer matrix and the dispersed nanoparticles,
making them particularly attractive for active food packaging applications, as they

can increase the shelf life of fruit and other foods 7°.
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In this context, various types of TiO, nanotubes have already been
applied to cellulose nanofibril (CNF) films, protecting them from UV rays and
enhancing their barrier to ethylene gas, a gas responsible for accelerating the
deterioration of fruits such as tomatoes (Figure 1.4). Similarly, Hasheminya et al.
(2018)"* produced nanobiocomposite films of copper oxide—carboxymethyl
cellulose—kefiran and observed that increasing the concentration of CuO NPs
helped reduce water vapor permeability and enhance the tensile strength of the
films. Furthermore, the uniform dispersion and optimal concentration of
nanoparticles were shown to be critical factors influencing the final performance
of these films. In a subsequent study, Hasheminya et al. (2019)”* demonstrated
that the addition of Satureja Khuzestanica essential oil to the CMC—kefiran—CuO
NPs nanocomposite further improved the antimicrobial efficacy of the films,

particularly against Staphylococcus aureus and Escherichia coli.
13



Despite the essential antimicrobial contribution of these NPs to the
development of functionalized nanocomposite films, a significant gap remains
between their conceptual design and application "®”. These NPs are typically
synthesized through multistep processes, beginning with the precipitation of metal
ions in aqueous media, followed by thermal treatment *°. However, rapid
precipitation kinetics often limit precise control over the size and morphology of
the resulting hydroxide or hydroxycarbonate intermediates 8'. Furthermore, high-
temperature calcination, commonly employed to convert these intermediates into
crystalline oxides, can lead to undesirable particle agglomeration and dense
aggregate formation, which may compromise the functional performance of the

final nanomaterials ®2.

In this context, selecting an appropriate synthesis route and fine-tuning
processing parameters are crucial for obtaining ZnO NPs with optimal
physicochemical characteristics. Factors such as particle size, distribution, surface
charge, and compatibility with the polymer matrix must be carefully controlled to
ensure consistent performance, safety, and scalability in real-world applications.
Among the various candidates, ZnO NPs have gained prominence due to their
ease of synthesis, low cost, and robust antimicrobial properties, making them ideal
for incorporation into biodegradable film matrices aimed at food packaging and

preservation 33753,

1.5 Zinc Oxide Nanoparticles and their antimicrobial

mechanisms of inactivation

Beyond their well-established role in enhancing the functional
properties of biodegradable films, ZnO NPs also exhibit remarkable antimicrobial
properties, including antibacterial, antifungal, and anti-inflammatory effects,
combined with low cytotoxicity 2¢°. These characteristics make them highly

attractive for applications in active packaging and biomedical fields. Their

14



effectiveness can be further optimized through precise control over key
physicochemical parameters such as morphology, lattice defects, and surface
chemistry ®. Control over morphology, lattice parameters, and defect formation
can be achieved not only by altering the metal precursors, but also by modifying
the synthesis method, heat treatment duration and temperature, as well as the pH
of the medium °!. Silva et al. (2023)", for instance, demonstrated that it is possible
to fine-tune the synthesis parameters for hierarchical 3D ZnO nanostructures
using Central Composite Design (CCD) and Principal Component Analysis
(PCA). Through careful adjustment of solvent proportions and physical
conditions, the study successfully produced ZnO structures with high

photocatalytic efficiency.

In a complementary approach, Sahu et al. (2021)°% showed that altering
the metal precursor allowed control over the morphology of ZnO nanoparticles,
yielding nanogranules, hexagonal pillars, and nanorods. This work highlights the
critical role of the counter-ion in determining nanoparticle shape and,
consequently, functional behavior. The choice of precursor directly influences the
arrangement of atoms within the crystal lattice, the exposure of polar or apolar
surfaces, and the preferential orientation of ZnO nanoparticle planes *°. In
addition, using different Zn** salt precursors can guide preferential growth along
axial or radial directions due to the various interactions between ZnO facets and
the anions of the metal precursors **. These structural variations can significantly
impact surface energy, reactivity, and interaction with biological or chemical
species, making precursor selection a key factor in tailoring ZnO for specific
applications, such as antimicrobial films and photocatalytic systems 3°. This
tunability underscores zinc oxide's potential for diverse applications, particularly

in reinforcing nanocomposite films.

On the other hand, the microwave-assisted hydrothermal (HaM)

method is also widely known for being simple, environmentally safe, economical,

15



and easily adjustable to produce ZnO NPs with various morphologies °°.

Variables such as temperature, irradiation time, and pressure can be easily
changed and investigated through experimental design approaches utilizing HaM
% Gusmao et al. (2021)”7 observed that the morphology of pure and Ag-doped
ZnO using the HaM method depends on the alkaline medium in which the
nucleation process occurs. When comparing the biocidal effect of ZnO obtained
with NaOH and NH4OH, pure samples exhibit more significant antimicrobial
activity against Saccharomyces cerevisiae, as observed in the medium containing
ammonium hydroxide at pH 12. Gonzalez et al. (2021)°® observed that changing
the morphology of ZnO NPs (from spherical to hexagonal and rod shapes)
significantly affected their antibacterial and anticancer activity. Mainly, NPs with
spherical shapes showed more excellent biocide effects than hexagonal particles,
increasing oxidative stress and apoptosis in cancer cells. This is because the shape
of the NPs is fundamental to their antimicrobial efficacy, as one of the primary
mechanisms involves direct contact through electrostatic interactions between the

NP surface and the microbial envelope 3%%.

Although the mechanisms of antimicrobial action of oxide NPs have
not yet been fully elucidated, the release of ions and the indirect mechanism of
forming reactive oxygen species (ROS) are two frequently reported means of
damaging microorganisms. ROS generation can oxidize microbial cell walls,
causing irreversible damage to cellular components (Figure 1.5). This was
demonstrated by Marques et al. (2023)!% in a study involving silver nanoparticles
(AgNPs) loaded onto silica (SiO;) and immobilized on leather. The AgNPs
exhibited antimicrobial activity by disrupting the protective envelope of bacteria
and viruses, including SARS-CoV-2. To investigate the underlying mechanism,
the authors employed specific scavengers such as ascorbic acid (AA), AgNOs3, p-
benzoquinone (p-BQ), ammonium oxalate (AO), and tert-butyl alcohol (TBA) to
inhibit «OOH, e, «O,, h*, and «OH species, respectively. A reduction in the

photodegradation efficiency of the nanoparticles in the presence of any of these
16



scavengers indicated the involvement of the corresponding species in the
material's antimicrobial activity'®'. Interestingly, ZnO NPs can generate ROS even
in the absence of light ', However, ROS production is significantly enhanced
under light exposure due to their photocatalytic properties *1°%. The formation of
ROS by ZnO NPs depends on several physicochemical parameters, including
particle size, shape, and surface charge, as well as structural differences between

the cell walls of Gram-positive and Gram-negative bacteria (Figure 1.5) 194103,

. — Gram-positive —

Antibact.eria| — Gram-negative
mechanism ZnO NPs
of ZnO NPs

Porin
|
(11101 L 2NN

surface - §
damage

inl o //
Periplasmatic space I @" 0 @” 1 I
(NN LN

Lipoteichoic acid Teichoic acid

....... Ge%s0ge C

!

FIGURE 1.5 - Schematic illustration of the antibacterial mechanism of ZnO NPs
on Gram-negative and Gram-positive cell structures through the action of ROS

generation

All these mechanisms can compromise the integrity of the cell

membrane, ultimately leading to bacterial inactivation®®*’

. Moreover, the
release of ions and the production of nanoparticles with high surface exposure
enhance their interaction with microorganisms, an effect that is strongly

influenced by the synthesis method employed.
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2.GOALS

This study aims to develop nanocomposite films based on kefiran,

carboxymethyl cellulose, and ZnO nanoparticles, with enhanced functional

properties for application in food packaging. To this end, a set of specific

objectives was defined to enable a more in-depth investigation of key aspects of

the study.

. To extract, purify, and characterize kefiran obtained from kefir

grains, and to evaluate its antimicrobial, antibiofilm, and antifungal
activities, as well as its potential application as an edible coating for

strawberry preservation under ambient and refrigerated conditions;

. To optimize the synthesis of ZnO nanoparticles by systematically

varying experimental parameters, such as the metal precursor type,
alkaline medium (using different bases), and microwave irradiation
time, and to evaluate the effect of these variables on the antimicrobial

performance of the resulting nanoparticles;

. To propose a mechanism of antimicrobial action for the synthesized

Zn0O nanoparticles, based on their physicochemical properties and
interactions with microbial cells, including activity screening against

clinically relevant ESKAPE pathogens;

. To optimize CMC film production, the solvent casting method was

studied, modifying CMC concentration.

To evaluate the effect of incorporating ZnO NPs at different
concentrations into kefiran/CMC-based films on their mechanical,
optical, and barrier properties (including WVP and WCA), as well as

their structural, morphological, and antimicrobial performance,
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aiming at the development of multifunctional nanocomposites for

food packaging applications.
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Chapter 3 EXPERIMENTAL SECTION

The methodology of this research is divided into four parts. The first
section covers aspects of the kefiran biopolymer, including extraction,
purification, characterization, and applications as edible film. The second
involves synthesizing and characterizing ZnO nanoparticles, as well as their
antimicrobial response against multi-resistant bacterial pathogens. The third part
presents the process of producing films from CMC and Kefiran, optimizing
casting process parameters. Finally, the barrier, mechanical, wettability, and
antimicrobial properties of the nanocomposite films, in which ZnO NPs were

added at different concentrations, will be discussed.

3.1 PartI: Obtaining kefiran, characterization, and application as
an edible coating
3.1.1 Cultivation of kefir grains, extraction, and purification of

kefiran

The kefir grains and grade A pasteurized milk (sonho de leite) were
purchased at the municipal market in Sao Carlos, SP, Brazil. The milk was used
as a carbon source for the growth of the bacterial culture that makes up the grains.
The Kefir cultivation process started with the daily fermentation of 1 L of
pasteurized type A milk (Figure 3.1), containing 20 g of the grains for 24 h at room
temperature in a beaker without stirring '%. The grains were separated from the
milk daily by filtering through a plastic sieve. After this process, a new volume of
milk (1 L) was added to the beaker, and the process was repeated uninterrupted
for 30 days to obtain the required quantity for kefiran extraction. The biopolymer
extraction and purification process was based on a previous methodology
proposed by Piermaria et al. (2011)* with some modifications, as shown in the

flowchart in Figure 3.1. Briefly, 10 g of kefir grains, previously washed with
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distilled water, were added to a beaker containing 100 mL of deionized water, and
stirred and heated at 80 °C for 1 h. The solution was then centrifuged at 10.000
rpm for 20 min at a temperature of 20 °C (Thermo Scientifi Sorvall RC 6 Plus
Centrifuge). The resulting supernatant was separated from the precipitate, then
added to 30 mL of cold ethanol (95%), and refrigerated for 18 h at -20 °C to
precipitate the polysaccharide in the supernatant. Subsequently, the samples were
thawed slowly and centrifuged at 10,000 rpm for 20 min at 4 °C. The EPS was
purified by redissolving the samples in 200 mL of deionized water and repeating

the process twice, followed by lyophilization using a Lablyo Plus freeze-dryer.

Cultivation of kefir grains, DISSOLVING KEFIR GRAINS COOLING
extraction, and . 80°C/1h
purification steps of kefiran CENTRIFUGATION

[ PROCESS OF GROWING KEFIR GRAINS | 20 5630

Repeat 3x —

L Purification step
(80 °C/1h) |

CENTRIFUGATION COOLING CENTRIFUGATION PURE KEFIRAN FREEZE-DRYING
(10,000 rpm - 20 °C/30 min)  (overnigth)

RE-DISSCLUTION OF KEFIRAN

FIGURE 3.1 - Flowchart of the kefir cultivation, kefiran extraction, and

purification process.

3.1.2 Characterization of the kefiran

The lyophilized polymer was ground using a grinder. Then, the kefiran
powder was analyzed by attenuated total reflectance Fourier-transform infrared

(ATR-FTIR) to identify the groups present in the polymer structure. The
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measurement was carried out using a Shimadzu model I[RAffinity 1
spectrophotometer in the 500 to 4000 cm™ region using 54 scans and a resolution
of 4 cm™!. The kefiran powder was solubilized in deuterated water (D,O). The 'H
and 3C NMR spectra were recorded at a temperature of 27 °C on a Bruker
AVANCE III NMR spectrometer (operating frequencies of 400 MHz for 'H NMR
and 101 MHz MHz for 1*C NMR). The chemical composition of kefiran powder
was analyzed by X-ray photoelectron spectroscopy (XPS) using a Scientia
Omicron ESCA+ spectrophotometer equipped with a monochromatic Al-Ka X-
ray source (1486.7 ¢V) with an incident power of 280 W and a constant power
mode of 50 eV. The XPS spectra were analyzed using the Casa-XPS software
calibrated by the C 1 s peak, whose binding energy is around 284.8 eV. The
crystallographic structure of the polymer was investigated by X-ray diffraction
(XRD) using the Shimadzu diffractometer model XRD-6100 (Shimadzu
Corporation, Japan). The measurement was carried out under Cu-Ka radiation (A
= (0.154 nm) using a scanning range of 5-90° (20), a rate of 0.05 /s, and a voltage
of 40 kV. The intensity of the diffractogram was previously normalized using
PeakFit v4.12 software (SeaSolve Software, USA). The kefiran morphology
lyophilized was observed using scanning electron microscopy by field emission

(FE-SEM) using a ZEISS model SIGMA microscope.
3.1.3 Antifungal activity of Kefiran

Fungal strains of economic importance for strawberry cultivation,
including Fusarium solani, two strains of F. oxysporum, and Alternaria alternata,
were used in this study. The strains were obtained from the microorganism bank
of the Laboratory of Microbiology and Biomolecules (LaMiB) at the Federal
University of Sao Carlos. For reactivation, the strains were cultured on potato
dextrose agar (PDA) medium and incubated at 28 °C for 7 days, ensuring proper
growth and viability of the isolates. Previously crushed, 1.3 g of freeze-dried
kefiran was solubilized entirely in deionized water under stirring and heating at
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50 °C. Subsequently, the fungal strains were inoculated onto PDA medium at
different concentrations of the kefiran exopolysaccharide (13, 26, 39, 52, 65,
78ug/L). The experiment was conducted in triplicate for each concentration. The
negative control consisted of plates containing PDA medium inoculated with the
same strains without adding the exopolysaccharide. Once full fungal growth was
achieved in the control plates, the kefiran-treated plates were examined for
observable effects, such as growth inhibition, morphological alterations, changes
in pigmentation, and impacts on sporulation. These parameters were carefully
recorded to assess the exopolysaccharide's broader impact on the fungi's

morphology.
3.1.4 Determination of Biofilm Eradication Capacity

The effect of kefiran on preformed biofilm was evaluated according to QIN'®,
with modifications. This study used Staphylococcus epidermidis ATCC 35984, a
potent biofilm-forming strain, as a positive control, and S. epidermidis ATCC
12228, a weak biofilm-forming strain, as the negative control. A single colony of
each strain was taken from the overnight culture on brain heart infusion (BHI)
agar and pre-cultured in BHI broth supplemented with 0.75% (w/v) glucose at 37
°C for 24 h. The bacterial cultures were then adjusted using a Spectramax M5
(Molecular Devices, San Jose, CA, USA) to an optical density at 600 nm of 0.9
to 1.1 in phosphate-buftered saline (PBS; pH 7.4), transferred to a flat-bottom 96-
well polystyrene microplate, and incubated at 37 °C for 24 h to allow biofilm
formation. The wells were washed three times with PBS to remove the planktonic
cells. The biofilm was then incubated at 37 °C for 24 h in fresh BHI broth
supplemented with glucose for the control wells or in BHI containing kefiran at
512 mg/L for the test wells. After this period, the microplate was washed three
times with PBS, stained with 0.2% (w/v) crystal violet for 15 min, and washed

again three times with PBS. Finally, the stained biofilm was resuspended with
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ethanol: acetone (80:20) solution, transferred to another microplate, and analyzed

at 595 nm. Each condition was tested with 12 replicates.

