University of Naples Federico |l
Polytechnic and Basic Sciences School

Department of Chemical Sciences

Ph.D. in Chemical Sciences

Evaluation of the functional properties of phenolic
compounds for food packaging applications

Tahir Zaman
Advisor Examiner

Prof. Lucia Panzella Prof. Alessio Cimmino

XXXVIII Cycle 2023-2025

Coordinator: Prof. Alessandra Napolitano



Table of contents

ADSEEACT . e et 2
PUDIICATIONS . ... et e e e e e e e e e e e e e e e e e e eaans 4

Chapter 1

Introduction and Literature Review

1.1. Background and MOtIiVAtioN ...............cooouiieiiiiiiiiiee e 5
1.2. Phenolic Compounds: Chemical Diversity and Functional Roles.............ccccceerueecunennnee 6
1.2.1. Chemical Diversity of Phenolic Compounds. .. .......c.ccccueeeiienieeiiierieeieecie e 6
1.2.2. Functional Roles of Phenolic Compounds in Food Packaging............cccceceevieniieninennnnnns 7
1.2.2.1. AntioXidant PrOPETLIES. .. c...ccoiieiieiiieeiieitie ettt ettt ere et e e e aeebeesaeeesbeessneensaesanaens 7
1.2.2.2. ANtIMICTODIAl ACHVILY ..eeiuvieiieiiiieiieeie ettt ettt e beesaeesbeessneenseesenaens 8
1.2.2.3. UV PIOTECLION. . . c.eiieiieieeiieeiteteee ettt ettt ettt et st ettt sbe et et e saeeneennes 9
1.2.2.4. Enhancement of Film Mechanical Properties. ...........ccceovuerviienieeciienieeieeeie e 10
1.32

1.4. Natural and biodegradable polymers for developing active food packaging.............. 13
1.5, Aimof the PhID WOrK ... 14
1.6, RET@I@IICES. .. ...ttt ettt ettt e st e e 15

Chapter 2

Functionalization of PVA-Based Films for Active Food Packaging: Impact
of Bulk and Nano-Additives on the Physicochemical and Functional
Properties

GeNEral INEFOAUCHION. ...t e e e e e e e e e e e e e e e e eeeeaaraaees 22

2.1 Effects of (mano)chitosan and (nano)lignin on the morphological,
mechanical and functional properties of poly (vinyl alcohol) films intended
for food packaging

210 INEEOAUCTION ... ettt e e e e e e e e e e e e e e e eeaaeeee e eennn 23
212 EXPerimental............cooiiiiiiiiiiiiiiiieeeeee ettt 25
2.1 2.1 IMLALETIALS. .« ceeeeeeeeeeeeeeeeeeeeeeeeeee ettt e e ee e e e eeeeeeeeeeeaeeeeeaeeeeeeeeaeennnenenenennnnnes 25



2.1.2.2. Preparation of lignin nanoparticles (LNPS) .........cccoeiiiiiiiiiieiieeieeeeeeee e 26

2.1.2.3. Preparation of nanochitosan (NCH) .........cc.eeeciiiiiiiiiiiiiecieeeee e 26
2.1.2.4. Preparation of PVA-based fllmS ........ccceoecuiiiiiiiiiiiieecie e 26
2.1.2.5. Nanoparticles CharaCteriZation. . . .........c..ccverieeriierieeiieeie et eeeeree e eieesee e e seveeneees 27
2.1.2.6. Characterization of the physicochemical properties of the films .............ccccceeverneen. 28
2.1.2.7. Antioxidant property charaCterization. .. ...........ceeeueerueerieerieniieenieeeeeiee e eaeeseveeneees 30
2.1.2.8. Antibacterial activity characterization... ..........cccoecueeruierieerienieenee e eve e 30
2.1.2.8.1. Bacterial strains and culture CONAItioNS...........cccuveeriiieriieeiiieeiee e 31
2.1.2.8.2. Evaluation of bacterial growth inhibition...........cccccceeveiiiiiiniiienieeieieee e, 31
2.1.2.9. StatiStical ANALYSIS. .. ..eccveeeiiieriieiieeiieeie ettt et eraeebeesnneenneas 31
2.1.3. Results and diSCUSSION..............ccoouiiiiiiiiiiiiieeeee et 31
2.1.3.1. Lignin nanoparticle (LNPs) and nanochitosan (NCH) preparation and
CRATACIETIZATION. . ... veieiiie et et ettt e et e et e e et e e e etae e e taeeeaaeeessseeessaeesssaeeesseeesssaeessseeensseeenns 31
2.1.3.2. Poly (vinyl alcohol) (PVA)-based films preparation and physicochemical
CRATACTETIZATION. . . ...veieeiiieecieeeeiee ettt e et e et e e et e e e staeeetaeeeaseeesseeesssaeesssaeeesseeesssaeessseeensseeenns 34
2.1.3.3. Poly (vinyl alcohol) (PVA)-based films antioxidant and antimicrobial properties......43
2,14, ConCIUSIONS. .. ..ottt et e et e et e st e e st e e s e 46
215  RET@I@IICES .« ..ottt et ettt sttt rees 47

2.2 Physicochemical and Functional Characterization of PVA Films
Embedded with Duckweed (Lemna minor) Leaf Extract and (Nano)chitosan
Intended for Active Food Packaging

2.2 0 INEPOAUCTION ..ottt et e et e st e st esaeeesaeeas 54
2.2.2, EXPerimental..........cocccooiiiiiiiiiiiiiiiiiiee et 56
2.2.2. 1 MALETIALS. .« coeiiiiiiieee ettt ettt et sttt e neas 56
2.2.2.2. Preparation and characterization of plant extract (PE)... .....ccccoevviiiiiiiiniiiinieeees 56
2.2.2.3. Preparation of nanochitosan (NCH) ..........ccocieiiiiiiiiiiniicee e 57
2.2.2.4. Preparation of PVA-based fillms ...........ccoceeviiiiiiiiiiiecce e 57
2.2.2.5. Film characteriZation. .. .......cocuevieriieiiinienieeieeitete ettt ettt 58
2.2.3. Results and diSCUSSION..........cocuiiiiiiiiiiiiiiiieeieeete et 59
2.2.3.1. Preparation and characterization of extract from duckweed leaves............cccccocene. 57
2.2.3.2. ATR-FTIR analysis of the films. ........cccccceeriiiiiiiiiiiiieccee e 61
2.2.3.3. Morphology of the fillms ..........cccooiiiiiiiiiei e 62
2.2.3.4. Thickness and optical characteristics of PVA-based composite films..............ccc.c...e. 64

2.2.3.5. Moisture content, swelling degree, total soluble matter and water vapor transmission
TALE (WVTR) ittt e e e st e e s ate e e sbe e e saeeessaeeensaaesnsaeessseaensseaenns 65

ii



2.2.3.6. Mechanical and thermal Properties ...........ccueeecuereeiiieeriiieeeieeecieeeeeeeeeeeesreeesreeesvee e 66

2.2.3.7. AntioXidant PIOPETLIES ......c.eeruierieeriieeieerieeeteerteeeiteeteesreeseesaaeesseessreeseessseenseesssessens 68

2.2.3.8. Antibacterial PrOPETLICS. .. ...ccovveeeiieriieeiieriieeie et e eieeieesreeteesaaeebeessreeseesnbeenseessseenseas 69

2.2.4. CONCIUSIONS. .. ...ooiiiiiieiiii ettt e et e et e e sabte e e beeesnbeeesnneeesaseeenns 70

2.2.5. REfEIEIICE........cc.eiieiiieiie ettt et e et e st e e st e e et e e bae e saaeeenabeeenes 71
Chapter 3

Design of Chitosan-Based Bioactive Composite Films Containing Lignin
and Lignin-Silver Nanocomposites

B INErOAUCHION ..ottt ettt ettt et e et e st e e s bae e st e e sabee e 76
32, EXPerimental... ..........ooooiiiiiiiiiiiieeee e e e e e e et a e e e e naneeeenes 77
32,1 MALETIALS. . . oottt ettt ettt ettt e et e et enneeeateas 77
3.2.2. Synthesis of lignin-silver NANOCOMPOSILES.........cccuierrieeirieriieeiienieeteeeee e e ereereeseneeneees 78
3.2.2.1. Hydrothermal method ............c.cooiiiiiiiiiiiieieee et 78
3.2.2.2. Mechanochemical method... .........ccoooiiiiiiiiiii e 78
3.2.3. Formulation of chitosan/PV A-based cCOMPOSItE..........cceeveeriiinienieiniiiiieniceeeeeeeen 78
3.2.4. Physicochemical characterization of the films. .. .........c.cocoiiiiiiinii e, 79
3.2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR).......ccccocemiiiiniiniininiinicniiienens 79
3.2.4.2. Thermogravimetric analysis (TGA).......cooeeriiiiiiiiiiee e 79
3.2.4.3. Film thiCKNESS ...c..eeiuiiiiiiiiiieiieeteee ettt 79
3.2.4.4, TENSIIE LESING ..eeeeuviieeiiieeiiieecieeeeieeerieeeste e et e e e tteeeeeeeeaeeeesaeessseeeenseeesnsaeennneeennseennns 80
3.2.4.5. Surface profilometry........cccooiiriiiiiiiiriiieteec ettt 80
3.2.4.6. Hydrophilicity Characterization.............cecueeierierrieriinieiiieieseeesee st 80
3.2.4.7. COlOT PIOPEITIES ....eeeuvieieeeniieeiieeitesteetteeteettesteeteeeaseeseeenseenateenseeseesnseenseeenseanssesnsens 81
3.2.4.8. Antioxidant property characterization ...........ccoceevieriieenieniieenie et 82
3.2.4.9. Antibacterial activity characterization.............cccoeceeeiiieriieeiiienie e 82
3.2.4.9.1. Bacterial strains and culture conditions.............ccocveveeriiriiniineniienieneeeeeesieee s 82
3.2.4.9.2. Evaluation of bacterial growth inhibition............ccccceeeiiiieiiiiniiieeecce e, 82
3.3. Results and diSCUSSION .............coouiiiiiiiiiiiiiiiccee e eeene 80
3.3.1 Characterization of chitosan/PVA based films ...........cocooiiiiiiiiiineeee 83
33,11 FTIR @NALYSIS. .. ceeeieiiieiieeiieiie ettt ettt ettt st e e e e e e ennas .83

iii



3.3.1.2. Surface morphology analysis by profilometry... .......ccccccoveeeiiiieiiieeieece e 84

3.3.1.3. Color, UV-Vis radiation blocking properties and hydrophilic properties... ............... 86
3.3.1.4. Thermal PrOPEITICS. .. .ueieeciieeiieeeeiieeeteeecteeesiteeertteeereeeeseeeesseeeesaseessseeesnsaeessseeennseaenns 88
3.3.1.5. Mechanical PrOPEILICS. . ...c.eeeuieruieeieeiieeieeiee ettt ettt e teesiee b e e ssaesnbeesaseenseessneenseas 89
3.3.1.6. ANtIOXIAANT PIOPETLIES. . . c.eveeeririeeeiieeeiieeeiteeesteeesteeesteeessreesseeesseeesseeesseeessseeensseannns 92
3.3.1.7. AntimicroDial PrOPETLICS. . . .ccvieiieiiieiieeieeiee et eite et te et et eeteesabeenseesnneensees 93
3e4. COMCIUSIOMNS ..ottt ettt et sb e st e st et esaeeenees 9
35 REFEICIICES ....c..eiiniiiiiiiiiiecee ettt et ettt e saeeenees 95
Chapter 4

Preliminary Insight into the Effects of Phenol-Rich Extracts Prepared from
Agri-Food By-Products by in situ-Generated Deep Eutectic Solvents on
Chitosan-Based Films

4.1 INErOAUCTION ...ttt sttt 100
4.2, EXPerimental..............c.ooooviiiiiiiiiiie ettt et e e e e naae e o s 102
2.1 MALETIALS. . . ettt sttt et e st ea 102
4.2.2. Preparation and characterization of extracts from agri-food by-products..................... 102

4.2.2.1. Extraction by formation of a deep eutectic solvent (DES) through mechanical

TIUIXITIZ . .+ oottt ettt ettt ettt b et et e bt et e e et e sb et e st e e bt e bt e et eh e e bt et e bt e b e et sa e nhe et e bt e nae e 102
4.2.2.2. EXtraction With WaET ..........coouiiiiiiiiiiiieiieeieetceee ettt 102
4.2. 3. Characterization 0f the eXtracts. .. ....ccccverieeiiierieeiieie e .103
4.2.4. FIlM PrEPATAtION. ....couvieiiieiiieeiieeiie et etie ettt te st et te et e eteesateesaeessbeesseesabeesseesnseesnneee s an 103
4.2.5. Characterization of film mechanical properties. .. .......ccceevveeriieeriieeeieeciie e 104
4.3. Results and diSCUSSION............ccooiiiiiiiiiiiiiiiiie ettt .104
4.3.1. Preparation and characterization of extracts from agri-food by products...................... .98
4.3.2 Mechanical properties tESTNG. . . .....cueruiereeriieriienieeriee et esiee et eseeeeteesseeebeeseneenseesaaaens 106
4.4, COMCIUSIOMS ......oiiiiiiiiiiiei ettt ettt et e st e e bt e e bt e sbaeebeesaeeens 108
4.5  RE@ICIICES ........oiiiiiiiiiiiiiie ettt ettt e st e e s 108

iv



Acronyms and Abbreviations Table

Acronym/Abbreviation Full term
ATR-FTIR Attenuated Total Reflectance — Fourier Transform Infrared
Spectroscopy
NCH Nanochitosan
CS Chitosan
CUPRAC Cupric reducing antioxidant capacity
DPPH 2,2-Diphenyl-1-picrylhydrazyl
DTG Derivative thermogravimetric
FRAP Ferric Reducing/Antioxidant Power
HPLC High-Performance Liquid Chromatography
LC- MS Liquid Chromatography—Mass Spectrometry
LIG Lignin
LNPs Lignin Nanoparticles
MHB Mueller—Hinton Broth
NMR Nuclear Magnetic Resonance
PVA Poly (vinyl alcohol)
SEM Scanning Electron Microscopy
TEM Transmission Electron Microscopy
TGA Thermogravimetric Analysis
uv Ultraviolet Spectroscopy
WVTR Water Vapor Transmission Rate




Abstract

This PhD research project has been mainly focused on the exploitation of natural phenolic
compounds, widely recognized for their antioxidant and antimicrobial properties, in food
packaging, to enhance shelf life and ensure product safety. Recent advancements have also
demonstrated that these compounds may significantly improve not only the functional but also
the physicochemical (e.g., thermal resistance and mechanical properties) of biopolymer-based
films, contributing to the development of sustainable packaging solutions. More in detail, the
main aim of this PhD work was an in-depth and systematic analysis of the effects of different
additives on the performance of films intended for food packaging to provide data that could
guide the selection of the specific combinations to obtain film with specific properties. As to
the film polymeric matrix, the attention was focused mainly on poly (vinyl alcohol) (PVA) and
chitosan, whereas the main phenolic compounds tested were (nano)lignin, phenols from Lemna
minor leaves, and phenols recovered from agri-food wastes and by-products such as grape
pomace, spent coffee grounds, and pomegranate peels. In addition, the possibility to exploit
phenolic compounds also to produce silver nanoparticles endowed with antimicrobial
properties was explored.

Key findings were the following:

a) Differential effects of the antimicrobial (nano)chitosan and of the antioxidant/UV-Vis
radiation blocking agent (nano)lignin on the morphological, optical, mechanical, thermal,
antioxidant, and antibacterial properties of poly (vinyl alcohol)-based films were observed.
Indeed, films containing both nanolignin and nanochitosan exhibited the most homogeneous
surface and the highest UV-Vis radiation blocking efficacy and water resistance, whereas
mechanical and thermal testing showed reduced performance when nanoscale additives were

incorporated. In addition, antioxidant and antimicrobial properties were higher for films



containing lignin alone. Similar results were obtained when a phenol-rich Lemna minor leaf
extract was employed as additive in place of lignin.

b) Integrating chitosan with PVA, lignin and lignin-silver nanocomposites may significantly
enhance the physicochemical and functional performance of films intended for food packaging
applications. FTIR analysis revealed that lignin acted primarily as a filler, being physically
embedded in the polymer matrix without altering its chemical structure. On the other hand,
lignin and particularly the lignin-silver nanocomposite imparted UV-Vis radiation blocking
ability to the films. Films with high PVA content exhibited superior flexibility compared to
pure chitosan films. Antioxidant assays confirmed potent radical scavenging and reducing
properties attributed to the phenolic groups of lignin, with PVA differentially affecting the
efficacy of the films depending on the assay medium.

c) Incorporation of deep eutectic solvents (DES) improved film flexibility and mechanical
strength of chitosan films, therefore DES can be easily exploited as both green solvents for the
extraction of phenolic compounds from agri-food wastes and as film plasticizers.