The test control compares the average absorbance of S. epidermidis ATCC 35984
biofilm and the average absorbance of S. epidermidis ATCC 12228, both without
compound. As for the compound's ability to eradicate biofilm, the data was
analyzed by comparing the biofilm production of S. epidermidis ATCC 35984
with kefiran and S. epidermidis ATCC 35984 without the polymer. To do this, the
average of the replicates and the standard deviation are used to analyze the
consistency between the replicates. For the statistical evaluation, analysis of
variance (ANOVA) was carried out on the mean absorbance of biofilm production
by the S. epidermidis ATCC 35984 strain without kefiran and the mean
absorbance of biofilm production by S. epidermidis ATCC 35984 in the presence
of the polymer. The means were compared using the Student’s t-test, whose P-
value <0.05 indicating a statistically significant difference between the two
samples. Similarly, when the analysis of variance (ANOVA) yelds a P <0.05, it

also indicates a significant difference.

3.1.5 Preparation of edible coating solutions and their application to

strawberries

The fresh strawberries with an average size of 25 mm and no surface
damage, purchased from a local market in Barcelona (Spain), were used in the
shelf-life tests. First, the strawberries were thoroughly washed with distilled water
and left to dry at room temperature (25 °C) for approximately 20 min before being
coated with the kefiran solutions. The strawberries used in the tests were divided
into two groups: the first was stored at 5 + 2 °C, and the second at room
temperature. Both groups consisted of strawberries with and without the polymer
solution. Some strawberries were coated entirely with the kefiran solution, which

had been previously prepared using an immersion technique. This technique
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involves completely immersing the strawberry in the polymer solution and then
drying it at room temperature. The kefiran solution was prepared by dissolving
1.3 g of the polymer (the initial mass used for the antifungal and antibiofilm tests)
in 100 mL of water at 50 °C, and it was kept under constant stirring for 1 h. The
coating process was followed by drying the strawberries at room temperature (+
20 °C) for 1 h. The samples stored in the refrigerator were tested at 0, 3, 6, 9, 12,
and 15 days. Samples at room temperature were tested at 0, 3, 6, and 9 days.

The weight loss of each group of strawberries stored at room
temperature and under refrigeration was determined as the change in fruit weight
measured every 3 days according to Equation 1, in which W, represents the weight
of fruits on day 0, while Wt is the weight in each analysis day.

Wo-Wt
o

Weight loss (%) =

x 100 (1)

Every 3 days, 3e strawberries from each group were crushed using a
household crusher until all the fruit appeared like a paste. Subsequently, 10 g of
the paste produced was diluted in 50 mL of deionized water, and the resulting
juice was filtered using filter paper. The pH of each sample was determined using
a previously calibrated pH meter (Metria — M21). The methodology described by
Al-Hilifi et al. (2024)° and Li et al. (2024)°%!'° with modifications, were used to
determine the titratable acidity of the strawberries. 10 mL of the juice produced
was diluted in 50 mL of distilled water, and then 3 drops of 1% phenolphthalein
solution were added. Titration was carried out with a 0.1 M NaOH solution until
a pink color appeared. The TA value was calculated using Equation 2.

TA(%) === x100 )

J

Here, V corresponds to the volume of NaOH solution used to reach the
pink color in the juice titration, » is the exact normality value of the 0.1 N NaOH

solution, and f'is a correction factor equal to 0.064 which represents the equivalent
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amount in grams of citric acid for I mL of 0.1 N NaOH solution. V' represents the
volume of juice used in the titration.

A portable refractometer (Iorben profissional atc brix 0-32% Brix) was
previously calibrated using deionized water to determine the total soluble solids
(TSS) content. The experiments were performed in triplicate, and the data
obtained was expressed in °Brix. The possibility of significant differences
between the results obtained was assessed using Student's t-test at a probability
level of P < 0.05. The null hypothesis stated that the samples were identical. In
cases where the calculated t-values were more significant than the tabulated
values, the differences between the samples were considered necessary, and the

null hypothesis was rejected.

3.2 Part II: Synthesis of ZnO NPs, characterization, and

antimicrobial studies

3.2.1 Synthesis of ZnO NPs

In the preparation of the ZnO NPs, 50 mL of the (Zn(NO3),-6H,0 or
Zn(CH3;CO0O),-2H,0) solution, at a concentration of 0.06 M prepared with
deionized water, was added in a beaker and kept under stirring at 60 °C for 20
min. Subsequently, 50 mL of a 1.2 M alkaline solution (NaOH or NH4OH) was
continuously dropped into the salt solution, as illustrated in Figure 3.2. During
this process, the color change of the solution was observed as the ZnO precipitates
were being formed. Then, the resulting solution was transferred to a Teflon-lined
stainless-steel autoclave (100 mL) and heat treated in a microwave at 120 °C for
different times (15 or 30 min). The white precipitate from this process was washed
successively with distilled water and ethanol to remove impurities and then dried
in an oven at 60 °C for 24 h. All reagents used in the synthesis of ZnO were of

analytical grade. The samples produced were identified as shown in Table 1.
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Table 1. Identification of the samples and characteristics related to each synthesis.

Characteristic
Identification
Metallic Irradiation
samples Base
precursor time (min)
Zn0 — 1 Zn(NO); NaOH 15
ZnO -2 Zn(NO); NaOH 30
Zn0O -3 Zn(CH3;COO0O), NaOH 15
/n0O -4 Zn(CH3;COO), NaOH 30
ZnO -5 Zn(NO); NH4OH 15
Zn0O — 6 Zn(NO); NH,OH 30
/nO -7 Zn(CH;COQO), NH,OH 15
Zn0O -8 Zn(CH;COQO), NH,OH 30
SOLUTION 1 CENTRIFUGATION DRYING
Metallic precursor [(zn(NO,), or Zn(CH,C00),] 8.000 rpom, 4 min 60 °C - 24h
SOLUTION 2 NaOH or NH4AOH
1 é} 3 4 5 = S
} . @
SRS e
autoclave
o ?
Transfer the solution fo MICROWAVE HEAT TREATMENT
a Teflon-lined stainless-steel autoclave (Monowave 400 - Anton Paar)

120 °C for 15 or 30 min

FIGURE 3.2 - Illustration of the steps adopted in synthesizing ZnO NPs by the

microwave-assisted hydrothermal method.

The analysis of the crystalline structure of the powders was performed
from X-ray diffraction (XRD) using a Shimadzu diffractometer model XRD-6100
with a range of 10-110° (20) voltage of 40 kV and a rate of 0.05 °/s. An additional

study of the ZnO phase to investigate possible changes in the network parameters
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of the materials was carried out from the Rietveld refinement using the General
Structure Analysis System II (GSAS II) software'!!. The NPs’ morphology was
observed using scanning electron microscopy by field emission (FE-SEM) using
a ZEISS model SIGMA microscope. Compositional analysis of the chemical
elements in the samples was performed by dispersive X-ray spectroscopy (EDS)
using an accelerating voltage of 10 and 20 kV on a Hitachi microscope, TM4000
Plus, with an integrated backscattered electron detector (BSE). The band gap
values of the materials were calculated from the Kubelka-Munk method using the
UV-vis spectra obtained using a Cary 7000 spectrophotometer coupled with an
integrating sphere in the diffuse reflectance (DRS) mode in the region between
200 - 800 nm!? Zeta potential was respectively measured on a Malvern

Zetasizer® nanoZS-equipment in pH = 6.5 (no adjustment).
3.2.2 Screening of Antibacterial Activity

The antimicrobial activity of ZnO NPs was evaluated against Gram-
positive S. epidermidis, S. aureus ATCC 25923, S. aureus ATCC 8095, E. faecalis
ATCC 29212, E. faecium ATCC 700221 and Gram-negative, K. pneumoniae
ATCC 700603, E. coli 25922, A. baumannii ATCC 19606, and P. aeruginosa
ATCC 27853 bacteria. Some of these bacteria are responsible for severe infections
and have become resistant to many antibiotics and, because of this, are listed by
the WHO as critical and priority pathogens'®. To study the antibacterial activity
of different ZnO-NPs, 5120 mg/L of the powders was prepared from dispersion
in water and autoclaved to avoid contamination. Subsequently, the stock
suspension was diluted at a ratio of 1:10 in Mueller Hinton Cation Adjusted Broth
(MHCA) (BD, East Rutherford, NJ, USA) containing Biolog Redox Dye Mix H
(100x) (Biolog, Hayward, CA, USA) at a ratio of 1.05%. After that, each ZnO-
NPs was tested at 512 mg/L, and the inoculum was added as CLSI recommended
for the broth microdilution method. The bacteria are grown in MHCA broth

without ZnO NPs for positive control. The MHCA broth was conditioned without
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the bacteria and ZnO NPs to show no contamination for the negative control. The
incubation was performed at 36 °C £ 1 °C, and the reading of the results was done
using the OmniLog® (Biolog, Hayward, CA) equipment every 15 min in the
period of 24 h using Biolog’s OmniLog Data Collection v. 3.0 software ''*. In the
absence of bacterial metabolism, the screening was considered positive,
indicating the occurrence of antibacterial activity at the concentration tested. The
Minimum Inhibitory Concentration (MIC) in this case was < 512 mg/L. In the
presence of bacterial metabolism, the screening was considered negative,
indicating the absence of antibacterial activity at the concentration tested. The
negative screening does not exclude the possibility that this compound exhibits
antibacterial activity at higher concentrations, so the result is expressed as ">512
mg/L". All assays were performed in triplicate, and both controls received Biolog

Redox Dye Mix H (100x%) in the same proportion.

3.2.3 Determination of the Minimum Inhibitory Concentration

(MIC)

After a screening step, the ZnO NPs that inhibited the bacterial
metabolism at 512 mg/L were tested against these bacterial isolates to determine
the MIC. Daptomycin and imipenem (Gold Biotechnology, St. Louis, MO, USA)
were used as controls against the Gram-positive and Gram-negative bacterial
1solates, respectively. Daptomycin stock solution and broth were prepared as
CLSI (2013) recommended. Serial dilutions (1:2) of ZnO NPs, daptomycin, and
imipenem at 512 mg/L were prepared in MHCA broth plus 1x Biolog Redox Dye
Mix H, ranging from 0.06 mg/L to 512 mg/L. Each dilution was tested against 10°
CFU/mL of each bacterium in a final volume of 100 pL in a 96-well microplate
to determine the ZnO NPs MIC. The microplates were incubated in the OmniLog
apparatus (Biolog, Hayward, CA, USA) at 36 °C = 1 °C for 24 h, with readings
taken every 15 minutes. This was followed by a final visual observation of the

plates to monitor the kinetics of bacterial metabolism. MIC was considered the
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lowest concentration of the compound that inhibited the bacterium's metabolism.
In the positive control, bacteria were added to the broth without ZnO-NPs to show
they could grow in MHCA broth. In the negative control, only MHCA broth,
without bacteria, was used to prove that no broth contamination occurred; both
controls also received 1x Biolog Redox Dye Mix H. All assays were performed

in triplicate.

3.2.4 Antimicrobial Mechanism Studies: ROS production and Zn?*

leaching

In a 100 mL glass beaker, 50 mg of photocatalyst and 50 mL of MB 20
mg L' solution were added. The mixture was stirred in the dark for 30 min to
reach adsorption-desorption equilibrium and then irradiated for up to 60 min in a
reactor containing 6 UV-C lamps (254 nm). Details of the reactor used in this
study can be found in Moreira et al. (2019)!!°. At each 10 min interval, an aliquot
of the sample (1 mL) was taken and subjected to centrifugation to separate the
catalyst from the supernatant, which was then analyzed by UV-Vis
spectrophotometry in scanning mode, using a wavelength range of 500 to 700 nm.
To investigate degradation mechanisms, studies using 2 mmol silver nitrate
(AgNOs; - Sigma-Aldrich > 99.0%), tert-butanol [(CH3);COH - Sigma-Aldrich >
99.5%], methanol (CH3OH, Sigma-Aldrich > 99.8%), and 0.002 mol de p-
benzoquinone (CsH4O; - Sigma-Aldrich > 98.0%) as interfering/scavenger of
reactive species of the electron, hydroxyl, hole, and superoxide types, respectively
(e, OH ~4" and Oy) '"'°. Additionally, the specific probe assay for hydroxyl
radicals using coumarin was performed as described in the literature by Moreira
et al. (2020)'". To follow Zn** leaching after 60 min of irradiation using the
photocatalytic conditions described above, the samples were filtered through a
0.22 um membrane, the filtrate transferred to a polypropylene tube, acidified to
1% (v v!) with nitric acid (Sigma Aldrich, 65%) and analyzed by flame atomic
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absorption spectroscopy (FAAS) using the same methodology described in
Moreira et al. (2020)'"7,

3.2.5 Statistical Treatment

Principal Component Analysis (PCA) is a widely employed statistical
technique to uncover meaningful patterns and reduce the dimensionality of
complex datasets''®. In this study, particularly the analysis of MIC bacterial data,
PCA offers a valuable approach to gaining insights from multidimensional
information. The experimental procedure involved first collecting MIC values,
which were organized into a matrix with antimicrobial agents as rows. PCA, using
auto-scaling as a preprocessing step, was the default method of data analysis. By
performing PCA on this matrix, the variability in MIC values was transformed
into a set of orthogonal components known as principal components. Data import,
pre-processing, and constructing multivariate models were performed within the
R statistics platform (R Foundation for Statistical Computing) version 4.3.1
environment'®, These components are ordered by the amount of variance they
explain in the original data. This transformation highlights the most significant
patterns and relationships between bacterial strains, antimicrobial agents, and

their corresponding minimum inhibitory concentration (MIC) values.

3.3 Part III: Study of the production of films with and

without nanoparticles

3.3.1 Sample preparation

The study on optimizing CMC production films was conducted using
the solvent-casting method. The first part of this study investigated how changing
the CMC concentration could influence the properties of the films that would later
be produced with kefiran. All the steps of the film's production are illustrated in
Figure 3.3a. First, for the complete homogenization of the different systems, each
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solution of CMC was kept under constant stirring for a period of 24 h, without the
use of heating, to avoid the formation of bubbles that could compromise the
surface uniformity of the film and, consequently, its mechanical properties (step
1). After this period, volumes of 25 mL and 32.5 mL (corresponding to an
additional 30% compared to the initial volume) of the solution were poured into
PVC Petri dishes and left in a controlled oven at 30 °C + 2 °C with air circulation
for 24 h (step 2). After this time, the films were carefully removed from the plates
and stored for the tests (step 3).

(EY] CMC or Kefiran films ()] Production of CMC/Kefiran blends

Solubilization
of CMC or Drying the films Solubilization of Drying the films
Kefican in an oven CMC and in an oven

{30° C for 24h). Kefiran in water, (30° C for 24h).

FIGURE 3.3 - Schematic of the manufacturing method for CMC films and
CMC/Kefiran blends

To produce a blend with kefiran and CMC, 1.3 g of kefiran powder was
initially added to 100 mL of distilled water and stirred constantly for 1 h at 50 °C
under heating (step 1 — Figure 3.3b). The kefiran used in this step was extracted,
purified, and characterized as described previously in session 3.1.1. Following
this, the kefiran solubilized was mixed in a CMC solution in the same proportion
and kept under constant stirring for 24 h. Finally, 32.5 mL of the solution was
poured into PVC Petri dishes and left in a controlled oven at 30 °C + 2 °C with air
circulation for 24 h (step 2). The films were carefully removed from the plates
and stored for the tests (step 3). Codes were organized to facilitate the

identification of all films produced, and the details are described in Table 2.
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Table 2. Identification of samples according to film composition.

CMC Additional
Sample ID Concentration Volume (mL)
Components
(w/v)

A-32 1.0 g/100 mL 32.5 —

B-32 1.3 g/100 mL 32.5 —

C-32 2.0 g/100 mL 32.5 —
B-32-Gly12 1.3 g/100 mL 32.5 12% of glycerol
B-32-Gly25 1.3 g/100 mL 32.5 25% of glycerol
B-32-Gly50 1.3 g/100 mL 32.5 50% of glycerol

K-32 — 32.5 Kefiran only

K-32-G25 - 325 Kefiran + 25%
glycerol
1:1

Blend CMC:Kefiran 32.5 25% glycerol

mixture

w/v represents the ratio between the CMC mass and the volume of water used to

produce the polymer solution.

3.3.2 Film Characterization

3.3.2.1 Microscopy analysis, Thickness and Mechanical Assay

SEM images produced using a ZEISS Sigma microscope were used to
observe the surface morphology and cross-section of the films to analyze whether
the films were homogeneous and free of cracks. The film samples were fracture-
prepared using liquid nitrogen and did not require coating. AFM images were
produced in contact mode using a Bruker FastScan/Icon microscope from Bruker,
USA to determine roughness parameters. The thickness of the films was measured
at ten different points on each film using a digital micrometer (Mitutoyo Co.,
Kawasaki, Japan, MDC-25PX) with an accuracy of 0.001 mm. The mechanical
properties of the prepared films were evaluated using the tensile strength (TS),
elongation at break (EB), and Elastic modulus (EM), as per ASTM D882 (2018).
This standard, specifically designed to determine the tensile properties of plastics

in thin sheets and films, ensures the validity and comparability of our results. The
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tests were conducted using film samples with dimensions of 60 mm in length and
7 mm in width and were performed on a universal testing machine, model MTS
Adamel Lhomargy-DY34, equipped with a 10 kN load cell. The tests were
conducted with an initial adhesion separation of 40 mm, and the speed used was

1 mm/min. Each group was tested using 10 samples. ASTM D882 (2018)

3.3.2.2 Water Contact Angle (WCA), Water Vapor Permeability
(WVP), Moisture Content (MC), and Swelling Degree (SD)

The contact angle of the film surface using water as the solvent was
determined using a goniometer (Ramé-Hart 260 F4) and the sessile drop method.
Two drops were made per sample, and each sample was run in triplicate, with the
behavior of the drop analyzed 10s after the drop was made. In addition, the
hydrophilic/hydrophobic properties of the films were determined from the surface
tension data using the Young-Laplace Theory, as described by BARBOSA'?!. The
film's water vapor permeability (WVP) was measured gravimetrically, according
to ASTM E96-80 (2000), with modifications proposed by CAZON'?. The film
samples were sealed in 10 mL of distilled water in test cells. The test cells were
placed in a desiccator under controlled temperature and relative humidity (50 +
5% RH and 30 £ 2 °C). The samples were weighed daily for 7 days to determine
the water vapor transfer rate from inside the test cell to the silica. To determine
the WVP value, it was necessary to establish the ratio between the change in mass
obtained by weighing the test cells and the test time (Am /At). This ratio is
represented by the slope from the linear regression line formed by plotting the
mass loss points against time, with an R? value greater than 0.99. The water vapor

transmission rate (WVRT) value can be calculated using Equation 2.

WVTR (=)= -% )
s.m At.A

Then, the ratio between the WVTR and the difference in the partial

pressure of the water through the film (AP) was calculated, representing the
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permeability value (Equation 3). In this case, 4245 Pa was used, which means the
difference in water vapor pressure at 30 °C 212>, The final step is multiplying the
permeability value by the previously determined film thickness (Equation 4).

Each test was performed in triplicate.

WVTR
petmeance (s.m%.Pa) B AP (3)
WVP(——) = permeance.thickness 4)

s.m.Pa

The moisture content (MC) and degree of swelling (DS) of the films
produced were determined using thermogravimetric tests*?®, Initially, 20 mm x 20
mm (w;) samples were prepared and weighed. These samples were then placed in
an oven at 110 °C for 24 h to reach a constant weight. After this period, the samples
had their weight determined (w») and were then immersed in a beaker containing
30 mL of distilled water and stirred under constant conditions for 24 h. The films
were then carefully removed from the beaker and placed under a paper towel to
remove excess water. The final mass of the films was obtained (w3), and the MC

and SD values were calculated using Equations 5 and 6.

(W1-W2)

MC (%) == x 100 (5)
(W3-W2)
SD (%) == x 100 (6)

3.3.2.3 UV-Vis and FTIR-ATR

The optical properties of the films were evaluated using a UV-Vis
spectrophotometer (Cary 7000) calibrated in the 220-800 nm range at room
temperature. The infrared spectra of the films produced were obtained at room
temperature using a Shimadzu IRAffinity spectrophotometer, calibrated in
Attenuated Total Reflection (ATR) mode with a resolution of 32 ecm™! and a range

of 4000-600 cm™'.
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3.4 Part IV: Study of the nanocomposite films production

3.4.1 Nanocomposite film Characterization

3.4.1.1 Morphology , Structural and Chemical Characterization

The surface morphology and cross-sections of the nanocomposite films
were observed using SEM, while their topography was scanned using the AFM
technique. Both techniques were carried out in the same way as described above
in section 3.2.2.1. The crystal structure of the ZnO NPs and nanocomposite films
was analyzed by XRD wusing a Shimadzu XRD-6100 diffractometer.
Measurements were performed in the 20 range of 5-80°, operating at 40 kV and
with a step rate of 0.02°/s. Raman spectroscopy was used to investigate the
vibrational modes of the samples. Measurements were obtained using a Witec
alpha300 R micro-Raman system, coupled with a Nikon objective lens. The
samples were excited using an Ar* ion laser (A = 514 nm). X-ray photoelectron
spectroscopy (XPS) was employed to evaluate the surface elemental composition
and chemical states. The analyses were carried out using a Scientia Omicron
ESCA+ spectrometer equipped with a monochromatic Al Ka X-ray source
(1486.7 V), operating at an incident power of 280 W and a pass energy of 50 eV
in constant power mode. Spectra calibration was performed using the C 1s signal
at 284.8 eV as an internal reference. Data analysis was conducted using CasaXPS
software. The Raman bands were deconvoluted and fitted using PeakFit software.
FTIR-ATR spectra of the films were acquired at room temperature using a
Shimadzu IR Affinity spectrophotometer in ATR mode, with a resolution of 4 cm™
across the range of 400-4000 cm™.

3.4.1.2 Thickness and Mechanical Assays

The thickness of the films was measured at ten different points on each

film using a digital micrometer (Mitutoyo Co., Kawasaki, Japan, MDC-25PX)
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with an accuracy of 0.001 mm. The mechanical properties of the prepared films
were evaluated using the tensile strength (TS) response terms and Young's
modulus (EM) values as defined in Equations 7 and 8, based on the ASTM D882
(2018), which is specific for thin plastic films and ensures the comparability of
the results. Tests were performed on rectangular samples measuring 60 mm in
length and 7 mm in width using a universal testing machine (MTS Adamel
Lhomargy-DY34) equipped with a 10 kN load cell. The initial grip separation was
set to 40 mm, and the test speed was 1 mm/min. Ten specimens per group were

tested, and results are expressed as mean =+ standard deviation.

TS (MPa) = Fmax/ thickness (7)

lmax

EAB (%) = (22)x100 (8)

lo

3.4.1.3 WCA, WVP, Moisture Content (MC), and Swelling Degree (SD)

WCA was measured using the sessile drop method with a Ramé-Hart
260 F4 goniometer. WVP was determined gravimetrically according to ASTM
E96-80 (2000). MC, SD, and other parameters commonly analyzed in CMC films

were evaluated using the same methods.
3.4.1.4 Colorimetric Measurements (CIELAB) and UV-Barrier

Optical properties were evaluated through colorimetric and UV-barrier
analyses. Color measurements were conducted using a digital spectrophotometer
(Konica Minolta, Tokyo, Japan, model CR-400/410) based on the CIELAB
system*?’. In this color space, L* represents lightness on a scale from 0 (black) to
100 (white). Positive a* and b* values correspond to red and yellow, respectively,
while negative a* and b* values correspond to green and blue, respectively. UV-
barrier, transparency, and opacity properties were assessed using a UV-Vis

spectrophotometer (Cary 7000). To calculate Transparency and Opcity properties,
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transmittance values at 280 and 660 nm were used and applied in Equations 9 and

10.

%T660

film thickness

UV-barrier (%) = ) x 100 9)

Transparency = (-logTe0/¢)x100 (10)

Where T660 and T280 represent transmittance at 660 and 280 nm, respectively,
and T is the average film thickness in mm. To quantify ultraviolet (UV) radiation
blocking, Equations 11 and 12 were applied to the UV-A (315-400 nm) and UV-
B (280-315 nm) regions, respectively, using the average transmittance values

within each range. All measurements were performed in triplicate.
UV-A blocking (%) = 100 — Tyv.a (11)

UV-B blocking (%) = 100 — Tyv.s (12)
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Chapter 4 RESULTS AND DISCUSSION

4.1 Obtaining kefiran, characterization, and application as an

edible coating

4.1.1 Characterization of kefiran using XRD, SEM, XPS, NMR, and
ATR-FTIR

The X-ray diffraction pattern of kefiran powder, shown in Figure 4.1a,
revealed a prominent peak observed at ~21° (20), which characterizes the polymer
as semi-crystalline. This behavior agrees with what was reported by Exarhopoulos
et al. (2018)'?8. The SEM images of the freeze-dried polymer (Figure 4.1b) show
the presence of regions with different textures. Unlike what has already been
reported in other work, residual microorganisms, such as bacteria, were not
observed here, indicating the efficiency of the extraction procedure adopted for
polymer %, In addition, the kefiran extraction process achieved a yield of 2%,
similar to that reported by Montoille et al. (2021)'?°. Figure 4.1¢ shows the high-
resolution XPS spectra for Ols and Cls. The central C 1s peak was broken down
into four components, of which the binding energies of the peaks located at 286.1
and 287.3 eV show the presence of bonds between the hydroxyl group and carbon
(C-OH) and C-O-C, respectively '3%!3! On the other hand, the deconvolution of
the Ols spectrum resulted in two components positioned at 532 and 533.7, mainly
attributed to the O - C and H - O - C bond "°. The structure of kefiran was
confirmed by 'H and *C NMR analysis. Some signals appearing in the *C
spectrum are related to the carbons present in the glucose ring in the pyranose
form (Figure 4.1d); more specifically, the signals present at 75.56, 75.5, 75.3 and
71.6 indicate the carbons C-2, C-3 e C-4 present in the — 2,6) -b-D-Galp-(1 —,
— 4) -b-D-Glcp -(1—, e — 4) -a-D-Glcp-(1—, respectively 2132, In addition,

the peak located at 103.68 may be related to the presence of non-reducing terminal
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carbon and internal a-(1—2)-D-pyranose units 132,
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FIGURE 4.1 - (a) XRD, (b) SEM images, (c) O Is and C 1s XPS spectrum, (d)
C", (¢) H' RMN, and (f) FT-IR spectrum of kefiran extracted and purified.

Figure 4.1e shows 1H NMR signals located at 5.14, 4.82, 4.67, and
4.62, which are attributed to the presence of a-anomeric hydrogens and are like
the signals reported by Radhouani et al. (2018)'*. In addition, the signal present
in 4.62 can be associated with the (1 — 6)--d-Galactose bond, which corresponds
to the presence of anomeric protons from the B-D-Glcp-(1 —, — 2,6) - B -D-Galp-
(1 —, — 6)- B -D-Glap-(1 —, — 4)- B -D-Glcp-(1 —, — 3)- B - D-Galp-(1 —
and — 6)- B -D-Glcp-(1'32. On the other hand, the signal located at 5.1 ppm may
be related to the anomeric proton of — 4) -a-D-Galp-(1 —'¥

The ATR-FTIR spectrum shown in Figure 4.1f shows absorption bands
in the region between 3430 and 2933 cm!, which are related to the presence of a
significant number of O-H bonds in the polysaccharide 433735, The band at 2929
cm’! is associated with the symmetrical and asymmetrical stretching of the CH
bond present in the methyl (CH3) and methylene (CH,) groups *°. The presence of
vibration bands in the region between 1000 and 2000 cm™, characteristic of side

groups and ring elongation with C - O - C, C - O — H, and C - H bonds are typical
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of carbohydrates and confirms the purity of the polymer and the efficiency of the
extraction and purification process *°. The bands observed more specifically in the
region of 1636, 1403, 1240, and 1064 cm™! correspond, respectively, to the O-H
vibration associated with the water molecule, C - H, C - OH, and C=0 and are

like those observed by Piermaria et al. (2016)!*® and Galdeano et al. (2009) %7,

4.1.2 Kefiran's antibiofilm and antifungal response

Biofilms represent a serious public health problem as they protect
microbes from the action of antimicrobials, which can result in the persistence of

infections and an increase in morbidity and mortality rates '3!3

. As well as posing
a risk to the food chain, biofilms can also be found on medical devices such as
catheters, in which case the microorganisms present can detach and infect patients
even more seriously'®. In this sense, searching for new molecules that can modify
or prevent biofilm growth is the most effective strategy for treating chronic
bacterial infections, rather than trying to get rid of the biofilm once it has
formed!*. Here, S. epidermidis ATCC 3598 strain was used to test the antibiofilm
capacity of kefiran. Strain 35984 because it is a good biofilm-forming (Figure
4.2a). S. epidermidis ATCC12228 is a poor biofilm-forming strain used as a
negative control in the assay. The comparison of the presence of biofilm between
the strains showed a significant difference with p<0.05, showing that the controls
used are significantly different in all cases. The ability to eradicate the biofilm
formed by the S. epidermidis ATCC 35984 strain was analyzed in the presence of
the kefiran polymer at a concentration of 512 mg/L. This compound decreased the
pre-formed biofilm by 35.5% with a p-value below 0.001. According to Singh et
al. (2021)', exopolysaccharides rarely have antibiofilm capacity, demonstrating
the importance of this result for kefiran. Before the antibiofilm tests with kefiran,
antimicrobial tests were carried out using 512 mg/L of kefiran with the same
bacteria, but there was no inhibition. Based on this, it can be suggested that the

reduction in biofilm occurs only through action on the matrix or alterations in
43



quorum-sensing and gene expression.