Keywords

Phenolic compounds, lignin, chitosan, poly (vinyl alcohol), antioxidant, biodegradable films,

agri-food wastes
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Chapter 1

1. Introduction and Literature Review

1.1 Background and Motivation

The adoption of biopolymers derived from renewable resources such as agro-industrial wastes
and by-products in the food packaging sector represents a promising solution to the
environmental challenges posed by conventional petroleum-based plastics (Castro-Dominguez
et al., 2025). However, while biopolymers offer clear environmental benefits, such as
renewability, biodegradability, and low carbon footprint, they often require reinforcement and
functionalization to meet the performance demands of food packaging materials. Indeed, many
biopolymers display limitations in their mechanical strength, barrier properties (e.g., to water
or gases), and durability under real-world packaging conditions (Shaghaleh et al., 2018;
Agarwal et al, 2022). To enhance their functionality and ensure they can substitute
conventional plastics effectively, biopolymers are frequently modified through blending,
composite formation, or incorporation of additives (Gonzalez-Lopez et al., 2023; Periyasamy
et al., 2025). One particularly promising approach involves the use of phenolic compounds,
which can act both as reinforcing and functionalizing agents: when embedded into biopolymer
films, these compounds may indeed impart antioxidant and antimicrobial properties, improve
barrier and mechanical performance, and stabilize the polymer matrix (Moeini et al., 2022;
Periyasamy et al., 2025; Sani et al., 2025). Such functionalization strategy allow biopolymer-
based films not only to approach or in some cases match the performance of traditional plastic-
based packaging, but also to add value in terms of active preservation, food safety, and
sustainable waste valorization, aligning with circular-economy goals (Castro-Dominguez et al.,

2025; Periyasamy et al., 2025).



1.2 Phenolic Compounds: Chemical Diversity and Functional Roles

Phenolic compounds have garnered significant attention from the scientific community due to
their widespread presence in plants and other natural sources, as well as their well-established
antioxidant and antimicrobial properties, among others. These properties have spurred interest
in phenolic compounds across a variety of sectors, including functional foods, pharmaceuticals,
agriculture, and sustainable materials, particularly in the realm of food packaging. In this
context, they are increasingly being incorporated into active packaging films, where their
multifunctional properties are exploited to improve the shelf-life and quality of food products.
The inclusion of phenolic compounds in food packaging may also contribute to the

development of more sustainable and eco-friendly packaging solutions.
1.2.1. Chemical Diversity of Phenolic Compounds

Phenolic compounds are characterized by the presence of one or more hydroxylated aromatic

rings and include a wide range of substances such as:

Phenolic acids

e Flavonoids

o Stilbenes

e Lignans

e Phenolic polymers include lignin and tannins (hydrolyzable and condensed).

These diverse structures correspond to different sources and bioactivities, enabling broad
applications in packaging systems with specific functional attributes (Table 1) (Singh et al.,

2022).



Table 1.1 Classification, basic skeleton and main sources of phenolic compounds.

Phenolic Basic .
Compounds Skeleto Main Sources References
n
Berries, herbs, cacao, grapes, green and black tea, b 1 2019:
Flavonoids C6-C3-C6 citrus fruits, spinach, soybeans, olives, cherries, urazzo et a:., ?
. Albuquerque et al., 2021
red wine
) Not uniquely . .
Tannins Tea, coffee, chocolate, berries, apples, wine Albuquerque et al., 2021
defined
Berries, persimmon, apple juice, grape,
L C6-C-1 and .
Phenolic acids C6.C-3 mustard, orange, rye, coffee, mushrooms, Manessis et al., 2020
o propolis, tea, wine
) Oilseeds such as flaxseed, sesame, legumes, whole o
Lignans C6-C-3 . . Sangiorgio et al., 2023
grains, berries
) Grapes, pine, almond, peanuts, sorghum,
Stilbenes C6-C-2-C6 berri . Durazzo et al., 2019
erries, wine
o ) ) . Faustino et al., 2010;
Lignins C-6-C3)n Spruce, jute, cotton, hemp, pine, birch

Bouzon et al., 2005

1.2.2. Functional Roles of Phenolic Compounds in Food Packaging
1.2.2.1. Antioxidant Properties

Phenolic compounds play a crucial role in active food packaging by preventing oxidation, a
primary factor responsible for food nutrient loss, discoloration, and degradation of sensory
attributes such as taste and aroma. Phenolic compounds exhibit antioxidant activity through
several complementary mechanisms, enabling them to effectively protect food products and

extend shelf life.

One of the primary mechanisms is radical scavenging through donation of hydrogen atoms or
electrons to neutralize hydroxyl (“OH), superoxide (O;~), and peroxyl radicals, thereby
interrupting chain reactions that lead to oxidative deterioration (Zhao et al., 2019; Martillanes
et al., 2017). The marked antioxidant properties of phenolic compounds may be ascribed in
part to their structural features. Most natural phenolic compounds possess multiple hydroxyl

groups on aromatic rings contributing to stabilization of the radical intermediates formed



during electron or hydrogen donation (Ordofez et al. (2022); Singh et al., 2022). Additionally,
phenolic compounds may react with lipid hydroperoxides converting them into stable, non-

radical species, minimizing further oxidation (Singh et al., 2022).

Another critical mechanism underlying the antioxidant properties of phenolic compounds is
metal chelation. Transition metals, especially iron, catalyze radical-forming reactions such as
the Fenton reaction, which generates reactive hydroxyl radicals. By forming stable complexes
with these metals, phenolic compounds prevent them from participating in these reactive
pathways (Feng ef al., 2023). This chelating ability is particularly valuable in food systems

where trace metals often accelerate spoilage.

Practical applications of these mechanisms have been confirmed in biodegradable films and
coatings. Flavonoids and phenolic acids derived from natural sources such as green tea
(catechins, epicatechin gallate) and rosemary (gallic acid) have been successfully incorporated
into edible films to protect nuts, seeds, and meats against oxidative spoilage (Singh et al.,2022;
Martillanes et al.,, 2017). By maintaining nutritional integrity and sensory quality, phenolic
compounds serve as highly effective natural antioxidants, supporting the development of

sustainable and functional active food packaging materials.

1.2.2.2. Antimicrobial Activity

The antimicrobial activity of phenolic compounds involves multiple mechanisms targeting the
structural and functional integrity of microbial cells. Phenolic compounds may disrupt bacterial
cell walls and membranes through hydrogen bonding and hydrophobic interactions, leading to
increased permeability and leakage of cellular contents (Bae et al., 2022). They interfere with
critical bacterial enzymes and proteins essential for replication, metabolism, and virulence,
effectively inhibiting bacterial growth (Fig. 1) (Bae et al., 2022). Additionally, phenolic
compounds may chelate metal ions such as iron and copper, which are vital cofactors for

microbial enzymatic activity and proliferation, thereby limiting microbial growth (Singh
8



et al., 2023; Sultana et al., 2024). This multifaceted action restrains the proliferation of
foodborne pathogens and spoilage microorganisms, making phenolic compounds potent
antimicrobial agents in food preservation. For instance, chitosan-based coatings enriched with
phenolic extracts from pomegranate peel and olives have effectively inhibited fungal growth
and bacterial spoilage, successfully extending the shelf life and sensory quality of meat
(Basumatary et al., 2022). By disrupting biofilm formation, interfering with quorum sensing,
and targeting microbial metabolism, phenolic compounds offer a natural, broad-spectrum
antimicrobial strategy suitable for enhancing food safety and extending product shelf life (Bae

et al., 2022; Satchanska, G. 2022; Singh et al., 2023).

Destruction of cell wall and membrane | Inhibition of various enzyme activities
H
i
i

Inhibits cell wall biosynthesis }\1‘ | Inhibition of DNA and

RNA Synthesis
4 EGCG
*S. aureus etc. 4 Myricetin
4 Robinetin

4 (-)-epigallocatechin
4 p-coumaric acid
4 Catechin

*S. aureus etc.

Inactivation of LPS X ]

4 Proanthocyanidins
*S. aureus etc.

g
4 Coumarin
y 4 Quercetin
/ 4 Catechin
V4 4 EGCG
/ 3 *S. aureus etc.
Inhibition of Cell Membrane Function / . .
(Change in Cell Membrane Permeability) //// ® Inhibition of Enzyme Activity
@ Proanthocyanidins P 4 Kaempferol-3-rutinoside
*S aGureus etc" Pore Formation, Leak Intracellular Components 4 Quercetin
4 Catechin
4 Ferulic acids ¢ Tannin
4 Gallic acids *S. mutans, B. subtilis, S. faecalis, S. choleraesuis, E. faecium etc.

4 p-coumaric acid
* E. coli, P. aeruginosa, S. aureus, L. monocytogenes etc.

an
Peptidoglycan Cell Wall Cytoplasm @  Polyphenols /'_:\v; Enzyme x Inhibit Binding m Bacterial DNA ¥/ DNA gyrase

M
Lipopolysaccharide Layer (LPS) o Liposome ATP Small Molecules ‘b\ Cell Membrane Proteins Mﬁ Phospholipid Bilayer

Fig. 1.1 Schematic illustration of antibacterial mechanisms of polyphenols against foodborne
pathogens (based on Bae et al., 2022).

1.2.2.3. UV Protection

Phenolic compounds may act as effective natural UV radiation blockers in food packaging due
to their conjugated aromatic structures, which enable them to absorb UV-A and UV-B light,
thereby preventing photooxidation that can lead to degradation of color, texture, flavor, and

nutrients in food (Fig.2) (Pan et al., 2024). In addition to absorbing UV radiation, phenolic

9



compounds also act as antioxidants, scavenging radical species generated by UV-induced
reactions and further protecting the food from oxidative damage (Hu et al. 2017; Farjadmand

et al. (2021). Phenolic compounds have been therefore incorporated into biopolymer matrices,

such as poly(vinyl alcohol) (PVA) and chitosan, to enhance UV protection while maintaining
the film's transparency and structural integrity, making phenolic compounds-enriched
packaging an eco-friendly alternative to synthetic UV blockers (Viscusi, 2024). This
integration not only supports the protective role of the packaging but also contributes to the
sustainability of the packaging industry by offering a natural, efficient solution without

compromising on the aesthetics or performance of the packaging (Mushtaq et al., 2025).

Reflected

[

| \ radiations ;
|

| \ / ;

I

I b Heat j

. 1

A4
Light energy - - - '/ l
- W b 4 -

Absorption of photon energy

through electron transfer
@ VvV @

Meat product ._—\-_@ Lignin Lignin Lignin
Incorporated lignin iy S 'Y

particle in packaging 0
film

PACKAGING POUCH

Fig. 1.2 Mechanism for preventing photooxidation by lignin as a natural UV radiation blocking agent
in food packaging applications.

1.2.2.4. Enhancement of Film Mechanical Properties

Phenolic compounds may act as natural, multifunctional crosslinkers in biodegradable food
packaging films. They may form covalent bonds, hydrogen bonds, and/or establish electrostatic
interactions with polymer matrices, which increase the crosslink density and significantly
enhance mechanical properties like tensile strength, stiffness/ductility, and thermal stability.
These crosslinking interactions also reduce water vapor and oxygen permeability, improving

film barrier properties, which are crucial for food shelf-life extension (Table 2).
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Table 1.2 Effects of Phenolic Compounds on Crosslinking and Mechanical Enhancement in

Biopolymer Food Packaging Films

Phenolic

Barrier &

Compound / Crosslinking Mechanical Morpholo Additional Key
b Mechanism Enhancement OB Functionalities References
System y Effects
Hydrogen
bonding and
Choi et al.
spontaneous : i
idati Higher Higher film Antioxidant 2018; Singh
oxidation under o "
. density; lower L ) )
basic tensile antimicrobial etal., 2022;
water-vapor h
Tannic acid conditions, strength and ermeability: and Hamzah et
generating modulus; p d ’ UV-protective al.,, 2024;
increa .
quinone groups stiffer, more c Csialsl?ni functions Singh et al.,
i
that react with rigid films R i 2024
amino groups
Oxidative
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Phenolic compounds are thus positioned as multifunctional natural additives in the
development of sustainable, active packaging materials that meet consumer demands for
minimally processed, safer foods, with longer shelf stability. Their wide occurrence in easily

available, low cost sources such as agri-food waste and by-products further contribute to their

increasing exploitation in a circular economy perspective.
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1.3 Phenolic Compounds Sources and Sustainable Extraction Techniques

Phenolic compounds have traditionally been sourced from fruit, but there is increasing interest
in using agro-industrial by-products such as grape pomace, citrus and apple peels, and nutshells
as low-cost, underutilized sources of these bioactive compounds (Zhou et al., 2023; Sahu,
2025). These by-products are rich in flavonoids, tannins, and phenolic acids, which can be
valorized for use in various industries. A prominent role in terms of sustainability is played by
lignin, which is particularly abundant in lignocellulosic agri-food byproducts such as wheat
straw, wheat bran and distiller's grain, spent coffee grounds from the industrial production of

soluble coffee, sawdust and other wastes from the wood industry (Panzella ef al., 2020).

To optimize extraction while minimizing energy and solvent toxicity, green methods like
Ultrasound-Assisted Extraction (UAE) and Microwave-Assisted Extraction (MAE) are
commonly used (Table 3). UAE enhances solvent penetration by using acoustic cavitation,
while MAE uses microwave-induced heating to rapidly release phenolics, reducing extraction

time and solvent consumption (Martinez et al., 2019; Zhang et al., 2020).

Natural Deep Eutectic Solvents (NADES) have become a key green alternative for extracting
phenols. These solvents are composed of a hydrogen-bond acceptor (e.g., choline chloride) and
a hydrogen-bond donor (e.g., polyols, sugars, or organic acids), forming a eutectic mixture that
enhances phenolic compound solubilization (Ferreira et al., 2024; Bonacci, et al., 2020).
NADES may provide extracts with improved yields and antioxidant properties compared to
traditional solvents. For example, NADES extraction from wild thyme increased polyphenol
content and antioxidant capacity compared to conventional methods (Pavli¢ et al., 2022), and
in the case of Toona sinensis seeds, NADES composed of choline chloride and oxalic acid
extracted up to 32.58 mg gallic acid equivalents (GAE)/g dry weight, outperforming ethanol

and water (Wang et al., 2023).
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NADES are particularly effective for extracting phenols from agri-food by-products,

supporting sustainable practices and a circular economy approach (Jiang et al., 2024).

However, challenges remain in scaling up the process, including solvent viscosity, recovery,

and regulatory compliance (Table 3) (Sahu, 2025; Zhou et al., 2023).

Table 1.3. Some Examples of Sustainable Phenolic Compound Recovery Methods

Waste Extraction Solvent Yield (mg GAE/g Reference(s)
Source Method Composition of dry weight)
Pomegranate UAE 50-70% ethanol in Up to 8923 mg Huang et al.,
peel water /100g 2025
Almond MAE Ethanol/water, 200— Bernini et al.,
shell, grape DES 300mg/100 g 2024; Mir-
skin Cerdaetal.,
2024
Broccoli DES Choline chloride— 5.1 mg/g Huang et al.,
stem, onion urea, cholinne 2025; Mir-
leaves chloride-propylene Cerdaetal.,
glycol 2024;
Rodrigues et
al., 2025
Spent coffee DES Betaine:triethylene 30 mg/g Rodrigues et
grounds glycol, choline al., 2025; Mir-
chloride:1,2- Cerda et al.,
propanediol 2024

GAE: Gallic acid equivalents

1.4 Natural and biodegradable polymers for developing active food

packaging

Food packaging has traditionally relied on petroleum-based polymers such as polyethylene (PE),

polypropylene (PP), polyethylene terephthalate (PET), polystyrene (PS), and polyvinyl chloride

(PVC). These materials exhibit excellent mechanical strength, barrier properties, and ease of

processing (Mafe et al., 2024). They effectively protect food products, ensuring extended shelf

life and quality retention. However, the non-biodegradability of these materials,
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their origin from finite fossil resources, and their contribution to plastic pollution have raised
significant environmental concerns. This has prompted a global search for sustainable
alternatives (Yin, 2024). Biopolymers derived from renewable sources, such as starch, cellulose,
gelatin, and chitosan, have gained importance due to their biodegradability and biocompatibility
(Ullah & Ahmed, 2025; Cazon, et al., 2025). Alongside these, biodegradable synthetic polymers
like poly (lactic acid) (PLA), polyhydroxyalkanoates (PHAs), poly(vinyl alcohol) (PVA),
poly(butylene succinate) (PBS), and polycaprolactone (PCL) have been widely exploited. These
alternatives are designed to offer mechanical and barrier properties that are competitive with

traditional plastics (Rahman Khan ef al., 2024; Ullah & Ahmed, 2025).

The convergence of natural polymers and/or biodegradable synthetic polymers, and active
additives such as phenolic compounds has contributed to the design of sustainable active food
packaging systems (Cazon et al., 2025), able to interact with food or its environment to enhance

shelf life and safety.

1.5 Aim of the PhD work

Within the context briefly described in the previous paragraphs, the main aim of this PhD work
was an in-depth and systematic analysis of the effects of different additives, with a particular
focus on phenolic compounds, on the performance of films intended for food packaging to
provide data that could guide the selection of the specific combinations to obtain films with

specific properties.
In particular, the following activities were performed:

a) Comparative study of the effects of (nano)lignin or lignin-silver nanocomposite on the

functional and physicochemical properties of PV A-(nano)chitosan films
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b) Functionalization of films of PVA blended with different biopolymers with phenolic-
rich extracts from Lemna minor leaves
c) Evaluation of the effects of phenolic-rich extracts prepared by use of deep eutectic
solvents on the properties of biopolymer-based films.
Part of the work described under the research lines a) and b) was carried out during a three-
month stage at Université de Technologie de Compiegne in France, whereas part of the research
activity c) was performed during a four-month stage at Yonsei University in South Korea. Lemna
minor sample was provided by Prof. Ferranti from the Department of Agricultural Sciences of
University of Naples Federico II in the frame of National Recovery and Resilience Plan (NRRP)
project funded by the European Union - NextGenerationEU “ON Foods - Research and
innovation network on food and nutrition Sustainability, Safety and Security — Working ON

Foods™.
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General Introduction

The ongoing transition towards sustainable and multifunctional food packaging materials has
catalyzed significant research into advanced, possibly biodegradable, polymer films, with poly
(vinyl alcohol) (PVA)-based systems at the forefront due to their favorable physicochem- ical
and processability profiles. Actually, modern packaging not only requires biodegradability but
also the integration of active functions, such as antioxidant and antimicrobial properties, water
barrier performance, and enhanced optical properties, all attributes crucial for prolonging food
shelf life and ensuring food safety. Within this paradigm, the blending of PVA with nat- ural
polymers and plant-derived extracts, as well as their nanoscale counterparts, has emerged as an

effective strategy to impart multifunctionality and optimize material properties.