Sambanthamoorthy et al. (2014)!*! isolated a biosurfactant based on
lactobacilli that demonstrated the ability to inhibit the development of
Acinetobacter baumannii, Escherichia coli, and Staphylococcus aureus biofilms
and induce their dispersion. The antibiofilm capacity of the biosurfactant has been
reported at concentrations between 25 and 50 mg/mL. Several mechanisms can
explain macromolecules' ability to prevent biofilm development. However, as
illustrated in Figure 4.2b, it is well established that the difference in surface
charges between the biofilm matrix and the exopolysaccharide can be enough to
destabilize the matrix and alter the barriers that protect the cells from
permeabilization by external agents *?. According to Singh et al. (2021)!4°, the
antibiofilm capacity of EPS obtained from bacteria can be explained by the toxic
attributes developed by the microbial community as a defense mechanism against
external attacks.
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FIGURE 4.2 - (a) Amount of biofilm of S. epidermidis ATCC 35984 after
treatment with kefiran polymer at 512 mg/L (*** p-value < 0.001), (b) kefiran’s
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antibiofilm mechanism proposed, (¢) Antifungal effect tests using agar plates with
Fusarium solani, F. oxysporum (A), Alternaria alternata, F. oxysporum (B) with

different concentrations of kefiran, and (d) fungal cell wall structure.

The antifungal activity of kefiran was tested using six different
concentrations of the polymer (13-78 mg/L), and the response was assessed by
the inhibition of mycelial growth on the 5th day of incubation (Figure 4.2c). The
fungi studied are of great industrial and agricultural interest, either because of the
possibility of some of them affecting the food during its storage period, or because
of the possibility of some fungi developing resistance to the pesticides currently
used '3, Figure 4.2¢ shows the results of the screening of kefiran's activity on the
growth of different fungi on plates. Although there was no consistent action
related to inhibiting fungal growth on the plate, significant changes were observed
in the growth, color, shape, texture, and density of the mycelium, which may
indicate the microorganism's susceptibility due to contact with the polymer. It is
known that the morphology of fungi can be altered by the conditions to which the
microorganism is exposed. At the same time, damage to the cell wall is the
primary source of fungal inactivation and can be caused by genetic, chemical, or
physical stimuli'**!*>, A possible mechanism involved in the changes in mycelium
growth observed in the fungi tested may be related to the chemical reactions
between the structure of kefiran and the composition of the membrane that
protects the cell contents of the fungi, which is mainly composed of glucans
containing mostly B-1,3 bonds and a small portion of B-1,6 and B-1,4 bonds %
(Figure 4.2d). Other studies have shown the possibility of binding these glucans
to polymers such as chitin, which also plays a vital role in protecting the cell
contents. '*%!47_ On the other hand, kefiran is an important glucogalactan that has
enough bonding points to interact with these biopolymers present in the layer that
protects the fungus, forming a polymeric membrane capable of preventing the
transportation of nutrients'*®. In this context, the fact that kefiran does not

significantly prevent the growth of fungi on the plate may be influenced by
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various factors, such as molar mass, degree of substitution, concentration, and

species of fungi'®,

4.1.3 Application of kefiran coating on strawberries

Increasing the shelf life of strawberries that have been covered and
stored at room temperature is essential, mainly due to the climatic characteristics
of this fruit, which cause it to lose its organoleptic properties and prevent it from
being marketed. The strawberries were coated with kefiran by dip coating, as
illustrated in Figure 4.3a. Characteristics such as freshness, color changes, and
texture were evaluated for the groups of strawberries stored at 5 °C £ 1 °C (15
days) and 25 °C £+ 2 °C (9 days). Storage was interrupted when the strawberries
did not look fresh and showed wrinkles, brown spots, and a softened texture. As
shown in Figure 4.3b-c, the kefiran-coated strawberries stored at 25°C and 5°C
had no visual evidence of fungi or significant damage to the surface of the fruit
until the 6th and 12th day, respectively. On the other hand, uncovered strawberries
from both packaging groups began to show signs of rot, such as darkening and

mold spots, from the 3rd (stored at 25°C) and 9th day (stored at 5°C).

_ (3) Dip coating process (c) Strawberries stored at 5 °C

¥ .

— (b) Strawberries stored at 25 °C

Control

Control Coated

FIGURE 4.3 - (a) Illustration of the strawberry dip coating process, Changes in
the visual appearance of strawberries stored at (b) 25 °C and (c) 5 °C (= 1 °C)
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during the period 9 and 15 days in uncoated (control) and coated with kefiran.

In general, fruits such as strawberries have a higher amount of moisture
and have a longer shelf life at lower temperatures due to reduced respiration rates
130 The increase in the rate of water loss from strawberries and damage to the
surface encourages the presence of fungi and speeds up the process of fruit rot !,
On the other hand, the group coated with kefiran showed degradation spots and
the presence of fungi only on the 12" day, thus indicating the polymer’s ability to
increase the shelf life of strawberries. Similar results were shown in the study of
Valenzuela et al. (2015)!%2, which investigated the effect of coating fresh
strawberries with chitosan, quinoa, sunflower oil, and a mixture of these on their
shelf life. During the 15-day packaging period, the most intense rate of damage to
the fruit was 50% (strawberries coated with the quinoa/chitosan/sunflower oil
mixture), while the control group was completely damaged. Khodaei et al.
(2021)'> using edible coatings based on carboxymethylcellulose, pectin, Persian

gum, and tragacanth gum helped reduce strawberries’ deterioration rate by almost

70% compared to uncoated strawberries.

Percentage weight loss is a fundamental parameter for assessing the
quality and shelf life of fruit, as well as providing essential data on respiration and
transpiration processes '**. As seen in Figure 4.4a, the weight of the strawberries
studied at room temperature increased significantly over the test days (p < 0.05),
reaching 47% in the case of the control group. On the other hand, the coated
strawberries exhibited a 40% weight loss on the last day of the test, indicating that
the biopolymer helps reduce the transfer of moisture from the fruit. Fruit weight
loss 1s directly related to water loss resulting from the strawberry's transpiration
and respiration process . The high rate of respiration and the transfer of CO, are
the main factors responsible for the high percentage of weight loss in strawberries.
The lower weight loss registered for strawberries at 5°C may be due to the

difference in the vapor pressure gradient between the fruit house and the
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atmosphere '°°. In addition, although not significant, the mass loss in the coated
group was slightly more significant than in the control group. This behavior could
be related to a lower efficiency of the polymer coating as a gas barrier for colder

environments.
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FIGURE 4.4 - Loss weight parameter of strawberries stored at (a) 25 °C and (b) 5
°C (£ 1 °C). Titrable acid of strawberry samples stored at (¢) 25 °C and (d) 5 °C
(x1°C).

Figure 4.4c-d shows the titratable acidity (TA) percentages in the
samples stored at different temperatures. As expected, TA levels decreased
significantly with storage time (p < 0.05). However, the samples kept under
refrigeration and coated with kefiran were slightly better able to retain the loss of
TA than the control group. Similar results were reported by Maraei et al. (2017)*’.
The lower reduction in the TA values of the strawberries coated and stored at 5°
C would be related to the decrease in the respiration rate of the fruits, which would
prevent the deterioration of the organic acids, such as the irreversible oxidation of

dehydroascorbic acid to dicetogulonic acid '*®. On the other hand, an increase in
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the TA values of the group packed at 5 °C for days 12 and 15 of storage could be
explained by the activity of fungi in the strawberries, which would cause the
production of acid metabolites '*°. The pH and the soluble solids (SS) content
provide fundamental data on the quality of the fruit and the ripening and rotting
process. Table 3 shows the fruit’s pH values from both groups and the total soluble
solids content expressed in °Brix (%). The analysis of variance shows that the
storage period influences the pH of the strawberry juice (p < 0.05). The pH values
increased with storage times, which is consistent with what was observed by
Khodaei et al. (2021)!°3. Furthermore, it was shown that the rate of pH increases

with the storage temperature of strawberries.

Table 3. Soluble solids content (°Brix) and pH for coated and uncoated

strawberries stored at 25 °C and 5 °C.

Stored Storage Parameters
at  time SS (° Brix ) pH
°O) (day) Control Coated Control Coated
3 86?53735 13@85 3.65+0.04% 3.59+0.03"
25 6 %"55%;: 13 '(())gj 3.77 0,07 Sﬁé?;
9 1%.55%f ! (l):ggf 3.97+£0.03% 3.84+0.18
3 3:285; %E%Bi 3.67+0.18% 3.47+0.02
6 91'%(1]:; g:ngiB 3.67 +0.04% 372+ 0,027
Do MR e D3
12 90657ij g:?gﬁ 3.80 £ 0.06" 3.94 +0.15%
15 g:g’gf; %ﬁf 3804001 3.95+ 001"

Values represent mean + standard deviation, and statistical analysis was carried
out by ANOVA plus Tukay’s test. Statistical significance (p < 0.05) was indicated

with different Tukay tests carried out between coated and control groups for each
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parameter (pH or °Brix). Equal letters or symbols indicate no significant

difference between the groups (Tukey's test, p < 0.05).

According to Jokari et al. (2023)!°8, the changes in pH and total soluble
solids in fruit would be related to the breakdown of carbohydrates, pectin, and
glycosaccharides, and the hydrolysis of proteins during respiration. An edible
coating on fruit generally reduces the respiration rate and slows the degradation
of organic acids and sugars, thus preventing pH changes. However, other articles
have shown that there is no difference between the pH of fruit with and without

coating %

. As can be seen in Table 3, the rate of pH increase was lower for
strawberries compared with kefiran than the respective control samples. Table 3
also shows the SS content values of the fruit packed at 25 and 5 °C. The SS content
increased with the storage time and temperature, which indicates that the fruit was
sweeter with these variables !°°. This behavior is related to weight loss due to fruit

dehydration and respiration and the consequent increase in juice concentration

150,160

4.2 Synthesis of ZnO NPs, characterization, and antimicrobial

studies

4.2.1 Characterizations associated with the antibacterial properties

of NPs

To comprehend the antibacterial activity of ZnO nanostructures, it is
imperative to initiate the analysis with a comprehensive characterization of these
structures. To confirm the ZnO structure, Figure 4.5 shows the XRD patterns of
the samples produced using NaOH (Figure 4.5a) or NH,OH (Figure 4.5b) in
synthesis times of 15 and 30 min, applying nitrate or zinc acetate as a metallic

precursor. Only peaks related to the wurtzite ZnO structure are observed (ICDD
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crystal card no. 36-1451, space group P63mc), indicating, within the limit of

detection of the technique, the absence of secondary phases ¢!,
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FIGURE 4.5 - XRD patterns of samples obtained using (a) NaOH and (b)
NH4OH. Reprinted with permission from Marques et al. (2024)3°, Copyright
2024, Elsevier.

From the kinetic metabolism curves of each bacterium analyzed at 512
mg/mL ZnO-NPs, presented in the Appendix (Figures 5.1-5.8), it was possible to
determine whether antibacterial activity was present. The screening results
demonstrated that the ZnO NPs exhibited antibacterial activity against Gram-
positive bacteria, primarily against S. epidermidis, S. aureus (ATCC 25923), and
E. faecium. The MICs of imipenem for the Gram-negative bacteria K.
pneumoniae, E. coli, A. baumannii, and P. aeruginosa were 0.25, 0.25, 8, and 4
mg/L, respectively. The metabolism kinetics curves of the bacterial strains tested
against several ZnO NPs concentrations were obtained from the OmniLog over
24 h and used to determine the MIC (Table 4). To ensure that the ZnO NPS
synthesized in this study are composed of the pure wurtzite phase, the Rietveld
refinement was applied, and the fits obtained were satisfactory (Figure 5.9 -

Appendix).
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Table 4. Minimal inhibitory concentration of ZnO NPs and daptomycin against

gram-positive bacteria.

MIC (mg/L)
Bacterial strains 7ZnO ZnO ZnO ZnO 7ZnO
1 2 3 4 ;7 Dap
S. epidermidis ATCC
35084 512 512 256 256 512 <0.125
S. aureus ATCC 25923 >512 512 512 256 512 0.5
S. aureus ATCC 8095 >512 >512 512 512 >512 1
E. faecium ATCC
700221 512 512 512 >512 512 1

Dap — Daptomycin

Through refinement, it was also possible to extract data on the structural

parameters (a,b, and c), density and cell volume of the ZnO phases (Table 5) based

on a CIF file obtained from the Inorganic Crystal Structure Database. (ICSD) n°

26170.

Table 5. Rietveld refinement parameters and ZnO unit-cells.

Sample

a=b (A)

c(A)

c/a

A)

Volume

(A%)

Density

2

Crystallite
size (nm)

ZnO-1

Zn0O-2

Zn0-3

Zn0O-4

Zn0-5

Zn0O-6

3.2490 (5)
3.2499 (5)
3.2499 (5)
3.2499 (5)
3.2534 (5)

3.2491 (5)

5.2073 (5)
5.2084 (5)
5.2088 (5)
5.2087 (5)
5.2134 (5)

5.2074 (5)

1.6027

1.6026

1.6027

1.6027

1.6027

1.6027

47.605 (3)
47.644 (3)
47.646 (3)
47.645 (3)
47.792 (3)

47.608 (3)
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5.683 (3)
5.723 (3)
5.706 (3)
5708 (3)
5.586 (3)

5.708 (3)

2.15

2.23

2.06

2.00

1.34

2.05

18.43 £3.22

18.50 +3.40

19.33 £3.23

18.51 £3.41

18.83 £3.40

18.66 £3.02



ZnO-7 3.2499 (5) 5.2087(5) 1.6027 47.644(3) 5.700 (3) 2.06 21.65+2.77

ZnO-8 3.2510(5) 5.2105(5) 1.6027 47.695(3) 5.675(3) 2.04 22.24+4.19

Based on the calculated values, it is evident that the change in the
metallic precursor does not significantly impact the values of the two network
parameters, a and c. This similarity corroborates the heights of the two diffraction
peaks corresponding to the plane (101), which also did not present differences in
both groups of samples (insert Figure 4.6a-b). This result agrees with Gatou et al.
(2022)'6?, which investigated the effect of zinc acetate, nitrate, chloride, or sulfate
on the preparation of ZnO-NPs. The degree of distortion of the unit cell (R) was
also calculated from values of a and ¢ substituted in Equation 13, in which values

of R =1 are attributed to a distortion-free unit cell '3

(13)

The R values presented in Table 6 confirm that the synthesis methods
applied in this study efficiently produce ZnO with high crystallinity and without
distortion in the unit cells, regardless of the variable used (Table 6). Given the
similarity in the structural characterization results of the ZnO samples, the
inhibitory selectivity of ZnO NPs against gram-positive bacteria can be attributed
to surface interactions. This is because there are different interactions at the solid-
liquid interface (nanoparticles-test medium) and the solid-liquid contact zone with
biological groups (bacteria). These interactions depend on the polarity of the
crystalline facets of the ZnO NPs and the characteristics of the cell membranes of

the studied bacteria '*.

Table 6. Comparison between the positions and relative intensities (normalized)

of the diffraction peaks corresponding to the planes of 100, 002, and 101 the ZnO
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NPs.

Peak position® Normalized Intensity
Sample (29) (a.u) R
100 002 101 100 002 101
ZnO -1 31.790 34.432 36.274 0.6259 0.4555 1 1.0189
ZnO -2  31.800 34.443 36.283 0.6389 0.4485 1 1.0189
Zn0O -3 31.778 34.417 36.259 0.6569 0.4541 1 1.0189
Zn0O -4 31.780 34.420 36.262 0.6456 0.4538 1 1.0189
Zn0O -5 31.687 34331 36.165 0.5992 0.4861 1 1.0191
Zn0O -6  31.788 34.429 36.272 0.6541 0.4557 1 1.0189
Zn0O -7 31.778 34.418 36.259 0.6545 0.4527 1 1.0189
Zn0O -8 31.768 34.407 36.249 0.6545 0.4546 1 1.0189

 Positions of diffraction peaks and relative intensities (normalized) obtained from

the Rietveld refinement produced in the GSAS 2 software.

The plane (101) corresponding to the facet of semi-polar nature showed
the highest peak intensity in the XRD analyses (Figure 4.5). This plane is
characterized by presenting an angle of ~ 45° about the eixo-c (axial) in the 3D
ZnO structures contributing to the formation of pointed shapes in the axial or oval
direction when combined with axial growth in the (100) plane'®®. The
morphological characteristics of nanomaterials were evaluated from the type of
base solution (NaOH or NH4OH), Zn** [Zn (NO3), or Zn (CH3COOQ),] precursor,
and reaction time (15 or 30 min). In NaOH solution, Figure 4.6a shows that using
the Zn(NOs), precursor and 15 min synthesis time, spherical particles (Insert-Fig.
4.6a) with an average diameter of 44.17 + 17.13 nm are obtained as agglomerates.
Increasing the synthesis time up to 30 min, particles increase in 30% their average

diameter (57.59 nm £ 17.00 nm) with preferential growth in the radial direction
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(100), (101), and moderate in the axial direction (002) until obtaining the oval

form !0
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FIGURE 4.6 - SEM micrographs of (a) ZnO-1, (b) ZnO-2, (¢) ZnO-3, and (d)
Zn0O-4 prepared in an alkaline medium using NaOH. Reprinted with permission

from Marques et al. (2024) 8, Copyright 2024, Elsevier.

Still in NaOH solution, when applying Zn(CH3COOQ), as a precursor of
Zn*", nanorods with an average diameter of 74.59 £ 27.45 nm and face (002) with
reduced diameter in the radial direction are produced in 15 min of synthesis
(Figure 4.6¢). Increasing time to 30 min, the amount of nanorods decreases, and
a mixture of spherical particles and rods is observed, possibly due to the
dissolution of the rods and re-precipitation in an oval shape (Figure 4.6d).To

understand the influence of the metallic precursor on the morphology of the
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particles, the reactions from 14 to 16 describe the formation of ZnO in a basic

medium ',
Zngly + 20Hq,y = Zn(0H)ys) (14)
Zn(OH) () + (x — 2)OHgqy = Zn(OH):™ (15)
Zn(OH)2™ - Zn0 + H,0 + (x — 2)OH~ (16)

As seen in Equations 14 to 16, the anions NO3;™ and CH3COO" do not
participate directly in the precipitation of Zn** in the form of ZnO. However, when
crystallization nuclei are formed, the polar facets (002) alternate between negative
(O*) and positive (Zn>") due to the O-Zn-O bonds increasing in the axial direction
168 Thus, the non-polar facets (101), (002) interact with the NO; or CH;COO
anions when the O-polar characteristics assume the axial growth plane!®.
Considering that the acetate ion has a less polar character than NOs", this is
preferentially deposited on the non-polar facet of ZnO. On the other hand,
Zn(OH)4* and NO;™ compete for deposition on the Zn-polar facet. When the O-
polar facet takes over the growth face, Zn(OH),> can deposit on the non-polar
face in competition with the acetate ion. This behavior results in radial and ax;
however, in the presence of an acetate ion, axial growth is preferable more
significantly greater interaction than the acetate ion presents with the non-polar
face '%7. In addition, Zn**(,q) or Zn(OH),, formed in NaOH solution, interact with
the non-polar face (101), (002), increasing the diameter in the radial direction,
which produces spherical-shaped particles. As the reaction time increases, the
adsorption-desorption equilibrium exposes all facets, resulting in more significant
interaction in these positions. Consequently, moderate ZnO precipitation in the
axial direction is achieved within 30 min to obtain a surface that tends to smaller

diameters (tape) *7°.
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FIGURE 4.7 - SEM micrographs of (a) ZnO-5, (b) ZnO-6, (c) ZnO-7, and (d)
Zn0O-8 prepared in an alkaline medium using NH4OH. Reprinted with permission

from Marques et al. (2024) 3°, Copyright 2024, Elsevier.

Unlike the NaOH solution, using NH4OH can form other complexes
with Zn?*. Thus, the morphological characteristics of nanomaterials when using
an NH4OH solution in the presence of precursors Zn(NOs), or Zn(CH3;COO), after
15 or 30 min of reaction are shown in Figure 4.7. In addition to the [Zn(OH),]*
complex and Zn(OH), formed in the presence of hydroxyls, the dissolved
ammonia when the base used is NH,OH produces the complex [Zn(NH;3)4]*
(Equation 17) *7.

Z0*" (aq) T 4NH3(a) S [Zn(NH3)4]** (17)

Then, the [Zn(NH3)4]*" complex reacts with excess hydroxyls, releasing
p

ammonia to convert to the [Zn(OH)4]* complex, as shown in Equation 18.
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[Zn(NH3)4]*" (ag) + 4OH " (ag) S [Zn(OH)4]*" (ag) + 4NHiaq) (18)

In the last step, the reaction proceeds as described in Equation 19, and

ZnO is finally formed *’.
Zn(OH)y(s) + [Zn(OH)4]* (aq) = A 2ZnO(s) + 2H,O0q), + 20H™ (aq) (19)

The chemical composition of non-reacting Zn?" species is more
complex in the presence of NH;OH compared to NaOH. In NH4OH solution, Zn**
appears as Zn*'oq, Zn(OH)ys), [Zn(OH)s)*ng and [Zn(NH3)4]*'uq. As a
crystallization nucleus is formed, electrostatic interaction can occur in all facets
due to the different polarities of the Zn** intermediates. When the Zn(NO;),
precursor is used, the NO;3™ ion interacts with the polar-Zn facet and inhibits axial
growth. However, the interaction of the polar-Zn facet with [Zn(OH)4]* can also
occur moderately since the mobility of [Zn(OH),]* is lower compared to NO5™ 7!,
Furthermore, positively charged Zn?>" species can interact with the O-polar face
and grow in the axial direction. However, the adsorption energy of the O-polar
facet is unfavorable, and the smaller number of interaction sites limits growth in
this direction '”2. Thus, the interactions of the O-polar facet can be enhanced in
the presence of [Zn(NHs3)4]**, distributing axial growth with the Zn-polar facet,
forming rod structures. At the same time, Zn(OH); can precipitate in the non-polar
facet and increase in diameter in the radial direction. In general, the complex
composition of the system allows growth in all directions, with a greater tendency
towards the radial direction due to the saturation of the Zn-polar face by NO;3™ ions
at any reaction time. In the presence of the zinc acetate precursor, the non-polar
facets are restricted by the more efficient adsorption of the acetate ions, resulting
in preferential growth in the axial direction. This tendency increases with reaction
time, which is evidenced by the more significant number of rods observed in

Figure 4.7d.

FTIR analyses showed that for the ZnO-3, ZnO-4, and ZnO-8 samples,

peaks centered at 1405 and 1550 cm™!, especially, were more intense (Figure 4.8).
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These peaks are attributed to the presence of acetate ions of the Zn-precursor 173,
which were adsorbed with greater efficiency on the non-polar facets, contributing
to the axial growth and formation of rods in these samples. Therefore, the ZnO-5
sample mostly showed the presence of nanospheres, and, in some regions of the
image, it was possible to observe the presence of particles with the shape of a
straight hexagonal prism with a central cavity (insert of Figure 4.8d). Particle size
was also affected by the microwave oven treatment time when the histograms of
Figure 4.7a-b are compared for samples ZnO-5 and ZnO-6. Nanospheres formed
in sample ZnO-5 have an average length of 64.73 nm (+21.97 nm), while in piece
Zn0-6 was 43.11 (£ 14.29). The EDX of ZnO NPs reveals the presence of Zn and
O, confirming pure ZnO nanoparticle synthesis (Figure 4.9).
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FIGURE 4.8 - (a) FTIR spectra of ZnO NPs samples with different morphologies
and (b) magnification of the region 1800 - 1100 cm-1. Reprinted with permission
from Marques et al. (2024) 3°, Copyright 2024, Elsevier.
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FIGURE 4.9 - EDS spectrum of the samples produced using (a) NaOH and (b)
NH40H. Reprinted with permission from Marques et al. (2024) *°, Copyright
2024, Elsevier.

Crystallite size is a structural parameter associated with preferential
growth in NPs, and their size can be significantly dependent on the synthesis
conditions '7*, Therefore, we chose it as a response to analyze the effect of metallic
precursor, base type, and MW irradiation time on ZnO synthesis. Thus, the
percentage of each effect on the crystallite size and your cumulative sum have
been calculated to evaluate the strategies that have a significant effect (Figure

4.10a).
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FIGURE 4.10 - (a) Percentage of each effect on the crystallite size (um) and
cumulative sum and (b) the probability graph of effects. Reprinted with
permission from Marques et al. (2024) ¥, Copyright 2024, Elsevier.

The base (effect B) and the MW irradiation time (effect C) were the
most relevant effects on the crystallite size. The metallic precursor (effect A)
contributed less than 1% to the response and the remaining secondary and tertiary
effects. Figure 4.10b illustrates the magnitude, direction, and significance of the
effects. The negligible effects conform to a normal distribution with a mean of
zero on the x-axis, as indicated by the fit line (red). The significant effects exhibit
nonzero means and are more distant from the red straight line. The positive
estimated effect B revealed that the crystallite size increased with increasing B at
the studied levels. This is because, in the presence of NH4OH (upper B level), the
different complex structures of Zn?* interact with more ZnO facets, promoting an
increase in crystallite size. Variable C has also had a significant effect on the
system, increasing the crystallite size due to the longer interaction time of the ions
on the ZnO facets. The negative estimated effect A reveals that the change in
metallic precursor type is related to the decrease in crystallite size. The
mechanisms of ZnO formation associated with the presence of A, B, and C are
detailed below.

The preferential growth associated with the facets [(100), (002), and
(101)] proved to be an essential factor in obtaining different morphologies. As

their polarities improve interaction with the bacterial cell wall, the intensity of the
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3 principal peaks [(100), (002), and (101)] was normalized by the highest intensity
peak (101), and the ratio 1(100)/1(002) was calculated !”°. All the calculated values
of I00/I0o2) > 1 confirm that the non-polar (100) and semi-polar (101) facets
compose the majority of the ZnO nanostructures.

The selective toxicity of ZnO-NPs against gram-positive bacteria is
explained by the more significant electrostatic interaction that the non-polar facets
(100, 101) show with the exposed peptidoglycan layer in this group of

bacteria!’®!"7,
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FIGURE 4.11 - (a) zeta potential values (b) illustration of the mechanism of
damage to the surface of gram-positive bacteria (membrane disruption and
cytoplasmic leakage) caused by electrostatic interaction between NPs and the
microorganism, and (c) characteristic structures of the bacterial membrane.

Reprinted with permission from Marques et al. (2024)3° Copyright 2024, Elsevier.

Pranjali et al. (2019) "8 suggested that ZnO-NPs can interact and adsorb

biological fluids, such as proteins, lipids, and metabolites, which could hinder the
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stability and reduce the antibacterial action of this '”. Furthermore, zeta potential
analyses (Figure 4.11a) showed negative surface charges due to hydroxyl or
acetate on the surface of ZnO-NPs. The acetate and hydroxyl groups on the ZnO-
NPs surface can easily link with the amine or hydroxyl groups of peptidoglycans
to increase bacteria exposure to ZnO-NPs *#°, In this way, when the electrostatic
interaction (ZnO-NPs/Gram-positive bacteria) occurs, in addition to the damage
caused to the peptidoglycan layer, the Zn*" ions dissolved in the solution or
present in the polar facet (001) more easily reach the cell cytoplasm '8!, Only
Zn0O-7 showed a positive surface charge, which can be attributed to the more

significant amount of Zn** ions on the surface of this material (Figure 4.11b).

As Zn*' ions are also highly toxic to bacteria, their bactericidal activity
is also noted. The inactivity observed for Gram-negative bacteria is due to the
thinner and more complex cell wall, composed of an outer layer of
lipopolysaccharides that can act as a protective shield against damage to the
surface and, consequently, override the inactivation mechanisms 891827186 Figure
4.11c shows the characteristic structures of the bacterial membrane. Other results
of the antibacterial activity of ZnO-NPs are reported in the literature 87188,
Considering the properties of ZnO NPs discussed above, the samples that
exhibited antibacterial activity, namely ZnO-1, ZnO-2, ZnO-3, ZnO-4, and ZnO-

7, were chosen for determining the MIC followed by the PCA analysis.

4.2.2 Minimum Inhibitory Concentration and PCA Analysis

The objective was to apply the MIC values in conjunction with PCA to
evaluate the metabolic response of bacterial strains after treatment with ZnO
antibacterial materials. By transforming MIC values into a reduced set of
uncorrelated components, PCA reveals hidden relationships and trends that might
be obscured in the original high-dimensional data. The plot of the PCAs
discrimination functions with the MIC values (Figure 4.12) revealed a degree of
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segregation between the classes, meaning that the methodology allowed for

detecting variables that differentiate antimicrobial agent groups.
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FIGURE 4.12 - PCA results: Projections of scores and loadings for the first two
principal components. Reprinted with permission from Marques et al. (2024) %

Copyright 2024, Elsevier.