This chapter explores two complementary lines of investigation focused on PVA-based films:
one centered on the comparative roles of bulk and nanosized chitosan and lignin additives, and
the other examining composite films embedded with duckweed (Lemna minor) leaf extract
alongside bulk and nano-chitosan. These approaches fall into a broader scientific effort to ra-
tionalize the effects of functional components, whether natural extracts, polymers, or their na-
noparticles, on morphology, barrier effects, and functionality of biopolymer-based films in-
tended for food packaging. By systematically evaluating films for their morphological, optical,
mechanical, thermal, antioxidant, and antibacterial characteristics, the studies described herein
aim to clarify the additive, synergistic, or detrimental effects achieved through bio-based and

nanocomposite formulations.

Part of this study was performed during a three month- stay at Université de Technologie de

Compiegne in France under the supervision of Prof. Erwann Guénin.
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Chapter 2

2.1 Effects of (nano)chitosan and (nano)lignin on the morphological,
mechanical and functional properties of poly (vinyl alcohol) films intended

for food packaging

2.1.1. Introduction

The need to replace traditional, non-degradable plastics derived from fossil fuels with environ-
mentally friendly alternatives is becoming increasingly urgent. This global concern has inten-
sified research into biodegradable biopolymers for various applications, especially in food
packaging (Tammina ef al., 2025; Debeaufort et al., 2025; Prasad et al., 2025). However, many
biopolymers present some drawbacks such as low mechanical strength and high sensitivity to
environmental conditions. Efforts have therefore focused on the development of films based
on blends of different biopolymers (Choi et al., 2024; Deng et al., 2024; Pesaranhajiabbas et
al., 2023), nature-based plasticizers (Vieira et al., 2011; Mehrabi Mazidi et al., 2024), and/or
nanoreinforcements (Rhim & Ng, 2007; Hoyos-Merlano et al., 2022; Rhim et al., 2013), which

can improve specific properties for packaging purposes.

Poly(vinyl alcohol) (PVA) is widely recognized for its outstanding film-forming capability,
mechanical performance, gas barrier properties, solvent resistance, and biocompatibility, mak-
ing it highly suitable for applications not only in food packaging, but also in biomedical de-
vices, household products, and construction materials (Suganthi et al., 2020; Panda et al., 2022;
Sobhiga et al., 2024). However, the high moisture sensitivity and relatively slow biodegrada-
tion rate limit its independent application, prompting the development of PVA-based compo-
sites, involving the use of e.g., starch, (nano)cellulose, gelatin (Deng ef al., 2024; Sobhiga et

al., 2024; Fortunati ef al., 2013; Zhuang et al., 2025; Abdullah et al., 2019), and particularly
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chitosan (Haghighi et al., 2020; Mathew et al., 2025), and (micro/nano)lignin (Chen et al.,

2025; Han et al., 2024; Sun et al., 2026; Odili et al., 2025; Wang et al., 2018).

Chitosan, a biopolymer derived from the deacetylation of chitin from crustacean shells, is well
known for its film-forming ability, biodegradability, biocompatibility, and intrinsic antimicro-
bial properties (Gomes et al., 2021; Olunusi et al., 2025; Stachowiak et al., 2020). When
blended with PV A, chitosan may contribute to form a more compact polymer network via hy-
drogen bonding, leading to improved tensile strength, reduced permeability, and enhanced
moisture resistance—essential characteristics for preserving e.g, food quality. Furthermore,
chitosan may contribute antimicrobial activity, providing active protection in food packaging
systems (Haghighi et al., 2020; Mathew et al., 2025; Stachowiak et al., 2020; Irmukhametova

et al., 2025; Abraham & Soloman, 2016; de Souza Costa-Junior ef al., 2009).

Lignin, a naturally occurring phenolic polymer, has emerged as another promising additive for
conferring antioxidants, UV-Vis blocking, and antimicrobial properties to biopolymer-based
films for active food packaging applications (Boarino & Klok, 2023; Las-Casas ef al., 2025;
Marcoaldi et al., 2025; Monteiro ef al., 2021). In addition, it has been reported to acts as a
nucleating agent in PVA-based films, improving mechanical properties, thermal stability, and
crystallinity, particularly when used at the nanoscale, enabling stronger interaction with the
PVA matrix (Chen et al., 2025; Han et al., 2024; Sun et al., 2026; Odili et al., 2025; Wang et

al., 2018; Priyadarshi et al., 2024; Yang et al., 2018; Yang et al., 2016; Zhang et al., 2025).

Recent studies have specifically explored the use of (nano)lignin in PVA—(nano)chitosan films.
The interaction between the phenol groups in lignin and amino groups in chitosan have been
reported to foster the development of cohesive networks, enhancing both structural integrity
and functional performance. In addition, the combined antimicrobial effects of chitosan and
lignin, especially against Gram-negative bacteria such as E. coli, have been reported to enhance

food safety (Yaneva et al., 2022; Li et al., 2024; Wu & Zhao, 2025).

24



Nanochitosan and lignin nanoparticles, in particular, may offer notable advantages over their
bulk counterparts when integrated into PVA films, allowing better dispersion and stronger in-
teractions, resulting in elevated barrier and functional properties (Zhang et al., 2019; Zhang et
al., 2025). However, a systematic approach aimed to investigate and rationalize the effects of
chitosan and lignin nanoparticulation on PVA film properties is apparently lacking in the liter-
ature. Starting from this scenario, this study was directed to the preparation and characteriza-
tion of multifunctional PV A-based films by incorporating chitosan and lignin or their nanoforms
to investigate the effects of nanoparticulation and synergism of the additives on the film
physicochemical and functional properties for the development of biocompatible active food

packaging material.

2.1.2 Experimental

2.1.2.1. Materials

Poly(vinyl alcohol) (PVA; MW 124-146 kg/mol, 99% hydrolyzed), glycerol (=99%), chitosan
(CH) from crab shells (low molecular weight, 75-85% deacetylation), alkali lignin (LIG), sodium
acetate (>99%), 2.,4,6-tris(2-pyridyl)-s-triazine (TPTZ, >98%), iron(IIl) chloride hexahydrate
(FeCl3-6H20, >97%), copper(Il) chloride (CuCl:, >97%), neocuproine (>98%), hydrogen
peroxide solution (30% w/w), (HCl, >37%), sodium hydroxide (NaOH, >98%), sodium
metabisulfite (Naz2S20s, >97%), dimethyl sulfoxide (DMSO, >99.5%), sodium acetate trihydrate
(>99.0%), glacial acetic acid (CHsCOOH, >99.5%), and ammonium acetate (>98.0%) were
purchased from Sigma-Aldrich (Milan, Italy).. Ethylene glycol (>99%), ethanol (96% v/v), nitric
acid (HNOs, 67-69%), glacial acetic acid (100%), and sodium tripolyphosphate (TPP, >98%)
were sourced from Thermo Fisher Scientific (Waltham, MA, USA). All chemicals were used as

received without further purification.
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2.1.2.2. Preparation of lignin nanoparticles (LNPs)

A 2.5% w/w lignin solution was prepared by dissolving 1 g of LIG in 40 g of ethylene glycol with the aid
of a rotor-stator homogenizer at 5000 rpm for 30 min. Then, 12 mL of 0.05 M nitric acid were added
dropwise, and the solution was sonicated for 1 h at 20 kHz while taking an ice bath. The solution was
dialyzed in deionized water for 4 days, changing the water 4 times a day for the first 3 days. Finally, the
LNPs solution was freeze-dried at —80°C for 4 days to obtain solid nanoparticles (Zhang et al., 2022).

2.1.2.3. Preparation of nanochitosan (NCH)

0.6 g of acetic acid were added to 100 mL of water and the mixture was stirred for 10 min at 2000 rpm
at room temperature. Then, 0.5 g of CH were added, and the mixture was stirred at 8000 rpm for 5 h, until
CH was completely dissolved. Next, 10 mL of a 0.05 g/mL TPP solution in distilled water were added
dropwise to the solution, and stirring continued for 30 min. The solution was then ultrasonicated at 20

kHz for 1 h and maintained at 4 °C (Pinem et al., 2020).

2.1.2.4. Preparation of PVA-based films

6 g of PVA were added to 50 mL of distilled water, and the mixture was taken under stirring at
80°C for 6 h until a clear solution was obtained. To remove air bubbles, the solution underwent
sonication at 20 kHz for 30 min. Control films were prepared without the addition of lignin,
chitosan, or their nanoparticle counterparts. For film casting, 3 mL of the solution were poured
into a 9 cm Petri dish and dried at 45 °C for 24 h. For blended films, the same process was
followed, with the addition of 2.5 mL of glycerol and other additives after PVA dissolution
(Table 2.1), followed by an extra 30 min of stirring. Two different batches were formulated:
batch B (bulk form) contained PVA, glycerol, CH, and LIG, and batch N (nanoform), in which

CH was replaced with NCH and lignin was replaced with LNPs.
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Table 2.1. PVA-based film formulations adopted in the present study.

Code Formulation PVA Glycerol CH/NCH LIG/LNPs
(%ow/w) (Y%ow/w) (Y%ow/w) (Yow/w)

A PVA 100

Al PVA/Glycerol 98 2

Bl PVA/Glycerol/LIG 92 2 - 6

B2 PVA/Glycerol/CH/LIG 88 2 4 6

N1 PVA/Glycerol/NLPs 92 2 - 6

N2 PVA/Glycerol/NCH/NLPs 88 2 4 6

2.1.2.5. Nanoparticles characterization

The hydrodynamic diameter and zeta potential of the nanoparticles were characterized by DLS
using a Malvern Panalytical Zetasizer Ultra. The morphology of the nanoparticles was
characterized by TEM (JEOL, JEM-2100F) at an acceleration voltage of 200 kV, by dispersing
the samples in ultra-pure water and depositing them on carbon-coated copper grids. NMR spectra
of LIG and LNPs were recorded in DMSO-ds at 400 MHz on a Bruker 400 MHz spectrometer.
UV-Vis spectra of DMSO solutions of LIG and LNPs after dilution in methanol were recorded

on a Jasco V-730 spectrophotometer.

Chemical degradation of LIG and LNPs was performed as previously described (Venezia et al.,
2024; Grappa et al., 2024; Gomez-Cruz et al., 2025). Briefly, 10 mg of each sample were treated
under stirring for 24 h with 1 mL of 1 M NaOH and 50 pL of 30 % hydrogen peroxide. Then, 200
uL of a 5 % w/v aqueous solution of Na»S>0s were added, and the solution was taken to pH 3
with 6 M HCI and filtered on a 0.45 um polyvinylidene fluoride (PVDF) filter. Finally, the
mixture was analyzed by LC-UV- MS in positive ion mode on an Agilent LC-MS ESI-TOF
1260/6230DA instrument equipped with a UV detector set at 254 nm under the fol- lowing
conditions: capillary voltage 3500 V; drying gas (nitrogen) 5 L/min, 325 °C; fragmentor voltage

175 V; nebulizer pressure 35 psig.
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An Agilent Eclipse Plus ODS column (150 x 4.6 mm, 5 um) was used, and a gradient elution
at a flow rate of 0.4 mL/min was performed using 0.1 % formic acid (solvent A)/methanol
(solvent B): 5 % B, 0—10 min; from 5 to 80 % B, 10—47.5 min.

2.1.2.6. Characterization of the physicochemical properties of the films

The morphology and thickness of the composite films were characterized by SEM using a
JEOL JEM-2100F at an acceleration voltage of 200 kV. To enhance conductivity, all film
samples were gold-coated prior to observation and analysis.

IR analysis was performed using a ThermoScientific Nicolet iS5 FTIR equipped with a
horizontal reflection ATR accessory including a germanium crystal. The background was
recorded under ambient conditions without the sample. IR spectra were recorded in the
wavenumber range 600-4000 cm™, with 16 scans collected at a nominal resolution of 4 cm™.
The spectra were recorded in triplicates, and the resulting curves were averaged.

Moisture content, swelling degree, and total soluble matter were determined gravimetrically
using a three-step method. Briefly, square-shaped film samples (1 cm?) were weighed on an
analytical balance with a precision of 0.0001 g to obtain the initial mass (M1). In the first step,
the samples were dried at 105 °C for 24 h to determine the initial dry mass (M2). In the second
step, the oven-dried samples with a known M: value were separately immersed in water (30
mL) and left at room temperature for 24 h, after that any excess water not absorbed by the film
specimens was removed using paper wipes, and the samples were weighed again to obtain the
wet mass of the film (Ms). In the final third step, the samples were dried once more at 105 °C
for 24 h to determine the final dry mass (Ma).

All experiments were performed in triplicates. Moisture content, that is the percentage of mass
loss due to water evaporation after drying the samples at 105 °C for 24 h, was calculated using
Eq. (1). Swelling degree, that is the percentage of mass gain resulting from water absorption

after immersing the dry samples in water for 24 h, was determined using Eq. (2). Total soluble
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matter, defined as the percentage of the film dry matter solubilized after 24 h of immersion in

water, was calculated using Eq. (3) (Apriliyani et al., 2020; Kowalczyk et al., 2015).

Moisture content (%) = (M1 - M>)/M; * 100 (1)
Swelling degree (%) = (M3 - M>)/M> * 100 )
Total soluble matter (%) = (M> — M4)/M> * 100 3)

The color of the films was determined using a CR-400 colorimeter (Konica Minolta). A white
plate was used as the standard (L =93.25,a=0.19, b=3.95), against which the color difference
(AE) was calculated according to Eq. (4), where L*, a*, b* represent the tendency towards

whiteness, from green to red and from blue to yellow, in that order.

AE =V(L*|L)? + (a*|a)? + (b*|b)? “4)

The transmittance and opacity of the prepared films were determined with a Jasco V-730 spec-
trophotometer. Film samples were cut into 1 cm % 4 cm dimensions and transmittance was
measured. Absorbance values at 600 nm (Absso0) were recorded, and opacity was calculated

using Eq. (5) (Riaz et al., 2018).

Opacity =Abseoolfilm thickness (5)
The mechanical properties of the prepared films, including tensile strength and elongation at
break were determined by Prof. Endarto Wardhono (University of Sultan Ageng Tirtayasa,
Indonesia) using a Zwick/Roell universal testing machine according to the ASTM D 638
standard method. The films were cut into appropriate specimen dimensions with a consistent
width of 2.4 cm and positioned between the grips of the testing machine with an initial grip-to-
grip separation of 30.00 mm. The test was conducted at a constant speed of 200 mm/min under
ambient conditions, and a pre-load of 0.1 MPa was applied to ensure proper gripping and
alignment of the specimens. Tensile strength and elongation at break were calculated based on

the recorded stress-strain data. The stress (MPa) was measured as the force per unit area, and
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the elongation (%) was calculated as the percentage increase in length of the specimen at the
point of fracture relative to the original length. The results from three specimens were averaged
to obtain the mean values for tensile strength and elongation at break.

The thermal properties of the prepared films were tested by Dr. Michaél Lefebvre (Université
de Technologie de Compiégne, France) using DSC 2500 TA Instruments. The analysis were
carried out between 0°C and 400°C with a ramp of SK/min with a nitrogen flow rate of 50
mL/min.

2.1.2.7. Antioxidant property characterization

A 1 cm? film sample was added to the ferric reducing/antioxidant power (FRAP) or cupric
reducing antioxidant capacity (CUPRAC) assay solution at a 2.8 mg/mL dose, and the absorb-
ance of the solution was periodically monitored over time. The FRAP assay solution was pre-
pared using 0.3 M acetate buffer (pH 3.6), 1.7 mM FeClz. 6H,O in distilled water, and 0.83 mM
TPTZ in 40 mM HCI solution in a 10:1:1 v/v/v ratio. The reducing power was evaluated by
measuring the absorbance at 593 nm (Benzie & Strain, 1996). The CUPRAC assay solution was
prepared by mixing 1 M ammonium acetate buffer (pH 7.0), 10 mM CuCl: in distilled water,
7.5 mM neocuproine in ethanol, and distilled water in a 1:1:1:1 v/v ratio, and the reducing
power was evaluated by measuring the absorbance at 450 nm (Apak et al., 2004). Control

experiments were carried out under the same conditions but without the films.

In separate experiments the FRAP and the CUPRAC assay were performed on LIG and LNPs.
Briefly, 2-15 pL of a 10 mg/mL DMSO solution of each sample were added to 2 mL of the
FRAP or CUPRAC assay solution and after 10 min under stirring the absorbance at 593
(FRAP) or 450 (CUPRAC) nm was measured. Results were expressed as Trolox egs.

2.1.2.8. Antibacterial activity characterization

The characterization of the antibacterial activity of the films was run by Prof. Angela Arciello
and her staff at the Department of Chemical Sciences of University of Naples Federico II.
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2.1.2.8.1. Bacterial strains and culture conditions

Bacterial strains Salmonella enterica serovar Typhimurium ATCC® 14028, Salmonella
enterica serovar Enteritidis 706 RIVM, and Enterococcus faecalis ATCC® 29212 were
cultured in Muller-Hinton Broth (MHB, Becton Dickinson Difco, Franklin Lakes, NJ, USA)
and on Luria-Bertani Agar (LBA; tryptone 10 g/L, yeast extract 10 g/L, sodium chloride 5 g/L).
For all experiments assessing the antimicrobial activity of air-dried PV A-based film, bacterial
cells were inoculated into MHB and incubated overnight at 37 °C. The following day, cultures
were transferred to fresh MHB and grown to the mid-logarithmic phase.