PCA eigenvalues indicate that the first two axes explain 94.6% of the
total variability (PC1 explains 85.5% and PC2 9.1%). Therefore, these two PCs
were selected for further analysis and visualization. The contribution of each
variable, their relationships, and the resulting principal components were
illustrated in Figure 4.12. The PC1 exhibited a strong positive correlation with the
<128 mg/mL concentrations, i.e., inhibition is not overly evidenced compared to
controls. However, the antibacterial activity at 256 and 512 mg/mL concentrations
showed a significant negative correlation with PC2, indicating that the
bactericidal action is inhibited at these concentrations. A few observations were
made from the score plot for PC1 to PC2 for all treatments (Figure 4.12), where
the samples of bacterial strain pure and those treated with ZnO materials (ZnO-1,
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Zn0-2, ZnO-3, ZnO-4, and ZnO-7) are grouped. It is essential to notice that the
PCAs models could distinguish well the samples of all non-treated bacterial
strains, as a bacterial control group, from those exposed to one of the antibacterial
agents. In one quadrant, the control samples are positioned as a distinct cluster,
markedly distant from other classes, displaying exclusively negative score values
for both PCs. The bacterial strains (S. aureus ATCC 25923 and 8095, and S.
epidermidis ATCC 35984) treated with ZnO materials in the upper right quadrant,
e.g., ZnO-3 and ZnO-4, were compelling and inhibited bacterial growth. In
contrast, materials on the low right quadrant, e.g., ZnO-1, ZnO-2, ZnO-3, and
Zn0O-7, were less effective. The E. faecium ATCC 700221 samples are mainly
placed in a cluster on the upper left quadrant of the plot. Similarly, E. faecium
ATCC 700221 samples treated with ZnO materials such as ZnO-3 and ZnO-4
effectively inhibit bacterial growth—conversely, other tests like ZnO-1, ZnO-2,
Zn0-3, and ZnO-7 are comparatively less effective.

This tendency could be associated with the mentioned nanoparticles'
high antibacterial activity and structural differences. The different MIC values are
due to the sensitivity by which other mechanisms can inactivate each type of
Gram-positive bacteria. Our results showed that the possible tools are the direct
interaction between material-bacteria in the non-polar facets, the presence of Zn**
ions in the solution, and especially ROS. For the latter, the production of ROS by
the ZnO-NPs is an essential mechanism for inhibited bacterial activity since these
can be produced even without light 1#-1%°, The formation of ROS (OH", H,0,, Oy~
and "O,) and the interaction of these species with DNA, proteins, and enzymes
can lead to the deregulation of vital processes for the cellular maintenance of these
microorganisms. Among the ROS species with the most significant potential to
cause oxidative stress, the hydroxyl radical (OH") can react with virtually all
constituents present in bacteria. Its first targets are proteins, DNA, and lipids,

which can form other secondary ROS from the interaction and reaction 1. As the
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formation of ROS is enhanced under light, photocatalytic studies have been

carried out.

4.2.3 Unraveling the antimicrobial mechanism from the formation of

ROS

From diffuse reflectance measurements, the bandgap energy (Egp) of
the ZnO samples was calculated using the Tauc equation (Figure 4.13) 2. The
Eqap values varied from 3.09 to 3.12 eV, and considering all the samples, an
Egap(mean) = 3.11 £ 0.01 eV was obtained. The results reveal that the absorption of
light energy does not show significant variation for the different samples and that
the photocatalytic activity 1s expected for A <401 nm, corresponding to the region

of transition of ultraviolet-visible absorption.
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FIGURE 4.13 - Band gap estimation of (a) ZnO -1, (b) ZnO - 2, (c) ZnO -3, (d)
Zn0 — 4, (e) ZnO -5, (f) ZnO - 6, (g) ZnO -7, (h) ZnO — 8 samples using Tauc
plot. Reprinted with permission from Marques et al. (2024)%°, Copyright 2024,

Elsevier.
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FIGURE 4.14 - (a) Efficiency of the MB photodegradation process using different
ZnO NPs samples, (b) scavenger tests for determination of reactive oxygen
species (ROS) using the ZnO — 5 sample, (c) proposed photodegradation
mechanism and (d) fluorescence spectra of OH generation using coumarin (A exc
= 332 nm). Reprinted with permission from Marques et al. (2024) 3°, Copyright
2024, Elsevier.

Therefore, the photocatalytic mechanism was studied in detail using
ROS scavengers, with the reference sample being ZnO-5, which achieved the
optimal removal in the MB photodegradation assays. The results shown in Figure
4.14b confirm a reduction in photocatalytic efficiency when MeOH and TBA are
used as "OH and h" scavengers, respectively. The contribution of 2" and "OH to
the photochemistry mechanism directly correlates with each other and shows that
the optimal photocatalytic response of materials occurs in the oxidation sites.

However, removal efficiency was increased in the presence of AgNO3 and p-BQ
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compared to pure photocatalysts. These results show that the electrons
photogenerated and available in the BC are easily transferred to the respective
electron acceptors, maintaining the flow of formation of 42" and consequent
oxidation of water to produce the “OH. Thus, in the absence of electron acceptors,
the formation of O," cannot be ruled out even if its activity is insignificant
compared to the 2" and "OH in the degradation mechanism (Figure 4.14c). In
summary, when ZnO is stimulated by light, the VB electrons are excited to BC.
The photogenerated holes are active to oxidize water into hydroxyl radicals,
which were verified in this study using the coumarin probe assay and shown in
Figure 4.14d. In this test, when "OH is formed, it reacts with coumarin and forms
umbelliferone, which exhibits an emission peak centered at 453 nm when excited

with A =332nm 7.

In sequence, the photo-excited electrons for CB can reduce O; to O,",
and the series of reactions described in Equations 20 to 24, promote the efficient

oxidation of the organic pollutant.

ZnO-NPs + hv —» A"(VB) + ¢(CB) (20)
h"(VB) + H,O —» ‘OH+ H' (21)
‘'OH + MB — byproducts (22)
e(CB)+ O, » 0Oy (23)
0," + MB — byproducts (24)

Zn** leaching after 60 min of photocatalysis was monitored by FAAS
and reached values 0f3.13 +£0.01% (ZnO-1),23.4+0.11% (Zn0O-2),0.77 £ 0.01%
(Zn0-3), 2.80 = 0.00% (Zn0O-4), 10.3 = 0.09% (Zn0O-5), 0.60 £ 0.01% (ZnO-6),
4.28 £0.01% (ZnO-7) and 1.33 = 0.01% (Zn)-8). Except for the ZnO-2 and ZnO-

5 samples, the leaching was insignificant, confirming that the Zn*' was
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crystallized in the form of ZnO with high efficiency. However, the highest
leaching values observed for the ZnO-2 and ZnO-5 samples indicate the presence
of Zn** ions adsorbed on the surface of the materials, which migrate easily into
the solution. As the literature reports that Zn** ions are excellent bactericidal
agents, in addition to the evidenced photocatalytic activity, the bactericidal

activity of the materials can be obtained.

4.3 Compatibilization study of kefiran and CMC films

4.3.1 Optimization of the CMC-based film production process

The effect of the CMC concentration used to prepare the plates directly
affects the film thickness, as shown in Figure 4.15a. The analysis of variance
(ANOVA) indicated that, at the 95% confidence level, the average thicknesses
were significantly different (p < 0.05). CMC is a cellulose derivative that
possesses B-(1,4)°!. The thickness of sample CMC-1/100 increased from ~43 pm
to ~65 um in CMC-1.3/100, corresponding to a ~40% increase. A more
pronounced effect was observed for CMC-2/100, whose thickness reached ~120
pum, representing a 140% increase compared with the initial sample. The increase
observed in the thickness of the film with higher CMC content can be attributed
to the greater amount of solids present in the molding solution. As the CMC
concentration increased from CMC-1/100 to CMC-1.3/100 and subsequently to
CMC-2/100, the viscosity of the solution also increased, resulting in less
spreading and shrinkage during solvent evaporation. In addition, the higher degree
of chain entanglement at high polymer concentrations contributed to the

formation of thicker and more compact films 3>

. Additionally, the water contact
angle (WCA) of the films was evaluated, as this parameter is crucial for
determining their hydrophilic or hydrophobic character, which directly influences
performance in food packaging applications ’!. Sample CMC-1.3/100 exhibited

WCA values below 60° (Figure 4.15b), indicating its hydrophilic nature, as also
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reported by Nazri et al. (2021) '*°. Moreover, samples CMC-1/100 and CMC-
2/100 showed even lower WCA values compared with CMC-1.3/100; however,
these values are still comparable to those reported for CMC-based films in which
plant leaf polysaccharides were incorporated to reduce their hydrophilic

characteristics'*?.

It suggests a stronger polymer-polymer interaction when
compared to polymer-water interaction. Typically, polysaccharides have lower
WAC values due to polar functional groups, such as carbonyl (C=0) and hydroxyl
groups, which tend to bind to water molecules '*°. Nevertheless, these values are
similar to those reported by Michelin et al. (2020) ', who produced pure CMC
films with a WAC of 40.96°. In contrast, the lignin films showed slightly higher

values, just above 50° (Table 7).
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Figure 4.15c shows the FTIR spectra of films produced with different
CMC formulations. The broad vibration band located at 3294 cm™ refers to the
stretching frequency of the hydroxyl group (-OH) present in the CMC structure
97.198 The C-H bond stretching vibration is represented in the spectrum by the
peak at 2924 cm™!. The band at 1600 cm™ is related to the bond vibrations of the
carboxyl group attached to the cellulose structure '*°. The peaks at 1584 and 1411
cm’! are representative of the symmetrical and asymmetrical vibrations of the
carboxyl group (-COOH) and -CH, '’. The bands at 1319 and 1020 cm™ are
attributed to the bending vibrations of O-H and ether groups, respectively. The
band observed at 1054 cm! is characteristic of the C-O stretching of CMC chains

and is considered the fingerprint of this polysaccharide 2%.

Additionally, concerning the WAC behavior, the WVP data can also be
evaluated regarding the chemical structure of the films’!. Regarding the films'
ability to prevent water vapor permeability (WVP), it can be observed in Figure
4.15d that the increase in CMC concentration contributes to reducing the films'
resistance, thereby decreasing their water vapor barrier capacity. This behavior
may be attributed to the increased free volume between the CMC chains, which
facilitates moisture transfer 21?2, The increase in the WVP value is the opposite
of what is expected for films that can protect food against spoilage '**. The
increase in WVP values for the 2/100 sample can be attributed to the film
thickness, as previously discussed °*. Verma et al. (2024)*°! state that thicker
films can absorb more water molecules than thinner films. This behavior changes

only in sample B-32, which shows a reduction of ~6% compared to sample B-25.

When comparing the WVP values found in the literature with those of
sample B-32 (Table 7), it can be observed that it exhibits a barrier capacity like
that of other CMC films with comparable compositions, as well as films produced

with the addition of other biopolymers, such as chitosan 2. This is significant in

71



optimizing film production parameters, as it suggests that films with properties

like those of blends can be produced.

Table 7. Comparison of water vapor permeability (WVP) and water contact angle

(WCA) values of CMC-based films reported in the literature.

CMC
solution
composition WCA VYVII) ]
; o (g.s'm Pa Reference
(mCMC in g @) 1x10710)
to 100 mL of
water)
1* r 0.78 204
This work
1.3 61.26 0.51 (1.3/100)
¥ r 0.52 203
QHHE 40.96 3.61 196
2 r 8.95 194
2 r ~1.1 202
2 45.39 2.73 205
2 r 0.92 26
6.75 34.00 ) >

* It was addicted to glycerol based on CMC weight.

** It was addicted to 2g of chitosan.

**#% CMC aqueous solution was prepared by dissolving 2% (w/w) CMC in an
ethanolic solution (50%, v/v)

r Not informed

Figure 4.16 shows the SEM and AFM images of the films produced
with different CMC concentrations. All the films generally had a smooth, uniform,
and homogeneous surface. However, as indicated by the blue circles in samples
1/100 and 1.3/100, a few agglomerates were evident in various areas of the
micrographs. The presence of these agglomerates may indicate incomplete
solubilization of the polymer and may also negatively impact the mechanical and
barrier properties of the film 2°¢2%7 The cross-sectional images of the films (insert)
demonstrate that the increase in CMC concentration and the volume used in the

casting process both contribute to the increase in thickness, as previously
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mentioned. The topographic images of the samples produced using an atomic
force microscope help confirm that the presence of agglomerates observed in the
SEM images does not occur in all samples (Insert Figure 4.16). In addition, the
average roughness values (Ra) obtained from the AFM images increased with the
CMC concentration in each system. This increase was approximately 11% in the
CMC-1.3/100 sample and 58% in the CMC-2/100 sample, when compared with
CMC-1/100 (Insert Fig. 4.16).

SEM Cross-section

-----

Roughness average
?.'11 +2.50 nm

20 ym

-

CMC-A-32
20 pm

SEM Cross-section

Roughness average |
7.90 £ 0.36 nm

! . 20um

SEM Cross-section

Roughness average
11.29 +3.36 nm

\'_ 20 um

CMC-C-32

20 pm

FIGURE 4.16 - SEM images of the surface and cross-section of the films prepared

using different concentrations. 1D and 3D AFM images.
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The increase in surface roughness observed in the materials may be a
determining factor in the enhanced hydrophilicity of the films. The CMC
concentration also influenced the mechanical behavior of the films. The MS, TS,
and EB results obtained from the tensile tests are summarized in Table 8. A closer
analysis of the EM and TS values indicates that the CMC-1.3/100 sample
exhibited higher values than CMC-2/100. This result suggests that an intermediate
CMC concentration promotes a better balance between structural rigidity and
chain mobility, leading to stronger films. In contrast, the higher polymer content
in CMC-2/100 may have increased chain aggregation and heterogeneity within
the matrix, which can generate stress concentration points and ultimately reduce
mechanical performance. Such rigidity and brittleness are common features of
polysaccharide-based films, as widely reported for CMC and related biopolymers.
For this reason, adding plasticizers to the solution to increase ductility is generally
reported 2929 Additionally, the EM and TS values in CMC pure films are
generally significantly higher than in the EB 1902921 The primary cause of this
reduced behavior in films is the presence of hydrogen bonds between the CMC
chains. These bonds enhance the cohesiveness between the chains and prevent

them from sliding 2%8.

Table 8. Mechanical properties (EM, TS, and EB), Moisture Content (MC), and
Swelling Index (SI) parameters of the CMC-based films.

Films EM' TS EB MC' SI'f
(MPa) (MPa) (%) (%) (%)

1/100  36.05+6.92° 27.95+£9.24* 2.214+0.20%° 25.46+3.23* 3364.14+49.01°
1.3/100 82.97+12.28* 121.84+21.31° 4.33 £0.93> 12.06+0.82° 1734.32+112.03¢
2/100 65.33+14.69* 79.53+13.49° 6.14+1.94%¢ 14.97+1.82° 4163.57+218.11¢

Values with the same superscript letter in the same column are not significantly
different (p < 0.05) by Tukey's test. T ME, TS, and EB values are represented as

mean + SD (n = 5). T+ MC and SI values are represented as mean = SD (n = 3).
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Parameters such as moisture content (MC) and swelling index (SI) are
crucial for assessing plastic stability in food packaging applications where water
is released. In this sense, the data shown in Table 8 reveal significant differences
in the behavior of the samples' MC and SI as a function of the variables analyzed
(p <0.05). In the case of MC, the value of the film decreased as the concentration
of CMC in the solution increased, indicating a reduction in the interaction between
the CMC chains and water. This reduction in the MC value can also be associated
with a decrease in the free volume of the polymer chain 2*. Although the MC data
observed here are similar to those of other CMC films reported previously, these
values are high, and depending on the application, can facilitate the proliferation
of microorganisms in food products stored with these materials *2°. Regarding SI,
an important characteristic that indicates the film's resistance to water, it was
observed that the increase in thickness, caused by the change in concentration and
volume of the CMC solution, contributed to the rise in the swelling rate of the
films (Table 8). Finally, the 2/100 sample exhibited high SI values, indicating a
high swelling capacity of the film and suggesting that the higher polymer
concentration may result in increased free spaces between chains, thereby
promoting greater water diffusion through the films *?°. On the other hand, the
thicker films, i.e., those produced with 1.3 and 2g of CMC, exhibited greater
resistance to water solubility, in contrast to films 1/100, which lost their integrity
after being immersed in water for 24 hours. Furthermore, these findings align with

previous studies 126211,

4.3.2Effect of adding glycerol and kefiran

Based on the data observed and compared in earlier tests using different
concentrations of CMC, the 1.3/100 formulation was selected to continue the
study, which involves adding glycerol (12.5%, 25%, and 50% w/w relative to the
weight of CMC) as a plasticizer and producing mixtures with kefiran at a

proportion 1:1. As shown in Figure 4.18a, the addition of glycerol significantly
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increased the thickness of CMC films by 85% when comparing CMC 1/100 with
the Gly50 sample. At the same time, the concentration of glycerol also affected
the WAC value (Figure 4.18b), resulting in a greater hydrophilicity of the film
surface (6 < 65 °), even at low concentrations (Gly 12%), similar to that reported
by Chen et al. (2020) 22213, In contrast, the Gly25 sample did not show a
difference from a sample without plasticizer. This difference in the wettability of
CMC samples with glycerol can be attributed to the free energy of the groups
available on the film surface 2. In the case of films based on cellulose or its
derivatives without the addition of plasticizers or other materials, the possibility
of polar groups such as -OH and C=0O being buried is unlikely due to the planar
configuration of the chain 2'*, In this case, where glycerol was added in different
concentrations (Figure 4.18c), we consider that the availability of polar groups on
the surface can be adjusted according to the ability of this plasticizer to bind to
the CMC network, weaken the hydrogen bonds, and increase or decrease the free

volume of the biopolymer 200-213:214,
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FIGURE 4.17 - (a) Thickness measurement and (b) Water contact angle of CMC
samples (under optimized conditions with 1.3 g of carboxymethylcellulose per

100 mL of water) and different concentrations of glycerol.

After selecting a 25% glycerol concentration as a plasticizer, the study
on the production of the CMC-kefiran blend was conducted. In terms of thickness,
the pure sample was thinner than 1.3/100 sample (Figure 4.18a); it was still
possible to produce a firm, integral, and non-cracking film with a thickness
~150% less than that reported by Pop et al. (2021). However, this changed with
the addition of 25% glycerol, and consequently, the production of the blend
between CMC and Kefiran. The WAC value of the kefiran pure sample was 43%
higher than that of the 1.3/100 sample, which is a value similar to that reported by
Ghasemlou et al. (2011) and Shahabi-Ghahfarrokhi et al. (2015)*!>21,
Meanwhile, compared to 1.3/100, the addition of the plasticizer reduced the water

contact angle by approximately 85%. This increase in hydrophilic character
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observed in the K-Gly25 film may be related to the increased exposure of
hydroxyl groups on the surface or free volume in the chain ?'7. However, the
material exhibited a hydrophobic characteristic when combined with kefiran and
CMC/glycerol. This could probably be due to effective compatibility between the

materials, which would reduce the availability of hydroxyl groups in both phases
200

The study of the ideal concentration of plasticizer also makes it possible
to balance the properties obtained previously, such as the water vapor
permeability of the films 7. In this sense, the impact of different glycerol
concentrations on CMC films, pure kefiran films and the blend is shown in Figure
4.19a. As can be seen, the increase in plasticizer resulted in a decrease in the
barrier capacity of the films, which is in line with the increase in film thickness.
On the other hand, pure kefiran films have a lower WVP value than CMC films
(blue dashed line). This low WVP value for kefiran film is lower than that reported
by Ghasemlou et al. (2011) !¢ and may be associated with the lower mobility of
the EPS chains and reduced diffusibility. In the kefiran sample with plasticizer, a
concentration of 25% was used, in which no significant difference was observed
concerning the CMC sample with the same amount of glycerol. This behavior can
be attributed to changes in the conformation of the chains, their reduced mobility,
and the increased structural density of the film, which reduces the diffusibility of
water from the surface 2°’?!'%. On the other hand, the WVP value for the blend
increases, resulting in a decrease in the film's barrier capacity. This phenomenon
may be associated with greater electrostatic repulsion between the two polymers,

increased free volume, and enhanced water vapor diffusion 27,
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FIGURE 4.18 - (a) WVP values, (b) FT-IR spectra and (¢) SEM and AMF images
of CMC samples (under optimized conditions with 1.3 g of
carboxymethylcellulose per 100 mL of water) and different concentrations of

glycerol.

Figure 4.29b displays the FT-IR spectra of the CMC films prepared with
varying glycerol concentrations, the pure kefiran film, and the blend. The glycerol
bands are similar to those observed in CMC spectra 2!°. The peak located at 1644
cm’! (first yellow box), adjacent to this one, is present in the samples containing
Kefiran and can be attributed to the presence of -OH?**3, This more prominent
peak can be attributed to the greater presence of these groups in the kefiran chain
than in CMC. In addition, the peak located at 1152 cm™ (highlighted red bar), also
observed in samples containing kefiran, is a characteristic fingerprint of the
polymer, as it is associated with the vibrational modes of glucose, galactose, and
the B bond*®. In addition, the peak located at ~1022 cm™ (highlighted orange bar)
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shows a shift between the samples with added glycerol, which may be indicative
of the plasticizer's interaction with the CMC chain. Finally, the peak located at
~900 cm™! is indicative of the presence of glucose and galactose ?*. In the case of
the kefiran samples, a significant shift in the position of this band can be observed

(second yellow box).

It is possible to observe rougher regions on the surface of the film
produced with Kefiran alone (Figure 4.19c¢). In contrast, a reduction in the film's
roughness is observed when the plasticizer is added. The surface of the film
produced from the blend shows greater homogeneity between the polymers
compared to the micrographs of the K-B-32 films and K-B-32-Gly. The cross-
sectional images show an increase in the thickness of the films, both in the
samples with glycerol and in the film produced from the blend (insert Figure
4.19c¢). It is also evident that the cross-section of the films is free of voids, cavities
and cracks. This homogeneity can be attributed to the establishment of
electrostatic interactions and hydrogen bonds between the CMC/Glycerol,
Kefiran/Glycerol, and CMC/Glycerol/Kefira networks 2*°. The 2D and 3D AFM
images show that the B-32-Gly25% sample has an inhomogeneous surface and
low roughness, with a value of 1.52 + 0.13 nm (Figure 4.19c). On the other hand,
despite the increase in surface roughness of the pure kefiran film (1.79 = 0.90 nm),
no cavitations or very pronounced unevenness were observed. In the kefiran
sample with the addition of the plasticizer, there was greater homogenization of
the surface and an increase in roughness (2.24 + 0.37 nm). In the case of the film
produced from the mixture of kefiran and CMC, there was a decrease in roughness

(1.99 £0.23 nm).

The improvement in the elasticity of CMC films is one of the most
notable characteristics following the addition of glycerol to the polymer matrix
221 This behavior was observed in the Gly25% sample, which showed a reduction

in TS of ~75% compared to the B-32 sample. At the same time, EB values
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increased significantly from 4.33% (B-32) to 25.95% (B32-G50). This reduction
in TS values and increase in EB is yet another indication of the decrease in

intermolecular forces between the polymer chains caused by the addition of

glycerol (Table 9) 2%.

Table 9. Mechanical properties, including Elastic modulus (EM, MPa), Tensile
Strength (TS, MPa), Elongation at break (EB, %), and water contact angle, of
films based on the optimized CMC sample with different glycerol concentrations

as plasticizer.

EM' TSt EB' MC' SITf
Films
(MPa) (MPa) (%) (%) (%)
+
B-32  82.97+1228 121.84+2131 433+093 12.06+0.82 1734'3§ H2.0
CMC-
Gy 2397#5.13 29.88+431 3342055 9.81+0.70  947.91162.03
CMC-
s 10365200 11324123 5.63:0.67  21.44£2.63  847.24+110.87
CMC-G5C 3.47+0.83  14.42+1.73 25954226 26.79+2.34  1193.52+22.61
K32  3849+11.88 37.8244.08  1.56£0.25  16.06£1.69  195.91+5.81
K32-G25 ok ok ok 52.89+£3.43  651.63£10.37
BLEND  10.1942.63  11.70£1.39  14.78+1.87 20.80+2.18  349.84+7.55

B-32 represents the optimized CMC condition (1.3 g of carboxymethylcellulose
per 100 mL of water). CMC-G12, CMC-G25, and CMC-G32 correspond to the
films prepared with different glycerol concentrations used in the casting process.
K32 and K32-G25 represent, respectively, the pure kefiran film and the kefiran

film containing 25% glycerol.

The moisture content of the samples with varying plasticizer
concentrations increased significantly (p < 0.05), ranging from 9.81% to 26.79%.

These results are consistent with those reported by Akhtar et al. (2023) 4. At the
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same time, the moisture content (MC) values of the pure kefiran film are low and
comparable to those reported by Pop et al. (2021)* and Ghasemlou et al.
(2011)*2. This behavior may be related to the formation of covalent bonds
between glycerol and kefiran, which limits the availability of hydroxyl groups.
This, in turn, directly affects the interaction of the ESP with water, consequently
influencing the film's moisture content. Adding glycerol to the kefiran matrix
significantly increased the film's interaction with water, increasing the moisture
content to approximately 53%. On the other hand, the film produced from the
blend demonstrated that polymer compatibilization effectively reduces strong
interactions with water, resulting in a lower moisture content (~21%) compared
to the Gly25 sample. Regarding the degree of swelling of the films after 24 hours
of immersion in water, the film produced with 25% glycerol showed a reduction
of approximately 95% compared to the CMC sample without plasticizer. This
reduction in swelling observed for Gly-25% supports the hypothesis of decreased
free space between polymer chains, as proposed in the mechanism illustrated in
Figure 4.18c. In kefiran films, both with and without plasticizer, swelling values

higher than those commonly reported in the literature were observed 222,

Considering these results, the films produced here show a good balance
between mechanical properties suitable for food packaging applications and
controlled hydrophobicity due to the combination of CMC, kefiran, and the
plasticizer. Although the swelling index and moisture content values were
relatively high for all the films presented, this is a highly positive aspect
considering the intended application. These polysaccharide-based films strongly
interact with water and can dissolve and subsequently undergo hydrolysis
reactions into low molecular weight sugars and final mineralization into CO, and

H20 223.
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4.4 Nanocomposite films based on CMC-kefiran and ZnO

The optimal film formulation previously developed using 25% glycerol
and a 1:1 ratio of CMC to kefiran served as the basis for preparing the
nanocomposite films. Figure 4.20a shows the X-ray diffractograms of
nanocomposite films produced with different concentrations of ZnO (5, 10, and
25 wt%). In the ZnO-containing samples, the intensity of the central diffraction
peaks corresponding to the ZnO phase (JCPDS No. 36-1451), specifically those
associated with the (100), (002), and (101) planes, increases proportionally with
the ZnO content. These peaks are characteristic of the hexagonal wurtzite
structure of ZnO. Notably, the nanocomposite films exhibit preferential growth
along the (100) plane, whereas in the ZnO powder sample, the (101) plane is more
prominent %%, In addition, these XRD patterns show a broad peak at ~20° relative
to 20, which corresponds to the crystalline phase of both kefiran and CMC and
confirms the presence of both in the composite 2#3. Raman spectroscopy was
employed to investigate the vibrational properties of ZnO within the
nanocomposite films (Figure 4.20b). This technique is particularly useful for
analyzing materials such as ZnO's structural characteristics and crystallinity. In
the hexagonal wurtzite structure, which belongs to the space group P6smc, ZnQ's
phonon modes at the T" point can be classified as: A + E; + 2E> + 2B:1 %2°. Among
these, the E2 modes (low and high) are Raman-active and are commonly used to

assess crystal orientation and defects 22>2%¢,
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FIGURE 4.19 - (a) XRD patterns of the nanocomposite films, (b) Raman spectra
of the nanocomposite films, and (c) TEM images of ZnO nanoparticles. The films

were produced with ZnO contents of 5, 10, and 25%.

As shown in Figure 4.20b, prominent Raman peaks appear at
approximately 210 cm™, 342 cm™, 443 cm™!, and 582 cm™. The peak at ~210
cm!is attributed to the second-order transverse acoustic mode 2TA(M), while the
one at ~342 cm™' corresponds to either a second-order mode 2E:(M) or a
difference mode [E2(high) — E2(low)]. The sharp peak at ~443 cm™ is associated
with the nonpolar E2(high) mode, which is indicative of the wurtzite phase and
reflects the presence of well-crystallized ZnO?**°. The broad peak at ~582 cm™ is
typically assigned to the Ai(LO) or Ei(LO) longitudinal optical modes, often
associated with structural defects, oxygen vacancies, or surface phonon effects?%¢.

Collectively, the presence of these modes confirms the incorporation of ZnO with

preserved wurtzite structure in the nanocomposite??’. Figure 4.21¢ shows a TEM
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image of the ZnO powder sample, revealing that the nanoparticles possess a
nanoplate-like morphology and an average size of 90 = 17 nm. These nanoplates
exhibit well-defined edges and flat surfaces, which may contribute to the observed

preferential growth orientation in the XRD patterns.