2.1.2.8.2. Evaluation of bacterial growth inhibition

To assess cell viability, bacterial cells were diluted into 0.5% MHB to approximately 2 x 10°
CFU/mL. A 500 uL aliquot of the bacterial culture was placed onto a 1 cm? square of each
tested film and incubated at 37 °C overnight. The following day, the cultures were diluted in
0.5 MHB medium and plated on LBA to perform the colony counting.

2.2.2.9. Statistical analysis

Statistical analysis was performed by using a student’s t-Test. Significant differences were
indicated as *(P <0.05), **(P <0.01) or ***(P <0.001).

2.1.3 Results and discussion

2.1.3.1. Lignin nanoparticle (LNPs) and nanochitosan (NCH) preparation and characterization

LNPs were prepared starting from commercially available alkali lignin by the ultrasonic dial-
ysis freeze drying method (Zhang et al., 2022). NMR, UV-Vis, and chemical degradation anal-
ysis indicated the lack of significant chemical modifications induced on lignin by the approach
adopted for nanoparticle formation. The alkaline hydrogen peroxide degradation adopted in this
study is commonly used for the analysis of insoluble and structurally complex phenolic polymers

such as melanin pigments and lignins, and is based on the identification of highly
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structure-specific chromatographable markers resulting from the oxidative breakdown of the
polymer (Venezia et al., 2024; Grappa et al., 2024; Gomez-Cruz et al., 2025; Panzella et al.,
2012). LC-UV-MS profiles of the alkaline hydrogen peroxide degradation mixture of LIG and
LNPs (Fig. 1a) were quite completely superimposable and were characterized by the presence
of a main peak eluted at approximately 32 min identified as vanillic acid, a typical marker of
non-cross-linked guaiacyl units in lignin samples (Grappa et al., 2024). Similarly, no signifi-
cant differences between LIG and LNPs were observed by '"H NMR analysis. Indeed, both
samples exhibited a complex set of signals in the ranges 5.5-7.8 ppm (Fig. 1b), consistent with
the chemically heterogeneous and polymeric structure of lignin, although in the case of LNPs
these signals appeared less defined and broader, likely as a consequence of the aggregation
process underlying LNPs formation. On the contrary, the broad signal in the region 8.5-9.5
ppm attributed to the phenolic —OH groups were slightly more resolved in the case of LNPs
than in the LIG sample, possibly due to the higher specific surface area resulting in a greater

exposure of lignin functional groups, including phenolic hydroxyls.

Finally, UV-Vis analysis (Fig. 2.1c) confirmed the similarity in terms of chemical features of
LIG and LNPs, although the spectrum appeared more intense and lower scattering was

observed in the case of LNPs due to their higher solubility.
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Fig. 2.1 (a) HPLC profile of the alkaline hydrogen peroxide degradation mixtures, (b) 'H NMR spectra,
and (c) UV-Vis spectra of LIG and LNPs.

DLS analysis of LNPs revealed a Z-average hydrodynamic diameter of 114 + 11 nm with a
relatively high polydispersity index (PDI) of 0.62 + 0.07, indicating a broad size distribution
and suggesting the coexistence of both well-formed nanoparticles and aggregates, possibly due
to the inherent structural heterogeneity of lignin and different possibly occurring intermolecular
interactions between lignin functional groups. The zeta potential of —=37 + 1 mV confirmed in
any case good colloidal stability through electrostatic repulsion. In contrast, NCH synthesized
by a modified ionic gelation method (Pinem et al., 2020), exhibited a larger hydrodynamic
diameter of 246 + 22 nm but a lower PDI of 0.43 + 0.08, indicating a more uniform size
distribution. As expected, NCH carried a high positive surface charge with a zeta potential of
+40 + 1 mV, attributed to protonated amino groups, ensuring strong electrostatic stabilization

in aqueous medium.

TEM analysis (Fig. 2.2) provided visual confirmation of the DLS results for both nanoparticle
types. LNPs appeared predominantly spherical with core sizes ranging from 30 to 80 nm, which

were smaller than the DLS-reported sizes due to the absence of hydration layers in dry-state
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imaging, and were interspaced with irregular aggregates, particularly visible in lower-
magnification images. In contrast, NCH displayed more uniform spherical morphologies with

estimated core sizes between 50 and 150 nm.

(b)

Fig. 2.2 TEM images of (a) LNPs and (b) chitosan nanoparticles at various magnifications.

2.1.3.2. Poly (vinyl alcohol)(PVA)-based films preparation and  physicochemical
characterization

The PV A-based films were prepared by the solvent casting method using glycerol as a plasticizer
and lignin (LIG) or lignin nanoparticles (LNPs), and chitosan (CH) or nanochitosan(NCH) as
active/reinforcing agents (Table 2.1). The ATR-FTIR spectra revealed key insights into
molecular interactions among these components. The pure PVA film exhibited a broad O-H
stretching band between 3200-3600 cm™, characteristic of strong intra-chain hydrogen bonding,
with sharp C—O peaks at 1077 cm™ and 1412 cm™ reflecting ordered crystalline domains. Upon
adding glycerol, the O—H band broadened significantly, indicating intermolecular hydrogen
bonding between PVA chains and glycerol hydroxyl groups. However, no significant changes
were observed with the addition of lignin, LNPs, chitosan, or NCH. The FTIR spectra of the
lignin/LNP-containing films showed a shift in the O—H stretching band from ~3397 cm™ for pure
PVA to ~3298-3307 cm™!, suggesting an increase in hydrogen-bonded hydroxyl groups due to

interfacial association between PVA—OH and lignin/LNP oxygenated functionalities. This is
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consistent with prior reports of strong intermolecular hydrogen bonding in PVA-lignin systems
(Kubo & Kadla, 2003). The aliphatic C—H stretching bands near 2965-2954 cm™! persisted across
all samples, indicating retention of the aliphatic framework in PVA, with minor variations
attributed to conformational changes caused by blending and filler addition. For chitosan-
containing films, shifts in the ~1670—1550 cm™ region were observed, indicating contributions
from bound water and chitosan amide/amine vibrations. These shifts are typical indicators of
interaction and complexation in PVA-—chitosan systems (Kadir et al., 2011; Vicentini et al.,
2010). Overall, the FTIR data confirm that the PVA backbone remains intact after incorporating
lignin and chitosan, with the observed spectral changes indicating hydrogen bonding and

intermolecular interactions, which play a crucial role in the films physical and chemical

properties.
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Fig. 2.3 ATR-FTIR spectra of PVA-based films incorporating chitosan, lignin, and their nano formulations.
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The SEM micrographs reveal distinct morphological characteristics among the six films
formulated with various combinations of PVA, glycerol, (nano)chitosan, and (nano)lignin. The
neat PVA film (sample A, Fig. 2.4a and Fig. 2.4b) exhibited a smooth and uniform surface, while
the cross-sectional view showed a dense, compact structure with no visible pores or layering. The
PVA-glycerol film (Al, Fig. 2.4a and Fig. 2.4b) demonstrated a slightly rougher surface due to
plasticization, and its cross-section appeared more relaxed and loosely packed, with minor voids
emerging between layers. The B1 film (Fig. 2.4a and Fig. 2.4b), incorporating bulk lignin,
showed a somewhat uneven surface, while the cross-sectional morphology appeared moderately
porous with visible heterogeneity across layers, indicating limited miscibility. Film B2 (Fig. 2.4a
and Fig 2.4b), composed of bulk chitosan and lignin, displayed a coarser surface and evident phase
separation; the cross-section revealed a layered, less cohesive structure, pointing to poor
interfacial bonding between components. On the other hand, the N1 film (Fig. 2.4a and Fig.2.4b),
which contained LNPs only, exhibited a relatively smooth surface, and its cross-sectional image
showed a well- integrated, compact structure with fewer defects or separation between layers,
indicating improved dispersion. The N2 film (Fig. 2.4a and Fig. 2.4b), containing both LNPs
and NCH, showed the smoothest and most homogeneous surface morphology among all films.
Its cross-section confirmed a tightly packed, continuous internal structure with no noticeable
voids or phase separation, reflecting superior compatibility between the components at nanoscale
integration. Comparable thickness values were determined for all the films, although they
increased with additive inclusion, as seen e.g., for samples B2 (35.24 + 0.06 um) and N2 (35.66

+ 0.04 pum) compared to pure PVA (sample A) (33.90+ 0.06 um) (Table 2.2).
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Fig. 2.4b SEM cross-sectional images(200um) of the PVA-based composite films

Transparency is a critical characteristic of food packaging films, enhancing product visibility,
consumer trust, and quality assurance. As expected, however, the incorporation of chitosan and
especially lignin into the PVA-based composite films significantly influenced their optical
properties, including opacity and color, providing on the other hand a more efficient UV-Vis

blocking efficiency. In particular, an increase in opacity from 2.85 +0.13 mm™! for pure PVA
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(sample A) to 5.05+0.06 mm™' for N2 was observed (Table 2.2), which was attributed to light

blocking by lignin particles and other additives. Colorimetric analysis further supported this

trend. The overall color difference (AE) compared to a standard white plate increased signifi-
cantly from 10.80 = 0.03 in the case of pure PVA (sample A) to 26.23 £ 0.23 in the case of B2,
highlighting notable visual changes mainly due to the natural brownish hue of lignin, with a
very slight contribution from chitosan (see B1 vs B2). Notably, the use of nanoparticles led to
significant improvements over bulk additives, since films N1 and N2 exhibited lower AE val-
ues, indicating less color deviation compared to pure PVA films. In terms of UV-Vis blocking
performance, as expected films containing lignin showed a significant decline in transmittance,
especially in the range 200-350 nm, due to the UV-absorption properties of phenolic groups in
lignin (Zhang et al.,2025; Venezia et al.,2024) (Fig. 2.5). Indeed, while pure PVA (A) and PVA-
glycerol (A1) films allowed >85% visible light transmission with minimal UV shielding, lignin
incorporation reduced UV transmittance in the range 200-350 to below 1%. A significant lower
UVA (320-400 nm) transmittance was also observed, and visible transmittance was reduced to
40-70%. The film containing both lignin and chitosan in their nanoform (N2) demonstrated

superior visible radiation blocking performance-

Table 2.2 Thickness and optical properties of PVA-based films incorporating chitosan, lignin, and their
nanoformulations. Reported are the mean + SD values from three separate measurements.

Sample Thickness (um) Opacity (mm™) AE

A 33.90 £ 0.06 2.85+0.13 10.80 + 0.03
Al 34.60 = 0.02 2.99 +0.06 13.01 £0.03
B1 34.84 £0.05 3.24 £0.06 25.96 £0.15
B2 35.24 £ 0.06 3.93+0.08 26.23 £0.23
N1 35.45+0.05 3.42+0.07 19.18 £ 0.20
N2 35.66 + 0.04 5.05+0.06 20.93 £ 0.06
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Fig. 2.5 UV-Vis transmittance spectra of PVA-based films incorporating chitosan, lignin, and their

nanoformulations.

When PVA films are placed in a humid or water environment, swelling or even dissolution
occurs, which greatly limits its application. Therefore, it is necessary to modify PVA-based
films with proper components to improve water resistance to expand their application range
(Liu et al., 2022).The observed variations in water content, swelling degree, and solubility
across the samples observed in the present study (Fig. 2.6) can be rationally explained by con-
sidering the influence of lignin and chitosan and their nanocounterparts on the material prop-
erties. While not very significant differences were observed among the samples in terms of
moisture content, incorporation of glycerol as plasticizer dramatically reduced swelling degree
from 64% in the case of sample A to 25% in the case of sample Al. Moreover, the addition of
lignin, a hydrophobic component, reduced also the total soluble matter (as evident in particular
for sample B1 and N2). On the other hand, chitosan, which is hydrophilic, slightly increases
swelling degree, as observed in samples B2 and N2. Notably, when the nanocounterparts of
lignin and chitosan were used (sample N2), total soluble matter decreased to only 4%, likely
due to the improved dispersion of hydrophobic LNPs aided by the presence of NCH, resulting

in improved film structural integrity.
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Fig. 2.6 Moisture content, swelling degree, and total solubility of PVA-based films incorporating

chitosan, lignin, and their nanoformulations. Reported are the mean + SD values from three separate
experiments.

Food packaging films are required to maintain their integrity to withstand the stress that occurs
during handling, storage and shipping, so tensile tests were performed according to ASTM
D638 to evaluate the effects of LIG/LNPs and CH/NCH on the elastic-plastic response of the
PVA-based films. Pure PVA film (sample A) exhibited moderate stiffness (Young's modulus:
22.72 + 4.68 MPa) (Fig. 2.7) and the highest tensile strength (33.48 + 3.33 MPa) attributed to
its dense hydrogen-bonded crystalline domain, though limited chain mobility restricted its
elongation at break (147 + 18%). Plasticization with glycerol (sample A1) drastically reduced
the modulus and tensile strength, as glycerol disrupted crystalline packing, while elongation
remained comparable to pure PVA (Fig. 2.7). Incorporation of bulk lignin (sample Bl)
enhanced stiffness and elongation compared to Al sample (Fig. 2.7), likely due to lignin rigid
aromatic structure and additional hydrogen bonding, which dissipated stress more efficiently.
When bulk chitosan was combined with lignin (sample B2), tensile strength and elongation
improved slightly compared to sample B1, but modulus decreased (Fig. 2.7), indicating some
interfacial incompatibilities between lignin and chitosan in bulk forms that weaken the matrix.
Interestingly, no significant mechanical differences were observed between films containing

lignin in bulk or nanoform (in the presence or absence of NCH) (sample B1 vs Nland N2, Fig.
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2.7). Although the nanoforms improved film uniformity and thermal stability, the expected
reinforcement effect was offset by possible nanoparticle agglomeration, leading to mechanical
properties comparable to bulk formulations. This highlights that, unlike optical and barrier

properties, the mechanical response of PVA-based films is less sensitive to additive dispersion

scale.
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Fig. 2.7 Mechanical properties of PVA-based films incorporating chitosan, lignin, and their
nanoformulations. Reported are the mean + SD values (n =3) for (a) elongation at break (b) tensile
strength and (c) Young’s modulus.

DSC revealed distinct thermal degradation profiles for the different films, with onset
temperatures and peak morphology directly correlated to additive composition and dispersion
scale (Fig. 2.8 and Table 2.3). Pure PVA film (sample A) showed a sharp exothermic
degradation onset at 233 °C, consistent with its semicrystalline structure. Plasticization with
glycerol (sample Al) slightly increased thermal stability (Ts= 239 °C), whereas addition of
lignin and/or chitosan led to a decrease of Ty likely because of increased chain mobility of PVA

making its degradation easier. This effect was even more marked when nanolignin, especially
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when combined with nanochitosan, was introduced, as a consequence of the more efficient
embedding of the additives inside the polymer network. As expected based on these results, a
similar trend was observed when the T,, of the different films were compared. Indeed, as the
melting process is related to a phenomenon when chains of molecules break out of their orderly
arrangements and begin to move freely, the presence of lignin enhanced this process leading to
a decrease of the T,, values. Further information could be provided by determination of the

glass transition temperature (Tg) of the various films.
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Fig. 2.8 DSC thermograms of PVA-based films incorporating chitosan, lignin, and their nanoforms.
Table 2.3 Temperature of water evaporation (T.), onset of melting temperature (T,), and onset for

degradation temperature (T,) of PVA-based films incorporating chitosan, lignin, and their nanofor-
mulations.

Key Te Tn Ta
Sample Modifications (°C) (°O) (°C)
A Neat PVA 87.5 2122 233
Al + Gly 80.5 169 239
Bl +LIG 752 168 2254
B2 + CH/LIG 83 176 225
N1 + LNPs 714 155 221
N2 +NCH, LNPs 73 159.2 210.1
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2.1.3.2. Poly (vinyl alcohol) (PVA)-based films antioxidant and antimicrobial properties

Oxidation reactions and microbial spoilage can result in nutrient loss and decline in food
quality and consumer acceptance. Therefore, food packaging materials with antioxidant and
antimicrobial properties can help extend the shelf life of food. The antioxidant properties of the
prepared PVA-based films were evaluated using FRAP (working pH 3.6) and CUPRAC (working
pH 7.0) assays (Fig. 2.9). As expected, all the lignin- containing films exhibited stronger reducing
properties compared to PVA-glycerol film (sample Al). Quite surprisingly, however, the film
containing bulk lignin performed better than the film containing LNPs (see B1 vs N1 and B2 vs
N2). This is apparently in contrast with the results of the FRAP assay performed on lignin and its
nanocounterpart, indicating comparable Trolox eqgs values (0.12 + 0.01 and 0.11 + 0.01 mg of
Trolox/mg of sample for LIG and LNPs, respectively). On the other hand, in the CUPRAC
assay LNPs (0.36 + 0.01 Trolox egs) performed even better than bulk lignin (0.27 + 0.01
Trolox eqs).