The incorporation of ZnO NPs into the CMC and kefiran matrix led to
films with a noticeable increase in surface roughness, as observed in the SEM
images (Figure 4.21a—c). This effect became more pronounced with increasing
ZnO concentration, where the formation of nanoparticle aggregates contributed
to greater surface irregularity. Despite this, the films remained free of cracks or
bubbles, indicating good structural integrity. Furthermore, the cross-sectional
SEM 1mages (insets in Figure 4.21a—c) clearly show that the film thickness
increases with ZnO loading and confirm the presence and dispersion of the
nanoparticles throughout the film matrix. AFM measurements revealed a
progressive increase in surface roughness (Ra), with values of 2.44 + 0.77 nm,
3.46 £ 1.10 nm, and 7.25 £ 1.47 nm for films containing 5%, 10%, and 25% ZnO,
respectively. This indicates that higher nanoparticle content contributes to
increased surface irregularity. These findings are also in line with those reported
by Jaleh et al. (2022)?*® on nanocomposite films produced with polycarbonate and
Zn0O. The EDX mapping confirmed the presence and distribution of ZnO
throughout the film thickness, with a more intense Zn signal at higher

concentrations.
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FIGURE 4.20 - Surface, compositional, and morphological characterization of
nanocomposite films containing (a) 5%, (b) 10%, and (c) 25% ZnO. Top: SEM
micrographs of the film surfaces at different magnifications. Middle: Cross-
sectional SEM images and EDX elemental mapping of Zn and O. Bottom: 1D and
3D AFM images for 5%, 10%, and 25% ZnO, respectively.

XPS analysis provided detailed information on the surface composition
and chemical states present in the nanocomposite films, confirming the
incorporation of the ZnO NPs into the matrix. As shown in Figure 4.27a, the
survey spectra confirm the presence of C, O, and Zn in the ZnO-containing
samples, along with a Na signal attributed to the sodium salt form of CMC used
in the formulation. The detection of Zn 2p peaks exclusively in the NC-5%, NC-
10%, and NC-25% samples confirms the successful incorporation of ZnO
nanoparticles into the blend matrix. High-resolution C 1s spectra (Figure 4.22b)
exhibit components assigned to C—C/C—H (~284.4 eV), C-O (~285.8-286.2 ¢V),
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and O-C=0 (~288.2-288.3 eV), consistent with the chemical structure of the

polysaccharide-based matrix 228,
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FIGURE 4.21 - XPS analysis of nanocomposite films containing 0% (BLEND),
5%, 10%, and 25% ZnO. (a) Survey spectra show signals corresponding to C 1s,
O 1s, and Zn 2p; (b) High-resolution C 1s spectra are deconvoluted into

components, (c) High-resolution O 1s spectra, and (d) Zn 2p region.

The O 1s region Figure 4.22¢ reveals peaks corresponding to C—O/C—
OH or Zn-OH, typically associated with chemically or physically adsorbed water
(~532.4-532.9 eV), as well as Zn—O bonds (~531.2-531.6 eV). Notably, both the
shape of the O Is peak and the position of its deconvoluted components shift
slightly with increasing ZnO content. These variations may reflect changes in the
local bonding environment of Zn-O, likely due to differences in particle
distribution or interaction with the polymeric matrix. In addition, the presence of

C—0O—C/C—OH and O—C=0 bonds is dominant in all samples, consistent with the
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findings reported by Guerrero et al. (2013)**°. Finally, the Zn 2p spectra (Figure
4.23d) show characteristic peaks of Zn** located at ~1021.5 eV (Zn 2ps/2) and
~1044.6 eV (Zn 2p1/2). The measured spin—orbit splitting of approximately 23.1
eV aligns with previously reported values, confirming that ZnO within the films
remains in its typical oxidation state and retains the wurtzite crystalline structure

of composite films 2%,

The FT-IR spectra of the films, shown in Figure 4.23a, display a broad
band centered around 3257 cm™, corresponding to the stretching vibrations of
hydroxyl groups (—OH). This band exhibits a shift towards shorter wavelengths,
which aligns with the observation by Li et al. (2021) 3, who attributed this
behavior to strong H-bonding interactions between Zn?" and the hydroxyl groups
of cellulose. In the spectrum of the film without ZnO nanoparticles, distinct peaks
at approximately 2992 and 2875 cm™ are observed, which are attributed to the
asymmetric and symmetric stretching vibrations of CHa groups, respectively®323!,
These bands remain essentially unchanged upon ZnO incorporation, indicating
that the polymer structure is maintained *. The band at 1585 cm™, associated
with the asymmetric stretching of C=0 groups, exhibits a slight shift to higher
wavenumbers in ZnO-containing films, suggesting potential interactions between
ZnO and carboxylate groups %2*!. In addition, the C—O—C stretching vibration,
observed initially at 921 cm™ in the blend film, shifts to lower wavenumbers (as
low as 892 cm™ in NC-10%), which may indicate alterations in the ether bonding
environment resulting from cross-linking interactions between the kefiran/CMC
chains and the ZnO nanoparticles. Similar C—O—C and C=0 band shifts have been
reported in CMC/ZnO and chitosan/ZnO nanocomposites, where FT-IR shifts

were associated with coordination between ZnO and polymer functional groups
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As expected, the addition of ZnO NPs significantly influenced the film
thickness, as shown in Figure 4.23b. This increase in thickness had a direct impact
on the mechanical performance of the films, likely due to changes in structural
density and nanoparticle distribution within the matrix. Firstly, the blend film
displayed the lowest elastic modulus (EM) and tensile strength (TS) values, but
the highest elongation at break (EB), suggesting a softer and more stretchable
material. In contrast, the nanocomposite film containing 10% ZnO NPs exhibited
the most favorable mechanical profile, with the highest values for both EM and
TS, indicating enhanced stiffness and resistance. The film with 25% ZnO NPs
exhibited a decline in both EM and TS, likely due to excessive nanoparticle

loading, which led to agglomeration and microstructural defects that can serve as
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stress concentrators. Additionally, the EB decreased progressively with increasing

ZnO content, reflecting reduced film flexibility and extensibility.

The influence of ZnO NPs content on the physical and barrier properties
of the nanocomposite films is summarized in Figure 4.24. The WCA values of the
films containing 5% and 10% ZnO were 82.08 £3.31° and 86.26 +8.94°,
respectively, indicating hydrophobic surface characteristics (Figure 4.24a)
However, the difference between them was not statistically significant (p > 0.05);
nonetheless, the 10% ZnO sample exhibited wettability similar to that of the
nanoparticle-free blend film. On the other hand, the film containing 25% ZnO
exhibited a marked decrease in WAC (50.78 + 3.71°), indicating increased surface
wettability and a more hydrophilic character. Yu et al. (2023) 2*% also reported a
reduction in the WCA of chitosan films with ZnO and attributed this effect to the
hydrophilicity of the NPs. On the other hand, it is more common to observe an
increase in the hydrophobic character of films containing nanoparticles. The
opposite behavior observed in the sample with 25% ZnO may be attributed to a
higher accumulation of nanoparticles at the surface, which, as previously
discussed, is accompanied by a significant increase in surface roughness. This
greater surface irregularity may lead to the formation of micro-fissures or
discontinuities, facilitating water penetration and enhancing wettability?*.
Consequently, despite the inherent hydrophobicity of ZnO, the morphological
changes introduced at higher concentrations may promote a more hydrophilic

surface response.
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FIGURE 4.23 - Water-related properties of nanocomposite films containing
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with inset images of water droplets, (¢) swelling degree (SW), and (d) moisture
content (MC). Dashed lines indicate the respective values for the blend film. Error

bars represent standard deviations.

The WVP values (Figure 4.24b) slightly increased in the NC-25% film
compared to NC-5% and NC-10%, indicating a possible reduction in barrier
efficiency at higher ZnO concentrations. This may be attributed to the formation
of microdefects or discontinuities in the film structure resulting from excessive
nanoparticle loading. However, these values are lower than those observed in the
blend film, indicating that the incorporation of ZnO improved water vapor
resistance. This enhancement may be attributed to several factors, including the
reduction in the availability of free hydroxyl groups due to interactions between

Zn0O and the polymer chains of CMC and kefiran, as well as the filling of
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intermolecular voids by the nanoparticles. These effects likely contribute to a
denser film structure, which hinders the diffusion of water molecules through the
matrix. Swelling degree (Figure 4.24c) was reduced in NC-10% and NC-25%
compared to NC-5%, indicating improved dimensional stability in aqueous
environments. Lastly, the moisture content (MC) (Figure 4.24d) increased slightly
in NC-10%. In contrast, NC-25% showed the lowest value among the ZnO-
containing samples, which may reflect differences in ZnO dispersion and

interactions with the polymeric matrix.

The visual appearance of the films, as presented in Figure 4.25a,
indicates that they became progressively less transparent as the concentration of
Zn0O NPs increased; however, it was still possible to see through them. This visual
characteristic is critically essential in packaging applications because it enables
consumers to monitor the food's state, thereby enhancing consumer acceptance®*.
The addition of NPs also affects the color of the film, as demonstrated by CIELab
measurements (Figure 4.25b). Analysis of the CIELab color space (Figure 4.25b)
revealed small shifts toward the green-yellow region. In addition, the L* values
(Figure 4.25¢) indicated a moderate reduction in luminosity for the films with
higher ZnO content. On the other hand, optical properties such as UV-blocking
are crucial in food packaging applications, as they help prevent photodegradation
and photocatalytic reactions in photosensitive foods. The UV-blocking
performance of the nanocomposite films was significantly affected by ZnO
content, as illustrated in Figure 4.25d. Unlike the film obtained from the blend,
the nanocomposites exhibited a notable reduction in light transmittance in both
the UV-A (315400 nm) and UV-B (280-315 nm) regions. Studies have shown
that UV radiation can induce photochemical reactions that degrade the color,
texture, flavor, and nutritional quality of food, ultimately shortening its shelf
life**®. Quantitative analysis confirmed that both UV-A and UV-B blocking
efficiencies increased proportionally with ZnO content (Figure 4.25e). As

expected, transparency (Figure 4.25f) decreased and opacity (Figure 4.25g)
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increased as more ZnO was incorporated, consistent with the greater light
scattering caused by the nanoparticles. These results confirm the dual function of
ZnO in improving UV protection while modulating optical clarity, making these

films promising for active food packaging and light-sensitive applications.
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The antibacterial activity of the films was assessed against E. coli and
S. aureus using the agar diffusion method, as shown in Figure 4.26. The

bacteriostatic zones of the nanocomposite films showed inhibition comparable to
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that reported by Rincon et al. (2023) 237, These bacteriostatic zones increased with
the concentration of ZnO and were slightly larger in the sample with 25% ZnO.
This concentration-dependent response supports the well-established
antimicrobial activity of ZnO NPs, which is primarily attributed to the generation
of ROS, the release of Zn?" ions, and the disruption of bacterial membranes. At
the same time, the aggregation and entrapment of ZnO within the polymeric
matrix likely reduced the practical exposure of bacteria to the nanoparticle
surfaces, thereby limiting the antimicrobial efficiency of the nanoparticles.
Notably, the NC-25% composite films exhibited a larger bacteriostatic inhibition
zone against S. aureus compared to E. coli, indicating a higher susceptibility of
Gram-positive bacteria. This behavior is consistent with findings reported in

previous studies.

’7 E. co(i _I I_ S. aureus _|

FIGURE 4.25 - Bacteriostatic inhibition zones of blend and nanocomposite films
containing different concentrations of ZnO NPs against Escherichia coli and
Staphylococcus aureus. The diameters of the inhibition zones indicate the

antibacterial effectiveness of the films.
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Chapter S CONCLUSIONS

In this work, nanocomposite films based on kefiran, CMC and ZnO
nanoparticles were developed and characterized with a view to applications in
active food packaging. The following conclusions can be drawn from the results

obtained:

= ZnO nanoparticles were produced by HaM, showing physicochemical
properties that varying experimental parameters can modulate. The
ZnO NPs showed selective antimicrobial activity against multidrug-
resistant strains of the ESKAPE group, demonstrating their potential as

an agent for functionalizing packaging.

= Kefiran was successfully extracted and purified, displaying notable
antibiofilm properties. Its application as an edible coating contributed
to the preservation of strawberries under both ambient and refrigerated

conditions, confirming its functional potential.

* The incorporation of ZnO NPs into kefiran/CMC films led to significant
modifications in morphology, structure, and surface properties.
Characterization techniques, including SEM, AFM, XRD, XPS, FTIR,
and Raman spectroscopy, confirmed the dispersion of the
nanostructures, changes in surface roughness, crystalline phases, and

chemical interactions between ZnO and the polymer matrix.

= Mechanical properties were notably improved, especially TS and EM,
for films with intermediate ZnO contents. However, higher
concentrations (25% ZnO) led to increased stiffness and reduced
elongation, likely due to aggregation and reduced mobility of the

polymer chains.
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= Optical properties such as UV-blocking capacity were significantly
enhanced by ZnO incorporation. Films showed markedly reduced
transmittance in the UV-A and UV-B regions, indicating strong

potential to prevent photo-oxidation in sensitive food products.

In summary, the synergistic combination of kefiran, CMC, and ZnO
nanoparticles yielded nanocomposite films with enhanced mechanical, structural,
barrier, optical, and antimicrobial properties. These results highlight the potential
of such systems as sustainable and effective alternatives for active food packaging
applications. In addition, it presents, for the first time, the application of kefiran
as an edible coating for fruit preservation, along with a comprehensive
investigation of kefiran/CMC films functionalized with ZnO NPs. These findings
advance current knowledge on polysaccharide-based nanocomposites and open
new perspectives for the development of multifunctional materials for food

packaging applications.
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FIGURE 5.1 - Metabolism kinetics of the bacteria S. epidermidis ATCC 35984

in the presence of different samples of ZnO NPs. The purple line refers to the

control without the use of ZnO NPs. Reprinted with permission from Marques et

al. 8, Copyright 2024, Elsevier.

Omnilog units

Omnilog units

Mo . control 24 . Control “71 s« Control 191« Control
wp| tEZNO-1 o] ZnO-2 vap | *EnD-3 o] tZnO-4
100 LT 0o A o
= = z
a0 4 3 sad 3 3 aad
-] L1} 1]
(=] (=] (=]
80 4 = &4 = = 4
= = =
40 £ and E E @
Py ] ] ]
20 S 204 e
By L B R | L R
] 5 10 15 ¥ ] % o 5 {1] 15 0 25 o 5 10 5 20 5
Time (h) Time (h) Time (h) Time (h)
%29 . Control 39+ Control f 01 . Control e = Control
o] *ZnO-5 ol tZn0-6 o ZnO-T o] *Zn0-8
4 3
100 w1004 # w100 w1004
4 ’ & £ J
W 5 = / S wf S m 4
=1} (=11} =]
a0 o [ o a0 o 80
-4 = = =
A0 E 404 E 40 < E 40
(=] =] (=]
20 bl | 20 20
0y - ¥ 0y r r T r 0 =y & v v T 0ty r v T
o ] 10 15 20 ] o -] 10 15 o0 28 (1] k-] "W 15 0 . L] & 10 20 Fo]
Time (h) Time (h) Time (h) Time (h)

FIGURE 5.2 - Metabolism kinetics of the bacteria S. aureus ATCC 25923 in the

presence of different samples of ZnO NPs. The purple line refers to the control

120



without the use of ZnO NPs. Reprinted with permission from Marques et al. %,

Copyright 2024, Elsevier.
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the presence of different samples of ZnO NPs. The purple line refers to the control
without the use of ZnO NPs. Reprinted with permission from Marques et al.®,

Copyright 2024, Elsevier.
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