It can be therefore hypothesized that, in line with what observed by SEM analysis,
nanoparticulation allows for a more efficient dispersion and integration of lignin into the PVA
matrix, making the phenolic groups less available for interaction with the iron(IIl) ions in
solution. Along the same direction, the presence of chitosan significantly lowered the antioxidant

efficacy (sample B2 vs sample B1 and sample N2 vs sample N1) the case of the FRAP assay, as

a consequence of the interactions occurring between chitosan-NH3" and lignin ~OH groups
(Ravishankar et al., 2019), lowering the availability of these latter to interact with the oxidizing
metal ions (Fig. 2.10). This effect was less pronounced in the CUPRAC assay, likely due to the
lower amount of protonated chitosan amino groups at the neutral pH adopted in this assay and
hence to the weaker interactions with the phenolic lignin groups. In any case, the film containing

only bulk lignin (sample B1) was the most promising sample in both assays.
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Fig. 2.9 Antioxidant properties of PVA-based composite films incorporating chitosan, lignin, and their
nanoformulations. Shown are the results obtained after 24 h at a film dose of 2.8 mg/mL using the FRAP

and CUPRAC assays. Reported are the mean + SD values from at least three experiments.
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Fig. 2.10 Schematic representation of the interactions between lignin and chitosan, forming a stable
lignin-chitosan complex (Ravishankar ef al., 2019).

The antibacterial activity of the PV A-based films was tested against three food-related bacterial
strains, that is Sal/monella enterica serovar Typhimurium ATCC® 14028 (Gram-negative),

Salmonella enterica serovar Enteritidis 706 RIVM (Gram-negative), and Enterococcus faecalis



ATCC® 29212 (Gram-positive). In agreement with the general trend observed in the antioxi-
dant assays, the film containing bulk lignin as the only functional additive (sample B1) was found
to be the one exhibiting the most efficient antimicrobial activity, except in the case of S. enterica
serovar Enteriditis 706 RVM against which the highest activity was exhibited by sam- ple N2 (Fig.
2.11). The detrimental effect of chitosan incorporation was particularly evident against S.
enterica serovar Typhimurium ATCC® 14028, since sample B2 displayed no de- tectable
antimicrobial activity, although the antimicrobial properties of chitosan have been widely

reported (Ma et al., 2017; Kong et al., 2010; Zheng & Zhu, 2003).

Actually, in control experiments PVA-films functionalized with chitosan or nanochitosan only
(Fig. 2.12) exhibited comparable or even higher antimicrobial activity compared to the films
containing only bulk lignin or LNPs. These data would corroborate the observation that the
chemical interactions occurring between lignin and chitosan are unfavorable in terms of active
functionality, decreasing the ability of both compounds to express their antioxidant and/or an-
timicrobial potential. Notably, even in this case, sample B1, containing bulk lignin, exhibited

greater or at most comparable efficacy than sample N1, containing lignin in its nanoform.
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Fig. 2.11 Antimicrobial activity of PVA-based composite films incorporating chitosan, lignin, and their
nano-formulations against S. enterica serovar Typhimurium ATCC® 14028, S. enterica serovar Enter-
itidis 706 RIVM, and E. faecalis ATCC® 29212. Each graph refers to at least a biological duplicate and
statistical analyses were performed by using Student’s t-test. Significant differences were indicated as *(P

< 0.05), **(P < 0.01) or ***(P < 0.001).

45



W Salmonella enterica serovar Enteritidis 706 RVM B Salmonella enterica serovar Typhimurium ATCC® 14028 W Enterococcus faecalis ATCC® 29212

<100 <100 =100

s s E 75

~ ~ 80 =

z = = 50

= = 60 = 25

Z s0 . 2 10 " s 4

- . - ok =

3 35 ® =

“ oo © S

& & & & &

N v N w N ~
v v v v

Fig. 2.12 Antimicrobial activity of PVA-based composite films containing chitosan (CH) or na-
nochitosan (NCH) against S. enterica serovar Typhimurium ATCC® 14028, S. enterica serovar Enter-
itidis 706 RIVM, and E. faecalis ATCC® 29212. Each graph refers to at least a biological duplicate and
statistical analyses were performed by using Student’s t-test. Significant differences were indicated as *(P
< 0.05) or **(P < 0.01)

2.1.4 Conclusions

In conclusion, in this study morphological, optical, mechanical, thermal, antioxidant, and anti-
bacterial properties of PV A-based films incorporating chitosan, lignin or their nanoformula tions
were evaluated. Conflicting results were obtained in terms of the effects of the different additives
on film performance. Indeed, films containing both nanolignin and nanochitosan exhibited the
smoothest and most homogeneous surface (SEM analysis), UV-Vis blocking efficacy, and water
resistance, due to improved matrix integrity because of the enhanced compatibility between the
different components afforded by the nanoscale. However, mechanical and thermal testing
showed reduced performance for nanoparticle containing films. These results are particularly
interesting in the light of the rather costly and time-consuming procedures generally required for
nanoparticle preparation. Notably, antioxidant and antimicrobial properties were higher for films
containing lignin or chitosan alone, while films containing both additives showed reduced
activity due to limited active site exposure as a result of the chemical interactions occurring
between the two components. A more detailed analysis and critical approach is therefore needed
for the understanding of the real effects of functional additives on the performance of films
intended for food packaging and guide the selection of proper combinations that may improve
film performance. In addition, as the packaging is intended for food applications, the potential

release of additives should also be assessed to ensure food safety, in accordance with European
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food contact regulations.
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2.2 Physicochemical and Functional Characterization of PVA Films
Embedded with Duckweed (Lemna minor) Leaf Extract and (Nano)chitosan

Intended for Active Food Packaging

2.2.1 Introduction

The need for sustainable and functional packaging materials particularly in the food industry has
led to a growing interest in biodegradable coatings and films with enhanced thermal, mechanical,
and barrier properties (Yuen et al., 2025; Luzi et al., 2023). Biopolymer-based packaging derived
from renewable biomass offers an eco-friendly alternative to petrochemical plastics. Materials
such as microbial polymers (polyhydroxyalkanoates), wood-derived polymers (cellulose,
hemicellulose, starch, lignin), and protein-based materials (gelatin, keratin, soy proteins, whey
proteins) are widely employed for food packaging applications due to their biodegradability and
functional capabilities (Asgheret al., 2020; Luzi et al., 2023; Miah et al., 2025). The incorporation
of biobased reinforcements, including plant extracts, may further enhance oxygen barrier,
antibacterial, and antifungal properties of the films (Yuen ef al., 2025;). Among these, natural
extracts rich in phenolic compounds have gained considerable attention for their antioxidant and
antimicrobial effects (Vieira et al., 2022; Luzi et al., 2023). Extracts from rosemary, green tea,
lemon balm, clove, cinnamon, anise, and curcumin have shown promising performance when
embedded in polymer matrices such as poly(vinyl alcohol) (PVA) or low-density polyethylene
(LDPE). For instance, rosemary extract conferred thermal stability and antifungal properties,
while green tea extract imparted strong antioxidant activity (Vieira et al., 2022). Curcumin
extract also conferred potent antimicrobial and antioxidant effects, whereas lemon balm extract-
based films showed significant antibacterial action (Vieira et al., 2022; Ozogul et al., 2017;
Boneza & Niemeyer, 2018). Widely accepted food preservatives like cinnamon and clove
extracts also contribute strong antibacterial and antioxidant activities, respectively (Ju et al.,

2018; El-Saber Batiha et al., 2020; Ribeiro-Santos
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et al, 2017, Luzi et al, 2023). Recent advances include polyphenol-functionalized
biopolymers and green nanocomposites, which offer enhanced shelf life and safety by actively

inhibiting foodborne pathogens (Periyasamy et al., 2025).

In this context, Lemna minor (commonly known as duckweed) is a small, floating aquatic plant
that has already found applications in ecological and phytoremediation studies (Artamonova et
al., 2020; Panfili, Bartucca, & Del Buono, 2019; Ubuza et al., 2020). Native to various regions
across the globe, duckweed is known for its rapid growth rate and remarkable ability to thrive
under harsh environmental and climatic conditions (Khellaf & Zerdaoui, 2010; Moradi ef al.,
2023). Recent studies showed that duckweed is particularly rich in metabolites with antioxidant
and other bioactive functions, including notable levels of phenolic acids and flavonoids (Zhang
et al., 2023; Panfili et al,, 2019). All together, these results highlight duckweed as a promising

source of natural antioxidant ingredients for food, feed, and nutraceutical applications.

Starting from this background, and in the frame of a wider project focused on the valorization
of duckweed run in collaboration with the Department of Agricultural Sciences of University
of Naples Federico 11, this study explores the impact of an aqueous extract of Lemna minor on
the morphological characteristics, optical properties, and antioxidant and antibacterial
performance of poly(vinyl alcohol) (PVA)-based films. This latter was selected as a water-
soluble polymer able to provide films with good properties for food packaging applications
through a simple solvent casting process, hence minimizing the use of high-temperature
processes, which could otherwise compromise the stability of natural extracts. To improve the
functionality of the packaging system, glycerol was added as a plasticizer. In addition, chitosan
in its bulk and nanoforms was also used as additive to improve the physicochemical,
mechanical, and functional properties of the films. Indeed, chitosan is a biodegradable polymer

with inherent antimicrobial activity, able to strengthen film matrices and enhance barrier
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properties (Sanati et al., 2025) and to improve flexibility and mechanical stability of PVA films

(Zhang et al., 2023).

2.2.2 Experimental

2.2.2.1. Materials

Duckweed leaf powder was obtained from the Department of Agricultural Sciences of Univer- sity of
Naples Federico II. Poly(vinyl alcohol) (PVA; MW 124-146 kg/mol, 99% hydrolyzed), glycerol
(>99%), chitosan (CH) from crab shells (low molecular weight, 75-85% deacetylation), alkali lignin
(LIG), sodium acetate (>99%), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, >98%), iron(IIl) chloride
hexahydrate (FeCls-6H-0O, >97%), copper(Il) chloride (CuClz, >97%), neocuproine (>98%), and
hydrogen peroxide solution (30% w/w) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Reagents including hydrochloric acid (HCI, >37%), sodium hydroxide (NaOH, >98%), sodium
metabisulfite (Na2S20s, >97%), and dimethyl sulfoxide (DMSO, >99.5%) were also obtained from
Sigma-Aldrich. Ethylene glycol (>99%), ethanol (96% v/v), nitric acid (HNOs, 67-69%), glacial
acetic acid (100%), and sodium tripolyphosphate (TPP, >98%) were sourced from Thermo Fisher
Scientific (Waltham, MA, USA). The buffers for the antioxidant assays were prepared using
analytical-grade reagents: the FRAP acetate buffer (0.3 M, pH 3.6) was formulated using sodium
acetate trihydrate (CHs:COONa-3H-0, >99.0%) and glacial acetic acid (CH;:COOH, >99.5%), while
the CUPRAC buffer (1 M, pH 7.0) was prepared with ammonium acetate (NH4«CH:COO, >98.0%).
All solutions were prepared using deionized water, and pH adjustments were performed with HCI or

NaOH as required. All chemicals were used as received without further purification.

2.2.2.2. Preparation and characterization of plant extract (PE)

10 g of plant material was extracted with 7 x 250 mL of water. Each extraction was performed for
1 h, under stirring at 1300 rpm, at 25 °C. The extracts were collected by filtration, combined and

analyzed by UV-Vis spectroscopy and LC-UV-MS. This latter was performed in reverse phase
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using an ODS column (150 x 4.60 mm, 5 pm); a gradient elution was performed with 0.1% formic acid

(solvent A)/methanol (solvent B): 5% B, 0—10 min; from 5 to 80% B, 10—47.5 min. The flow rate was
0.4 mL/min, and the detection wavelengths were 254, 280, 320 and 400 nm. MS analysis was performed
in both positive and negative ionization mode under the following conditions: capillary voltage 3500 V;

drying gas (nitrogen) 10 L/min, 325°C; fragmentor voltage 175 V; nebulizer pressure 35 psig.

2.2.2.3. Preparation of nanochitosan (NCH)

0.6 g of acetic acid were added to 100 mL of water and the mixture was stirred for 10 min at
2000 rpm at room temperature. Then, 0.5 g of CH were added, and the mixture was stirred at

8000 rpm for 5 h, until CH was completely dissolved. Next, 10 mL of'a 0.05 g/mL TPP solution

in distilled water were added dropwise to the solution, and stirring continued for 30 min. The
solution was then ultrasonicated at 20 kHz for 1 h and maintained at 4 °C (Pinem et al., 2020).
The hydrodynamic diameter and zeta potential of the nanoparticles were characterized by DLS
using a Malvern Panalytical Zetasizer Ultra. The morphology of the nanoparticles was
characterized by TEM (JEOL, JEM-2100F, Japan) at an acceleration voltage of 200 kV. The
samples were dispersed in ultra-pure water and deposited on carbon-coated copper grids for

characterization.

2.2.2.4. Preparation of PVA-based films

6 g of PVA were added to 50 mL of distilled water, and the mixture was taken under stirring at 80°C for
6 h until a clear solution was obtained. To remove air bubbles, the solution underwent sonication at 20
kHz for 30 min. For film casting, 3 mL of the solution were poured into a 9 cm Petri dish and dried at 45
°C for 24 h. For blended films, the same process was followed, with the addition of glycerol, PE and/or
CH or NCH (Table 2.4), followed by an extra 30 min of stirring. Control films were prepared without the

addition of PE and/or (nano)chitosan.
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Table 2.4 Formulation of PVA-based composite films incorporating chitosan (CH), nanochitosan
(NCH), and Duckweed leaf extract (PE).

. PVA Glycerol CH/NCH PE
Sample Formulation o%w/w %wW/W %w/w %ow/w

P1 PVA/Glycerol 98 2 - -
P2 PVA/Glycerol/PE 92 2 - 6

PV
P3 & 88 2 4 6

Glycerol/CH/PE
PVA/ 88 2 4 6
Glycerol/NCH/PE

2.2.2.5. Film characterization
Various characterization techniques were employed to evaluate the properties of the composite films,

in line with the methods detailed in Unit 1 of this chapter. The morphology and thickness

of the films were analyzed using SEM (JEOL JEM-2100F), with gold coating to enhance
conductivity. ATR-FTIR analysis was conducted using a Thermo Scientific Nicolet iS5 FTIR,
recording spectra in the range of 600-4000 cm™. Moisture content, swelling degree, and total
soluble matter were determined gravimetrically, as described in Unit 1 of this chapter. The color
of the films was measured with a Konica Minolta CR-400 colorimeter, and their transmittance
and opacity were assessed using a UV-6300 spectrophotometer. The water vapor transmission rate
(WVTR) was evaluated by monitoring desiccant weight change under controlled humidity, as
per the adapted method from Phaechamud et al. (2016). Mechanical properties, including tensile
strength and elongation at break, were tested using a Zwick/Roell universal testing machine,
adhering to ASTM D 638 standards. Thermal analysis was conducted using a DSC2500
instrument, and antioxidant and antimicrobial properties were characterized as in Unit 1. A
detailed description of the experimental setups and protocols for these methods can be found in

Unit 1.
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2.2.3 Results and discussion

2.2.3.1. Preparation and characterization of extract from duckweed leaves
Duckweed (Lemna minor) leaves were subjected to water extraction, which was repeated seven
times to achieve good (36% w/w) extraction yields. Parallel experiments in which ethanol was

used instead of water as alternative food grade solvent indicated a lower extraction efficacy.

The UV—-Vis spectrum of the water extract (PE) (Fig. 2.13) showed a broad absorbance in the
270-320 nm range, typical of phenolic compounds. For comparison, the spectrum of the ethanol

extract is also shown, clearly indicating the presence of chlorophyll ([l/max= 416 and 660 nm)

M
200 400 00 a0o0
Wavelength [nm]

Fig. 2.13 UV-vis spectra of the water (blu trace) and ethanol (ved trace) extract from duckweed leaves.

With the aim of identifying the main phenolic components present in PE, HPLC analysis with
UV and MS detection was performed. In Figure 2.14 the chromatograms recorded at different
detection wavelengths are reported, suggesting a flavonoid structure for the compounds eluted at
33-38 min. On the contrary, the main compounds eluted at ca. 8 and 10 min ([M-H] at m/z 135
and 151, respectively) did not show any significant absorption at 280 nm, as instead expected for

phenolic compounds.
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Fig. 2.14 HPLC profiles of the water extract from duckweed leaves at 254 (blue trace), 280 (pink
trace), 320 (purple trace) and 400 (green trace) nm.

Based on their MS spectra, the compounds eluted at 33-38 min were tentatively identified as

reported in Table 2.5.

Table 2.5 Results from LC-MS analysis of the water extract from Lemna minor leaves.

Retention time (min) [M-HT Tentative structure

(m/z)
33.5 593 Apigenin 6,8-di-C-glucoside (or its isomer)
34.7 563 Apigenin 7-O-apiosyl-glucoside (or its isomer)
35.6 563 Apigenin 7-O-apiosyl-glucoside (or its isomer)
37.0 431 Apigenin 6-C-glucoside (or its isomer)
37.5 563 Apigenin 7-O-apiosyl-glucoside (or its isomer)
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2.2.3.2. ATR-FTIR analysis of the films

ATR-FTIR analysis was conducted to investigate the molecular interactions between chitosan
(CS), polyvinyl alcohol (PVA) and the Lemna minor natural extract in the films (Fig. 2.15). The
FTIR-ATR spectrum of the control film (P1), which consists of pure PVA, exhibited the
characteristic spectral profile of the PVA matrix. This included a broad absorption peak at 3275
cm™' corresponding to the stretching frequency of hydroxyl (-OH) groups and peaks at 2925 cm™
and 2840 cm™ associated with the asymmetric and symmetric stretching vibrations of C—H
groups, respectively (Rodrigues et al., 2007). Upon the incorporation of the Lemna minor
aqueous extract (P2), the ATR-FTIR spectrum showed characteristic changes in the absorption
pattern, including frequency shifts in the lower range. These shifts were attributed to hydrogen
bonding interactions between the reactive functional groups of the extract and the polymer matrix
(Abdelghany et al., 2019; Perdones ef al., 2016). Specifically, in the range 1250- 857 cm™, likely
resulting from C-C and C-O stretching of the pyranoid ring and C-O—C glycosidic bonds,
introduced by the bioactive compounds from the plant extract (Altiok et al., 2010). The addition
of chitosan (P3) and nanochitosan (N3) further modified the ATR-FTIR spectra, confirming
strong interactions within the film polymeric matrices. Key chitosan bands, such as the 1646 cm™
peak for C=0 stretching (Amide I) and the 1580 cm™ peak for N-H bending (Amide II), were
clearly present, along with the C—N stretching vibration at 1241 cm™ (Anicuta ef al., 2010; Altiok
et al.,2010). The overlap of CS (-NH: and -OH) and PVA (-OH) bands led to the broadening of

the hydroxyl region (Abdelghany et al., 2019).

In the case of the nanochitosan film (N3), sharper peak definitions were observed in the
fingerprint region compared to the standard chitosan film (P3). This suggests that the nanometric
size of nanochitosan facilitates a more ordered molecular arrangement and enhances interfacial

bonding within the composite matrix.
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Fig. 2.15 ATR- FTIR of PVA-based composite films incorporating (nano)chitosan and PE.

2.2.3.3. Morphology of the films

The surface and internal morphology of the films, as visualized by SEM, revealed substantial
differences among the samples influenced by compositional differences (Fig. 2.16). The control
film (P1, PVA-Glycerol) displayed a smooth, compact, homogeneous surface with no visible
defects or discontinuities. Its cross-section appeared uniform and dense, with a measured
thickness of 39.69 + 0.86 um, indicating a well-packed polymer matrix, characteristic of pure
PVA films. In contrast, P2 (PVA + glycerol + plant extract) showed a rougher surface with
distinct microcracks and surface lines, likely arising from phase separation or poor miscibility
between PV A and the extract. The cross-sectional image P2 (Fig. 2.16b) showed a thicker (48.51
+ 0.39 um) and more irregular internal structure suggesting that the addition of plant extract

disrupted matrix uniformity, introducing voids and increasing film porosity.
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The P3 film (PVA + glycerol + chitosan + plant extract) also exhibited a cracked surface, though
the cracks appeared more linear and less severe than those in P2. Its internal morphology
revealed a heterogeneous, fibrous structure with embedded particles or agglomerates, likely
chitosan-rich regions, and a slightly thinner cross-section (Fig. 2.16b) (36.80 + 0.41 pm).
This suggests improved interactions among components compared to P2 although some
incompatibility between components still exists. On the other hand, the N3 film (PVA + glycerol
+ nanochitosan + plant extract) showed a more compact and uniform surface, with fewer visible
defects. Its cross-section (36.41 + 0.04 um) appeared denser and more integrated compared to
P2 and P3, indicating that nanochitosan provided better dispersion and interfacial compatibility
(Fig. 2.16b), contributing to improved film integrity and cohesion. Overall, SEM analysis
indicated that plant extract addition disrupted film morphology, leading to increased roughness
and porosity. However, the incorporation of nanochitosan mitigated these effects, improving
both structural uniformity and mechanical reinforcement, whereas chitosan in P3, though

beneficial, showed partial agglomeration and uneven distribution.

Fig. 2.16a SEM surface images (200um) of the PVA-based composite films incorporating

(nano)chitosan and duckweed leaves aqueous extract.
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Fig. 2.16b SEM cross sectional images (200um) of the PVA-based composite films incorporating
(nano)  chitosan and duckweed leaves aqueous extract.

2.2.3.4. Thickness and optical characteristics of PVA-based composite films

The optical characteristics of the developed PV A-based films including colorimetric attributes,
opacity, and UV-Vis transmittance are reported in Table 2.6 and Figure 2.17. The control film
(P1), composed of neat PVA, exhibited a transparent appearance, as indicated by its low total
color difference (AE= 13.0 + 0.1) compared to the standard plate. This was accompanied by
the lowest opacity value (2.99 + 0.07 mm™") and the highest transmittance in both UVA and
UVB regions. In contrast, the incorporation of plant extract in P2, P3, and N3 films introduced
noticeable color changes and enhanced light-blocking performance. P2 showed the highest AE
indicating a darker film, which was reflected in its highest opacity (4.20 + 0.16 mm™) and high
UV-blocking capacity. P3, containing both plant extract and chitosan, exhibited a less darkened
coloration, although maintaining a relatively high opacity and UV-blocking performance.
Notably, the N3 sample, which included nanochitosan, retained a relatively high lightness, as
evident from the low AE value, which was comparable to that of sample P1, and a low opacity
value of 3.31 + 0.07 mm!. Its UV transmittance was lower than that of P1, P2, and P3,

indicating that N3 provided the most effective UV-shielding among the formulations, while
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still maintaining only a moderate increase in visible opacity.

Table 2.6 Colour and opacity of PVA-based composite films incorporating (nano)chitosan and

duckweed leaves aqueous extract.

Sample Code AE Opacity (mm™)
P1 13.0+£0.1 299+ 0.07
P2 19.1£0.1 420+ 0.16
P3 17.2 £0.1 3.57+ 0.03
N3 13.8+0.2 331+ 0.07

Values are expressed as mean +standard deviation from three measurements.
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Fig. 2.17 UV-Vis shielding properties of the PVA-based composite films incorporating (nano)chitosan

and duckweed leaf aqueous extract.

2.2.3.5. Moisture content, swelling degree, total soluble matter and water vapor transmission

rate (WVTR)

Compared to the PVA—glycerol film (P1), the incorporation of plant extract (P2) caused a

marked decrease in swelling degree (Table 2.7), indicating that the extract contributed to matrix

stabilization and limited swelling while still allowing water uptake. This anti-swelling effect

was attenuated when chitosan was added together with the extract (P3), although the water

vapor transmission rate (WVTR) decreased, consistent with a more compact network formed

through additional hydrogen bonding. When nanochitosan replaced chitosan (N3), the moisture

content and swellinmg degree of the film remained within the same range as P3, , suggesting
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that nanochitosan did not markedly alter the overall water uptake behavior of the films.

Table 2.7 Moisture content, swelling degree, total soluble matter and water vapor transmission rate
of PVA-based films.

Sample Moisture content  Swelling degree (%) Total soluble WVPT (g/m?/day)

(%) matter (%)
P1 29+ 3 25+ 7 22+ 5 64+ 10
P2 33+ 6 6+ 2 25+ 7 75+ 18
P3 28+ 4 17+ 6 19+ 4 36+ 9
N3 34+ 7 25+ 8 17+ 4 35+ 9

Values are expressed as mean +standard deviation from three measurements.

2.2.3.6. Mechanical and thermal properties

The mechanical properties of the PVA-based composite films are influenced by the incorpora-
tion of duckweed extract and chitosan/nanochitosan (Fig. 2.18). P1, that is the PVA/glycerol
film, showed the lowest tensile strength (15.41 + 0.10 MPa) and elongation (78 + 7%) likely
due to limited intermolecular interactions (Pugar et al., 2024). P2, containing the extract,
showed a moderate increase in strength (19.12 + 0.90 MPa) and elongation (119 + 7%) as PE
may act as a plasticizer, enhancing flexibility through hydrogen bonding with PVA (Arndz,
2024; Dang et al., 2024; da Rosa Almeida et al., 2022). P3, containing chitosan and extract,
showed a significant improvement in both strength (39.12 £ 2.05 MPa) and elongation (217 +
6) due to the synergistic effect of chitosan reinforcing the matrix and extract maintaining chain
mobility (Tan et al., 2021; Dang et al., 2024; da Rosa Almeida et al., 2022). In contrast, N3,
containing nanochitosan instead of chitosan, exhibited lower performance (20.54 = 1.00 MPa,
112 + 5% elongation), likely due to increasing dispersion and interfacial bonding issues (Oster-

berg et al., 2023; Soufiani et al., 2025).
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Fig. 2.18 Mechanical properties of the PVA-based composite films incorporating (nano)chitosan and

duckweed leaf aqueous extract.

DSC analysis (Table 2.8) of the PVA-based composite films revealed notable changes in
thermal behavior due to the inclusion of various additives. P1 (PVA-glycerol) exhibited
standard DSC transitions, serving as a baseline for comparison. The decomposition temperature
(Ts) and melting temperature (T,) were relatively high, consistent with pure PVA known
thermal characteristics. In the case of P2, the inclusion of duckweed extract led to a decrease
in T,,, whereas an increase in T. and T4 was observed, confirming the plasticizing effect of the
plant extract. These shifts in thermal transitions are consistent with findings by Phattarateera et

al. (2023) and Barbalata-Mandru et al. (2022) who reported similar reductions in thermal

T
150

stability when plant extracts were incorporated into PVA-based systems.
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No significant variations compared to P2 were observed for P3, expect for a lowering of Ty, likely
due to the role of chitosan in altering the crystalline structure of PVA films. As a result of the
more efficient embedding in the nanoform, the incorporation of nanochitosan (sample N3) led

to an important decrease not only of Ty, but also of T. and Ty.

Table 2.8 Onset temperature of water (T.), melting temperature (T,,) and decomposition temperature
(Ty) for PVA-based films incorporating (nano)chitosan and duckweed leaf extract.

Sample  Te () Tw (o) Ta («c)

P1 80 194 240
P2 83 186 254
P3 83 187 239
N3 75 154 226

2.2.3.7. Antioxidant properties

The antioxidant properties of the developed films (Fig. 2.20) varied markedly depending on
their composition. The control sample (P1), consisting solely of PVA and glycerol, exhibited
the lowest antioxidant efficacy in both CUPRAC and FRAP assays, reflecting the absence of
active antioxidant constituents. In contrast, films P2 and P3, which incorporated the plant
extract, showed significantly enhanced reducing capacity due to phenolic compounds present
in the extract. However, the N3 film exhibited significantly lower antioxidant properties
compared to its chitosan-based counterpart (P3). This reduction can be attributed to specific
non-covalent interactions between nanochitosan and the extract components, primarily
involving extensive hydrogen bonding between the amino (—NH2) and hydroxyl (—-OH) groups
of nanochitosan and the phenolic hydroxyl groups of the extract (Fig. 2.19). These interactions,
together with possible electrostatic attractions, partially shield the active phenolic sites, thereby
reducing their accessibility for participation in the redox reactions underlying the CUPRAC
and FRAP assays.
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Fig. 2.19 Possible hydrogen bonding interactions occurring between nanochitosan(a) and a
representative apigenin glucoside(b) present in the Lemna minor extract).
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Fig. 2.20 Antioxidant properties of PVA-based composite films incorporating (nano)chitosan and
duckweed leaf extract. Shown are the results obtained after 24 h at a film dose of 2.8 mg/mL using the
FRAP and CUPRAC assays. Reported are the mean £ SD values from at least three experiments.

2.2.3.8. Antibacterial properties

The antibacterial efficacy of the films was tested against Salmonella species and Enterococcus
faecalis (Fig. 2.20). Films composed of PVA and glycerol (P1) exhibited minimal antimicrobial
activity, which aligns with literature data indicating that pure PVA films do not possess inherent
antibacterial properties. The inclusion of duckweed extract (P2) led to a strong/moderate
reduction (depending on the strain) in bacterial viability. An enhancement in antimicrobial

activity was generally observed upon integrating chitosan (P3), as evident particularly in the case
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of Salmonella enterica serovar Thyphimurium, as expected based on the well-documented role
of chitosan in disrupting bacterial cell membranes. However, when nanochitosan was used
instead of chitosan, a decrease in the antimicrobial efficacy was observed (see N3 vs P3), in line
with the results of the antioxidant assays, as a consequence of the “too much” efficient
interactions between the active sites of chitosan and of the duckweed leaf extract, masking these

latter and limiting their contact with microorganisms.
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Fig. 2.21. Antibacterial activity of PVA-based composite films incorporating (nano)chitosan and
duckweed leaf extract.

2.2.4 Conclusions

This study was focused on the characterization of poly (vinyl alcohol) (PVA)-based films
incorporating a phenol-rich aqueous extract from duckweed (Lemna minor) leaves and chitosan or
nanochitosan intended for active food packaging. The results of this study provided a deeper
insight into how additives may influence key physicochemical and functional properties of the
films. The phenol-rich extract conferred both antioxidant and antimicrobial properties to the
PVA-based films. SEM analysis revealed that while the plant extract introduced porosity and
roughness, nanochitosan improved dispersion and matrix cohesion, yielding films with fewer
defects and more compact cross-sections. Optical analysis demonstrated that films with
duckweed extract had increased opacity (up to 4.20 mm™) and reduced transmittance in the UV
region (<400 nm), with nanochitosan modulating this effect by maintaining visual clarity. Water-
related properties showed substantial improvement in nanochitosan containing films, which

exhibited lower solubility and water vapor transmission rate, and hence enhanced barrier
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performance. Future work will focus on biodegradability assessments and migration studies to

further establish the applicability and safety of these films in commercial packaging system.
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Chapter 3

3.1 Introduction

Over the past decade, extensive research has focused on developing bio-based active films with
antimicrobial properties for biomedical applications or aimed at improving food preservation and
reducing the reliance on synthetic chemical preservatives. In this context, chitosan and its
derivatives have emerged as promising candidates due to their strong antimicrobial activity and
eco-friendly nature, offering sustainable alternatives to conventional plastic packaging (Aider,
2010). Chitosan biodegradability, biocompatibility, and inherent antimicrobial potential make it
particularly suitable for food packaging applications. Its amino groups at the C2 position of the
sugar moieties provide key functional sites that enable formation of films, gels, beads, and
nanoparticles (Dutta et al., 2009), which have been studied for various applications, including
food preservation, wound dressings, and medical devices (Jasrotia et al., 2025). The
incorporation of bioactive additives such as essential oils, plant extracts, and metal nanoparticles
may further enhance the antimicrobial efficacy and functional performance (Cazoén & Vazquez,

2022; Julie et al., 2025).

Chitosan antimicrobial action primarily stems from its cationic nature, where protonated amino
groups interact with negatively charged bacterial cell membranes, causing membrane disrup-
tion, leakage of cellular contents, and eventually cell death (Sahariah & Masson, 2017). Chi-
tosan may also chelate essential metal ions like calcium and magnesium, limiting microbial
growth and biofilm formation, and can penetrate cells to bind DNA and inhibit protein synthe- sis
(Yilmaz Atay, 2019; Xia et al., 2020). Despite the strong antimicrobial activity, films made of
chitosan alone exhibit limitations in terms of mechanical strength and water resistance. To
address these drawbacks, chitosan is often blended with poly (vinyl alcohol) (PVA), a polymer

renowned for its tensile strength, flexibility, and excellent film-forming ability (Jasrotia ef al.,
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2025). Chitosan/PV A composite films combine the antimicrobial bioactivity of chitosan with the
mechanical durability of PVA, producing materials with enhanced flexibility, tensile strength,
and water resistance (Tan & Liu, 2024). Based on this background, in this study chi- tosan/PVA
films were prepared by varying the chitosan/PVA ratio from 70:30 to 30:70 w/w, allowing
systematic evaluation of how the polymer composition influences the structural, me- chanical,
and antimicrobial characteristics of the films. In addition, lignin, a natural phenolic polymer, was
also incorporated into the films to enhance antioxidant, UV-Vis radiation block- ing, and
antimicrobial properties. A parallel series of films was developed by incorporating hybrid lignin-
silver nanocomposites instead of pure lignin. Indeed, the addition of silver nano- particles is
known to significantly enhance antimicrobial efficacy and thermal stability while maintaining

the film biodegradability (Marsik et al., 2024, Slavin et al., 2021, Ito et al., 2024)

In particular, two different approaches for the preparation of the hybrid nanocomposites were adopted, that
is a conventional hydrothermal method and a solvent-free mechanochemical method. Part of this work
was performed in collaboration with Prof. Massimo Bonini from the Department of Chemis- try "Ugo
Schiff" of the University of Florence and Prof. Angela Arciello from the Department of Chemical

Sciences of the University of Naples Federico II.
3.2 Experimental

3.2.1. Materials

Poly(vinyl alcohol) (PVA; MW 124-146 kg/mol, 99% hydrolyzed), glycerol (>99%), chitosan
(CH) from crab shells (low molecular weight, 75-85% deacetylation), alkali lignin (LIG), sodium
acetate (>99%), 2,4,6-tris(2-pyridyl)-s-triazine (TPTZ, >98%), iron(Ill) chloride hexahydrate
(FeCls-6H20, >97%), copper(Il) chloride (CuClz, >97%), neocuproine (>98%), and hydrogen
peroxide solution (30% w/w) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Reagents including hydrochloric acid (HCI, >37%), sodium hydroxide (NaOH, >98%), sodium
metabisulfite (Na2S:0s, >97%), and dimethyl sulfoxide (DMSO, >99.5%) were also obtained
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from Sigma-Aldrich. The buffers for the antioxidant assays were prepared using analytical-grade
reagents: the FRAP acetate buffer (0.3 M, pH 3.6) was formulated using sodium acetate
trihydrate (CHsCOONa-3H-0, >99.0%) and glacial acetic acid (CH;:COOH, >99.5%), while the
CUPRAC buffer (1 M, pH 7.0) was prepared with ammonium acetate (NHsCHsCOO, >98.0%).
All solutions were prepared using deionized water, and pH adjustments were performed with

HCI or NaOH as required. All chemicals were used as received without further purification.

3.2.2. Synthesis of lignin-silver nanocomposites

3.2.2.1. Hydrothermal method

Silver nanoparticles were synthesized through a hydrothermal method by dissolving 0.17 g of
silver nitrate in 10 mL of distilled water, followed by addition of an equal mass (0.17 g) of alkali
lignin. The mixture was stirred continuously while being heated at 100°C for 24 h and then cooled
in an ice bath. The precipitate was collected by centrifugation, washed with dis- tilled water,

dried at 60 °C overnight, and ground in a mortar to obtain a fine powder (Ito et al., 2024).
3.2.2.2. Mechanochemical method

140 mg of lignin was mixed with 25 mg of AgNOs (15% w/w) and placed into a ball mill (Fritsch
Pulverisette 23) operating at 50 osc/s. The mixture was processed for 180 min. After the milling
process, the sample was washed three times with 50 mL of water using a centrifuge to remove any

unreacted materials. The resulting composite was then lyophilized (Argenziano et al., 2024).

3.2.3. Formulation of chitosan/PVA-based composite

To prepare the chitosan (CH)/PVA films (Table 3.1) with lignin/lignin-silver nanocomposites, the
required amount of PVA was added to distilled water to obtain a 2% w/v suspension, which was
then stirred and heated at 90 °C for 4 h, until full dissolution. The solution was then left to cool at
room temperature. In parallel, a 2% w/w chitosan solution in 1% acetic acid was pre- pared under
heating at 40 °C for 3 h For the lignin (LIG)/lignin-silver nanocomposite (LIG-Ag) solution, 20

mg of lignin or lignin-Ag were dissolved in a mixture of 2 mL ethanol and 1 mL acetone or of 1.5 mL
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of ethanol and 1.5 mL of water, respectively, under stirring for 30 min at room temperature. Next, the
solutions were properly mixed and stirred for 3 h (0.3 mL of glyc- erol were also added). After sonication
for 15 min, the final solution was poured into a 8§ cm round Petri dish and taken at at 50°C for 48 h to

complete the film formation process.

Table. 3.1 Formulation of chitosan/PVA-based composite films incorporating lignin and lignin-
silver nanocomposite. All the amounts are reported as weight percentages.

Cs CH

$8.00 0.00 2.00 0.00
CSs-L CH/LIG 93.45 0.00 2.00 4.55
CP1L CH/PVA/LIG 46.73 46.73 2.00 4.55
CP2L CH/PVA/LIG 65.38 28.06 2.00 4.55
CP3L CH/PVA/LIG 28.06 65.38 2.00 4.55
CP1LAg CH/PVA/LIG-Ag 46.73 46.73 2.00 4.55
CP2LAg CH/PVA/LIG-Ag 64.33 29.12 2.00 4.55
CP3LAg CH/PVA/LIG-Ag 35.00 58.45 2.00 4.55
CP3LAgM CH/PVA/LIG-Ag 35.00 58.45 2.00 4.55

(prepared by
mechanochemistry)

3.2.4. Physicochemical characterization of the films

3.2.4.1. Fourier Transform Infrared Spectroscopy (FT-IR)

FT-IR spectra of the films were recorded using a Nexus 870 spectrophotometer equipped with a Golden
Gate Attenuated Total Reflectance (ATR) accessory. Measurements were conducted at room temperature
over the wavenumber range of 4000—650 cm™. Each spectrum was ob- tained by averaging 128 scans per

sample, with a spectral resolution of 2 cm™.
3.2.4.2. Thermogravimetric analysis (TGA)

Thermal stability of the films was assessed using a SDT 650 analyzer (TA Instruments, New Castle, DE,
USA). Analyses were performed under a nitrogen atmosphere (flow rate: 100 mL/min), with a linear heating

rate of 10 °C/min from room temperature up to 1000 °C.
3.2.4.3. Film thickness

Film thickness was determined using a digital micrometer (Mitutoyo, measuring range: 0—25 mm;
resolution: 0.001 mm). Measurements were taken at ten random points on each film, and the average value

was used for analysis.
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3.2.4.4. Tensile testing

Mechanical properties of the films were evaluated through uniaxial tensile tests performed on
rectangular specimens (50 mm X 15 mm). Tests were carried out at room temperature using a
Universal Testing Machine (UTM-6800, Instron) at a constant crosshead speed of 50 mm/min
until fracture. Four specimens were tested for each formulation. Stress—strain data were rec-

orded as stress (MPa) versus percentage elongation (%), calculated according to:

I, — I

Elongation (%) = * 100

0
where /i is the measured gap at the i-th point and /() is the initial gap at the undeformed state.

The initial gap /0 of each sample was precisely defined as the gap corresponding to the first
measured force value exceeding a threshold of 0.1 N.

3.2.4.5. Surface profilometry

Surface topography of the films was analyzed using a 3D surface profiler (VK3000, Keyence)
equipped with a 10% lens. Surface roughness was evaluated over 1 mm? areas by determining

the root mean square roughness (Ry), defined as:

n
1
SRS PR
1

i=

where zqvg 1s the average height value calculated over the n pixels and z; is the height of the i-
th pixel.

3.2.4.6. Moisture content, swelling degree and total soluble matter determination

Moisture content, swelling degree, and total soluble matter were determined gravimetrically
using a three-step method (Apriliyani et al., 2020, Jakubowska et al., 2020, Rolinska et al.,
2024). Briefly, square-shaped film samples (1 cm?) were weighed on an analytical balance with
a precision of 0.0001 g to obtain the initial mass (M:). In the first step, the samples were dried

at 105 °C for 24 h to determine the initial dry mass (Mz). In the second step, the oven- dried
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samples with a known M. value were separately immersed in water (30 mL) and left at room
temperature for 24 h, after that any excess water not absorbed by the film specimens was
removed using paper wipes, and the samples were weighed again to obtain the wet mass of the
film (Ms). In the final third step, the samples were dried once more at 105 °C for 24 h to
determine the final dry mass (Ma). All experiments were performed in triplicates. Moisture
content, that is the percentage of mass loss due to water evaporation after drying the samples at
105 °C for 24 h, swelling degree, that is the percentage of mass gain resulting from water
absorption after immersing the dry samples in water for 24 h, and total soluble matter, defined as
the percentage of the film dry matter solubilized after 24 h of immersion in water, were
determined according to the following equations:

Moisture content (%) = (M1 - M2)/M1 * 100

Swelling degree (%) = (M3 - M2)/M2 * 100

Total soluble matter (%) = (M2 — M4)/M2 *100

3.2.4.7. Color properties

The color of the films was determined using a CR-400 colorimeter (Konica Minolta). A white
plate was used as the standard (L =93.25,a=0.19, b=3.95), against which the color difference
(AE) was calculated, where L*, a*, b* represent the tendency towards whiteness, from green

to red and from blue to yellow, in that order.

AE = V(L*|L)? + (a*|a)? + (b*|b)?
The transmittance and opacity of the prepared films were determined with a Jasco V-730
spectrophotometer. Film samples were cut into 1 cm x 4 cm dimensions and transmittance was

measured. Absorbance values at 600 nm (Abseoo) were recorded, and opacity was calculated as

follows (Riaz et al., 2018).

Opacity =Abseoo/film thickness
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3.2.4.8. Antioxidant property characterization

A 1 cm? film sample (final dose 2.8 mg/mL) was added to the CUPRAC or DPPH assay solu-
tions, and the absorbance was monitored over time. The CUPRAC solution was prepared by
mixing 1 M ammonium acetate buffer (pH 7.0), 10 mM CuCl., 7.5 mM neocuproine (in etha-
nol), and distilled water in a 1:1:1:1 v/v ratio, with absorbance measured at 450 nm (Apak et
al., 2004). The DPPH solution was prepared in ethanol at a 50 pM concentration, and radical
scavenging activity was evaluated by measuring absorbance at 515 nm (Khwaldia, ez al., 2023).

Control experiments were conducted under the same conditions without the films.
3.2.4.9. Antibacterial activity characterization

3.2.4.9.1. Bacterial strains and culture conditions

Bacterial strains Staphylococcus aureus and Pseudomonas aeruginosa were cultured in Muller-
Hinton Broth (MHB, Becton Dickinson Difco, Franklin Lakes, NJ, USA) and on Luria-Bertani
Agar (LBA; tryptone 10 g/L, yeast extract 10 g/L, sodium chloride 5 g/L). For all experiments
assessing the antimicrobial activity of air-dried chitosan/PVA-based film, bacterial cells were
inoculated into MHB and incubated overnight at 37 °C. The following day, cultures were

transferred to fresh MHB and grown to the mid-logarithmic phase.

3.2.4.9.2. Evaluation of bacterial growth inhibition

To assess cell viability, bacterial cells were diluted into 0.5 MHB to approximately 2 x 10°
CFU/mL. A 500 uL aliquot of the bacterial culture was placed onto a 1 cm? square of each
tested film and incubated at 37 °C overnight. The following day, the cultures were diluted in

0.5 MHB medium and plated on LBA to perform the colony counting.
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3.3 Results and discussion

3.3.1. Characterization of chitosan/PVA based films

3.3.1.1. FTIR analysis

The ATR-FTIR analysis of chitosan/PVA composite films containing lignin and lignin—silver
nanocomposites (Fig. 3.1) reveal that the overall spectral profile remains dominated by the
polymeric components, with lignin and lignin—silver nanocomposites acting as inert fillers. The
major spectral changes observed were driven by the blending of chitosan and PV A, particularly
in the O—H stretching (36003000 cm™) and amide II (around 1650 cm™) regions. The O-H
stretching band, indicated by the green dashed line (Fig. 3.1, left panel), shifts towards lower
wavenumbers (~3300 cm™) with increasing PVA content, indicating hydrogen-bond
rearrangement and intermolecular interactions between PVA and chitosan. These shifts are
consistent with hydrogen-bond rearrangement and intermolecular associations commonly
reported for PVA—chitosan systems (Kadir et al., 2011).

The amide II band, marked by the red dashed line, which is characteristic of chitosan, shows
intensity shifts in the composite films, further confirming the influence of PVA on the chitosan
matrix (left panel). Additionally, the NH stretching, indicated by the green line, around ~3400
cm™! reflects modifications in chitosan's hydrogen bonding when blended with PVA. Despite
these changes, no new diagnostic absorption bands appear in the spectra, indicating that lignin
and lignin—silver nanocomposites do not chemically modify the polymer matrix but primarily

serve as inert fillers.
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Fig. 3.1 ATR-FTIR spectra of chitosan/PVA based films as in Table 1.

3.3.1.2. Surface morphology analysis by profilometry

The profilometer images (Fig.3.2) revealed some differences in the surface morphology and
roughness of the films. More in details, the introduction of lignin did not significantly modify
surface morphology or roughness value, indicating that it dispersed well within the polymer
matrix. Actually, the slightly smoother surface of the CS-L film compared to CS (Rg=0.256 mm
vs 0.469 mm) suggested potential improvements in mechanical proper- ties of the films, making it
more suitable for applications where surface finish and ma- terial performance are critical, such
as in food packaging. The addition of PV A to the chitosan matrix (samples CP1L-CP3L) did not
cause any significant changes in the film morphology or roughness, and no phase separation or
aggregation occurred between the two polymer components. On the other hand, the introduction

of lignin-silver nanocom- posites into the polymer blend caused an increase in surface roughness
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in all samples, regardless of the amount of PVA, likely as a consequence of nanoparticle
aggregation or uneven dispersion within the polymer matrix. Notably, however, the
nanocomposite pre- pared by mechanochemical synthesis did not impact on surface roughness.
This can be attributed to a more uniform dispersion of smaller nanoparticles within the polymer
ma- trix, which helps fill gaps and prevent formation of large agglomerates that could increase
roughness. This hypothesis could be confirmed when the characterization of the LIG-Ag and

LIG-AgM samples, which is currently underway, will be complete.
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Fig. 3.2 Profilometry images of chitosan/PVA-based films as in Table 1.
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3.3.1.3. Color, UV-Vis radiation blocking properties and hydrophilic properties

The AE value, which represents the total color difference, provides a clear indication of the color
shifts in chitosan-based films with different additives (Table. 3.2). All the lignin additivated films
exhibited significantly higher DE values (23.7-46.7) compared to pure chitosan films (CS) (AE=

6.7 £ 0.1), with differential, at the moment non interpretable, effects due to the presence of PVA

. Table 3.2. Color properties of chitosan/PVA-based films as in Table 1.

Sample AE
CS 6.7+0.1
CS-L 37.0+0.7
CPIL 29.5+0.6
CP2L 40.9 +0.8
CP3L 37.4+08
CPILAg 23.740.5
CP2LAg 39.6+0.8
CP3LAg 46.7 0.9
CP3LAgM 46.7+£0.9

The UV-Vis blocking performance of the films is reported in Fig. 3.3. As expected, films com-
posed of chitosan alone (CS) provided limited protection against UV radiation. In contrast,
films containing lignin showed a significant improvement in UV- and visible radiation block-
ing performance. Indeed, lignin aromatic structures absorb UV radiation effectively, leading to
an almost complete reduction in UV transmission. Although some differences were observed,
the introduction also of PVA into chitosan films (CP1, CP2, CP3) seems not to significantly
affect the UV-Vis blocking properties of the films, or rather, no trend is apparent as a function
of the PVA content. A different visible blocking profile was observed when lignin-silver nano-
composite was used in place of lignin, with CP3LAg and CP3LAgM samples exhibiting the
best UV-Vis blocking performance.
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Fig. 3.3 UV-Vis transmittance spectra of chitosan/PVA-based films as in Table 1.

The hydrophilicity of the chitosan-based composite films was evaluated based on moisture
content, swelling degree, and solubility, which were influenced by the film composition (Fig.
3.4). The moisture content of the films reflects their ability to absorb and retain water, a key
indicator of hydrophilicity. The films containing PVA generally showed greater water retention,
indicating their higher hydrophilic nature. In contrast, the CS-L sample, which does not contain
PVA, exhibited the lower moisture content, even when compared to CS containing chitosan
only, in line with the hydrophobic nature of lignin. As to the swelling degree, it is worth of
notice that the presence of lignin in CS- L resulted in an exceptionally high swelling degree,
possibly due to the porous structure created by lignin that allows high water absorption compared
to chitosan alone (CS sample). However, the high swelling did not correspond to a high moisture
content, indicating that water was absorbed but not significantly retained. As far as solubility is
concerned, a trend similar to moisture content was observed. Indeed, the films with higher PVA
content, such as CP3L, CPA3LAg, and CP3LAgM, exhibited the highest solubility, confirming
that PVA contributes significantly to the solubility of the films and enhances their hydrophilic

properties, overcoming the hydrophobic effect of lignin (see CS-L vs CS).
In conclusion, the hydrophilicity of the films was strongly influenced by the ratio of PVA to
chitosan and the presence of lignin. These findings suggest that by carefully adjusting the PVA-
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to-chitosan ratio and incorporating lignin, it is possible to tailor the hydrophilic properties of
the films to suit specific applications. In any case, it is undoubtedly that the water content and
swelling properties of all the films are rather high and appear incompatible with packaging
applications. However, a better interpretation of these quite unexpected values could be

provided following measurement of the storage relative humidity and temperature.

70 T T T T T T T T T 200
Moisture Content (%) || Solubility (%) #— Swelling Degree (%)
)
60 -
A + 150
—_ y —
& 50+ ‘ | ™ S
-—
[
T 7 ' &
= = £ \ 4 | —- 100 ©
o { D
38 ] \ | oz a
@ 30 N | 2
E ' \ ' =
72 E .
2 \ -50 =
= 20 \ | (77}
A / < -
} -
<
10 n/
‘ 0
0 A= = : . -
cs CS-L CPL1L CcPL2L CPL3L CP1LAg CP2LAg CP3LAg CP3LAgM

Fig. 3. 4 Hydrophilicity behavior of chitosan/PVA based films as in Table 1.

3.3.1.4. Thermal properties

TGA (Fig. 3.5) revealed distinct thermal behaviors across the studied systems. Chitosan powder
was used as a reference, showing a primary decomposition around 300 °C following a minor
weight loss below 100 °C from moisture evaporation. In film form (CS sample), an additional
DTG peak appears near 200 °C likely due to glycerol hygroscopic nature and partial degradation
(Zhang et al., 2019). The main peak shifts slightly to lower temperatures, indicating reduced
thermal stability as glycerol disrupts the chitosan hydrogen-bonding network. Introduction of
lignin (CS-L sample) produced no major changes in degradation stages, confirming its role
mainly as a filler. In the chitosan—-PVA systems, a new peak at~400°C  was observed,
due to PVA decomposition ( La Mantia et al., 2017; Moussout et al., 2016; Muhd
Julkapli et al, 2011). The second characteristic peak of PVA around 250/300 °C was

superimposed on the second peak of chitosan (and chitosan-lignin) films. Incorporation of lignin-
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silver nanoparticles did not noticeably alter the TGA—-DTG profile, indicating again a role of filler

for the additive, not interfering with the decomposition pattern of the polymer matrix.
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Fig. 3.5 TGA and DTG thermograms of the chitosan/PVA based films as in Table 1.

3.3.1.5. Mechanical properties
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Mechanical testing showed that adding lignin to chitosan (CS) films reduced elongation and

stress at break, making the CS—lignin (CS-L) films more brittle than neat CS(Fig. 3.6a). Lignin

acts as a rigid phase that restricts polymer-chain mobility and creates stress-concentrating

domains, leading to earlier fracture. However, introducing PVA improved the mechanical

properties, particularly for formulations with higher PVA content (CP3L and CP3LAg). PVA's

flexibility and ability to form hydrogen bonds with chitosan enhance interchain interactions,

allowing more plastic deformation and higher elongation at break(Fig 3.6a and Fig. 3.6b). This
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composition—property relationship is confirmed by a linear increase in elongation with higher
PVA/CS content, supported by high R? = 0.992, indicating reproducibility despite experimental
scatter. PVA/CS content is a key driver of ductility, improving blend homogeneity and
intermolecular interactions(Fig.3.6d). Lignin—silver nanocomposite films benefit from
mechanochemical synthesis, which promotes uniform nanoparticle dispersion, better interfacial
contact, and stronger physical/chemical interactions, enhancing mechanical performance. In
contrast, hydrothermal methods may cause nanoparticle aggregation, weakening the
film(Fig.3.6¢).. Thus, while lignin alone embrittles CS, PVA addition and well-dispersed lignin—
Ag nanophases improve ductility and mechanical robustness by enhancing compatibility,

interfacial bonding, and reducing defects.
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Fig. 3.6a Mechanical properties (Strength (MPa), Elongation at break (%) and Stress vs
strain curves) of chitosan and chitosan-lignin films as in Table 1.
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Fig. 3.6b Mechanical properties (Strength (MPa), Elongation at break (%) and Stress vs strain curves)
of chitosan/PVA-lignin films as in Table 1. Reported are the mean + SD values from three separate
experiments.
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Fig. 3.6¢c. Mechanical properties (Strength (MPa), Elongation at break (%), and Stress vs. Strain
curves) of chitosan/PVA lignin silver nanocomposite films as shown in Table 1. Reported are the mean
+ SD values from three separate experiments.

91



...... T — T T T T T T T

® All measurements
A 3 measurements

Elongation [MPa]
- = N
o N O ©
© ©6 6 ©
AT T

H
(=]

=
0.0 1.0 2.0
PVA/CS content

ny T T an
E © 3 measurements 3
‘fit_Elongation_CPxL_3meas.' 3

o
R

N

(=

o
T

y= 11 + 59x
R%=0.992

- -
N O
o O
et

0
1

Elongation [MPa]
(o]

H
o
rrrrree
L

e E
0.0 1.0 2.0
PVA/CS content

Fig.3.6d. Effect of PVA/chitosan (PVA/CS) content on elongation at break of the composite films;
symbols show mean = SD for all measurements (black circles) and the subset of three measurements (red

o
e

triangles), and the lower panel reports the linear fit for the three-measurement dataset (y = 11 +
59x, R? = 0.992).

3.3.1.6. Antioxidant properties

The antioxidant properties of the films were preliminarily tested using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) and the cupric reducing antioxidant capacity (CUPRAC) assays (Fig.3.7).
Notably, PVA markedly enhanced the DPPH reducing properties of the films, with CP3L
samples showing the highest radical scavenging activity (RSA), whereas an opposite trend was
observed in the case of the CUPRAC assay. These results are in line with the different solvents
adopted in the two assays, that is ethanol for the DPPH assay and water in the case of CUPRAC
assay. Indeed, the CS-L sample exhibited the highest swelling degree in water among all the films
(see Fig. 3.5), whereas the higher affinity toward ethanol of PVA compared to chitosan could be
responsible for the highest RSA value determined for the chitosan/PLA films in the DPPH assay.
As expected, based on the involvement of the LIG phenolic groups in the silver ion reduction,
the films containing LIG-Ag generally exhibited slightly lower antioxidant properties
(Argenziano et al., 2024), with the only exception exhibited in the CUPRAC assay by the

CP3LAgM film.
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Fig. 3.7 Results from the DPPH and CUPRAC assays run on chitosan/PVA films as in Table 1.
RSA= radical scavenging activity. Reported are the mean + SD values from three separate experiments.

3.3.1.7. Antimicrobial properties

Antibacterial activity was preliminarily evaluated against the Gram-positive Methicillin-re-
sistant Staphylococcus aureus (MRSA) and the Gram-negative Pseudomonas aeruginosa (Fig.
3.8). As expected, chitosan films demonstrated strong antibacterial effects due to protonated
amino groups, which may interact with negatively charged bacterial cell walls, increasing
membrane permeability and causing leakage of intracellular contents (Jiang et al., 2023; Zehra et
al., 2022). Notably, in line with what was reported in Chapter 2, when chitosan was com- bined
with lignin (CS-L sample), the antimicrobial activity was significantly reduced as a con-
sequence of lignin-chitosan interactions, decreasing the availability of chitosan cationic sites
(Yaneva et al., 2022). The antimicrobial activity was generally recovered when PLA was also
present, particularly in the case of MRSA. On the contrary, further experiments are needed to
better understand the efficacy of lignin-silver nanocomposites in enhancing the antibacterial
performance of the films, since conflicting results were obtained among the different films and

bacterial strains.
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Fig. 3.8 Antibacterial effects of chitosan/PVA films as in Table 1. Reported are the mean + SD values
from three separate experiments.

3.4 Conclusions

In conclusion, the results presented in this chapter demonstrated that integrating chitosan with
PVA, lignin and lignin-silver nanocomposites may significantly enhance the physicochemical
and functional performance of films intended for food packaging applications. FTIR analysis
revealed that lignin acted primarily as a filler, being physically embedded in the polymer matrix
without altering its chemical structure. On the other hand, lignin and particularly the lignin- silver
nanocomposite imparted UV-Vis radiation blocking ability to the films. Films with high PVA
content exhibited superior flexibility compared to pure chitosan films. Antioxidant assays
confirmed potent radical scavenging and reducing properties attributed to the phenolic groups of
lignin, with PVA differentially affecting the efficacy of the films depending on the assay
medium. Although still preliminary, these results highlight the importance of a more detailed
analysis and critical approach to understanding the real effects of the polymer matrix and of the
functional additives on the performance of films intended for food packaging and to guide the
selection of proper combinations that may improve film efficacy. Future work should focus on
investigating not only migration effects, to address food safety issues related to the use of silver
nanoparticles, but also the long-term stability and biodegradability of the films under realistic

conditions.
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Extracts Prepared from Agri-Food By-Products by in
situ-generated Deep FEutectic Solvents on Chitosan-
Based Films
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Chapter 4

4.1 Introduction

Chitosan has attracted considerable attention as a biodegradable matrix for active food-
packaging films because it combines film-forming ability, gas-barrier properties and intrinsic
antimicrobial activity, and it is highly compatible with natural plant extracts (Baji¢ et al., 2019).
However, neat chitosan films are usually brittle and sensitive to moisture, so recent work has
focused on incorporating active compounds and using alternative plasticization strategies to
obtain materials with improved mechanical and functional performance (Baji¢ et al., 2019;

Galvis-Sanchez et al., 2018).

Deep eutectic solvents (DES) have emerged as promising green media for the extraction of
phenols from food plants and agro-industrial by-products because they show low volatility and
offer highly tunable solvation properties (Aktas & Kurek, 2024; Gonzalez-Laredo et al., 2023).
Several reviews and application studies have shown that DES often provide higher extraction
yields and antioxidant properties than conventional aqueous or hydroalcoholic solvents, while
operating under milder, more sustainable conditions (Saini et al., 2022; Li, 2022; Wang et al.,
2024). This has been demonstrated for a variety of matrices, including aromatic and medicinal
plants, Michelia alba flowers and different types of agri-food residues (Aktas & Kurek, 2024;

Wang et al., 2024).

Among agri-food by-products, grape pomace, spent coffee grounds, and pomegranate peels and
seeds are particularly rich in phenolic acids, flavonoids and tannins, and have been therefore
extensively investigated as sources of high-value antioxidants. Frontini et al. (2024) showed that
DES can efficiently recover phenolic compounds from different grape pomaces, while Garcia-

Roldén et al. (2023) reported that DES extracts from spent coffee grounds display
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enhanced antioxidant and bioactive properties compared with conventional extracts (Frontini
et al., 2024; Garcia-Roldan et al., 2023). These results, together with broader assessments of
DES in the valorization of natural products and agri-food residues (Gonzalez-Laredo et al.,
2023; Li, 2022), highlight the potential of DES-based extraction in circular bioeconomy
strategies. Qader et al., (2023) further introduced the concept of forming a deep eutectic mixture
directly by mechanical mixing of solid components to selectively extract antioxidants from
natural sources, suggesting an avenue to integrate DES formulation and extraction in a single

step (Qader et al., 2023).

In parallel, DES have been proposed not only as extraction media but also as plasticizers for
biopolymer-based films, including chitosan films. Galvis-Sanchez et al. (2018) demonstrated
that choline-chloride-based DES can act as green plasticizers in chitosan thermoplastics,
providing materials with controlled mechanical and barrier properties (Galvis-Sanchez et al.,
2018). Recent reviews also emphasize the growing interest in using DES as plasticizers in
chitosan-based packaging films and in coupling extraction and film formation in DES-rich

systems (Gonzalez-Laredo et al., 2023; Saini et al., 2022).

Within this literature framework, the work described in this chapter focused on the preparation
and preliminary characterization of chitosan-based films functionalized with deep eutectic
solvent (DES)-based phenolic extracts from agri-food by-products, building on the concept of
mechanically generated deep eutectic mixtures for antioxidant extraction (Qader ef al., 2023),
with the aim of corroborating the possible exploitation of DES not only as green solvents but
also as film plasticizers. Part of the research activity was performed during a four-month stay

at Yonsei University in South Korea under the supervision of Prof. Youn Suk Lee.
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4.2 Experimental

4.2.1 Materials

Grape pomace was kindly provided by Prof. Naviglio from the Department of Chemical Sciences
of University of Naples Federico II. Spent coffee grounds were collected from a local coffee shop
and, prior to use, they were oven-dried at 40 °C. Pomegranate peels and seeds were obtained after
pomegranate juice preparation by squeezing and lyophilization, followed by mincing with the
use of a blender. All other reagents and materials were purchased from Sigma- Aldrich.

4.2.2. Preparation and characterization of extracts from agri-food by-products
4.2.2.1. Extraction by formation of a deep eutectic solvent (DES) through mechanical mixing

Phenolic-rich DES extracts were prepared using the mechanical-mixing approach described by
Qader et al. (2023). Briefly, 0.5 g of agri-food by-product (spent coffee grounds, pomegranate
peels and seeds or grape pomace) were ground in a mortar together with 4.0 g of choline chloride.
The resulting mixture was then transferred into a vial and kept at 50 °C under continuous stirring
for the first 72 hours, and subsequently at room temperature for 10 days. The mixtures were
centrifuged at 7000 rpm for 15 minutes at 4 °C to remove the non-extracted biomass and the
supernatant was stored at room temperature until further characterization and incorporation into

the chitosan film-forming solutions.
4.2.2.2. Extraction with water

Spent coffee grounds (815 mg), pomegranate-waste powder (575 mg) and grape pomace (3.7 g)
were extracted with water at 163 mg/mL, 115 mg/mL or 365 mg/mL solid-to-liquid ratio in that
order under stirring (350 rpm) for 1 h at room temperature. The mixtures were then centrifuged
(7000 rpm, 4°C) for 15 min and the supernatants were recovered and stored at —25

°C until further use. The solid residues were instead lyophilized to evaluate the extraction yield
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by difference (ca. 15 % w/w for spent coffee grounds, 62% w/w for pomegranate peels and seeds

and 65% w/w for grape pomace).
4.2.3. Characterization of the extracts

Both DES and water agri-food extracts were characterized by UV-Vis analysis after proper
dilution in water. In the case of the water extracts LC-UV-MS analysis was also performed in
negative ionization mode (detection wavelength= 254 nm), under the following conditions:
drying gas (nitrogen) 5 L/min, 325 °C; fragmentor voltage 175 V; capillary voltage 3500 V;
nebulizer pressure 35 psig. An Agilent Eclipse Plus ODS column (150 % 4.6 mm, 5 um) was
used, under the following gradient elution conditions (0.4 mL/min folw rate): 0.1% formic acid

(solvent A)/methanol (solvent B), from 0 to 10 min, 5% B 5%; from 10 to 47.5 min, 5-80% B.

4.2.4. Film preparation

To prepare the chitosan-based films, a 2% w/v chitosan (CH) solution was first prepared by
dissolving CH in 30 mL of 1% acetic acid. The control film was prepared from this solution
without any plant extract, corresponding to 0% extract loading. Films PCH, SCH, and GPH
contained 20% w/w aqueous extracts of pomegranate peels and seeds, spent coffee grounds, and
grape pomace, respectively. Films PD, SCD, and GPD were prepared using 20% w/w deep
eutectic solvent (DES) extracts from the same plant sources. Films PHD, SCHD, and GPHD
contained a total of 20% w/w extract as a 1:1 mixture of aqueous and DES extracts. Additionally,
PD2, SCD2, and GPD2 films were formulated with 30% w/w DES extract, while PD3, SCD3,
and GPD3 contained 50% w/w DES extract (Table 4.1). After the incorporation of the extracts,

the casting solutions were poured into 9 cm Petri dishes and dried at 50 °C for 48 hours.
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Table 4.1. Composition of chitosan films containing water and/or DES plant extracts.

Polymer Plant Extraction Extract solution

Sample code matrix extract medium

content ( % w/w)

source
CH Chitosan — — 0
PCH, SCH, GPH Chitosan P, SC, GC Water 20
PD,SCD, GPD  Chitosan P, SC, GC DES 20
PHD, SCHD, Chitosan P, SC, GC DES/Wa 20
GPHD ter (1:1)
PD2,SCD2, .

Chitosan P, SC, GC DES 30
GPD2
PD3, SCD3, i
GPD3 Chitosan P, SC, GC DES 50

CH= chitosan; P = pomegranate peels and seeds,; SC = spent coffee grounds; GP = grape pomace; DES = deep eutectic solvent (choline
chloride-based).

4.2.5. Characterization of film mechanical properties

The tensile strength (TS) and percent elongation (%E) of the prepared chitosan films were
analyzed using a universal testing machine (UTM, DaeKyung Tech & Testers Mfg. Co., Ltd.,
Namdong-ku, Incheon, South Korea) using a 20 kg load cell at a tensile velocity of 500 mm/min.
The testing was performed per ASTM D882 (ASTM 1996). All film samples were cut into 10
cm % 2.54 cm dimensions and then the samples were conditioned in an atmosphere- controlled
chamber for 48 h at 23°C and 50% relative humidity (RH). Five measurements were performed

for each film.

4.3 Results and discussion

4.3.1. Preparation and characterization of extracts from agri-food by products

Spent coffee grounds, grape pomace and pomegranate peels and seeds were selected as the agri-
food by-products for the recovery of phenolic compounds based on their large availability and
different composition in terms of phenolic components. For the DES-based extraction of phenolic
compounds from the selected agri-food by-products, a procedure recently reported in the

literature based on the in situ generation of a deep eutectic mixture through mechanical
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mixing of the sample with choline chloride was exploited (Qader et al., 2023). To demonstrate
the possibility of using DES not only as green solvents but also as film plasticizers, for
comparison water extracts from the same agri-food by-products pomace were prepared using
proper solid-to-liquid ratios able to achieve the same extraction yields obtained with the choline
chloride-based DES as determined by UV-Vis analysis. Indeed, this latter allowed to conclude
that water and DES were able to extract the same compounds from each starting material, as

evident from the almost complete overlapping of the spectra recorded for two different extracts

(Figure 1).
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Fig. 4.1 UV-Vis spectra of DES and water extracts (diluted 1:100 in water) from pomegranate peels
and seeds, spent coffee grounds, and grape pomace.

LC-UV-MS analysis of the water extracts (Figure 2) allowed to identify punicalagins and
ellagic acid as the main phenolic compounds in the case of pomegranate peels and seeds,
chlorogenic acid and its isomers in the case of spent coffee grounds, and epicatechin and
condensed tannins in the case of grape pomace, in line with literature data ( Panzella et al.,

2020)
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Fig. 4.2 LC-UV-MS analysis (UV traces) of water extracts from pomegranate peels and seeds, spent
coffee grounds, and grape pomace.

Further structural characterization of both the DES and water extracts by NMR analysis is

currently undergoing.
4.3.2 Mechanical properties testing

Although still very preliminary, mechanical testing performed on the different chitosan-based
films (see Table 4.1) prepared by solvent casting indicated that incorporation of DES extracts,
particularly from pomegranate and coffee by-products, improved elongation at break and hence
flexibility of the films (Figure 4.3), highlighting therefore that DES can be easily exploited as
both green solvents for the extraction of phenolic compounds from agri-food by-products and
as film plasticizers. However, a decrease in tensile strength was observed, especially with
higher extract concentrations. These findings align with the several works reported in the
literature, which demonstrated that DES-based extracts enhanced the flexibility and mechanical
properties of chitosan films, confirming that DES act as effective plasticizers for biopolymers
(Wang et al., 2025; Kyriakidou et al., 2021; Veldsquez et al., 2021; Liu et al., 2024; Rolinska

et al., 2025). It is worth of notice, however, that in the present activity
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extraction of phenolic compounds was not performed following the usual procedure involving
first the preparation of the DES and then the extraction, but a more sustainable and green
procedure, based on the in situ generation of a DES starting from external choline chloride and

hydrogen bond donors present in the starting agri-food by-products.
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Fig. 4.3 Mechanical properties of chitosan films incorporating water and deep eutectic solvent extracts
from pomegranate peels (a) spent coffee grounds (b) grape pomace (c)
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4.4 Conclusions

In conclusion, this study successfully explored the use of in situ-generated deep eutectic solvents
(DES) to extract bioactive compounds from agri-food by-products, specifically pomegranate
peels and seeds, spent coffee grounds, and grape pomace. UV-Vis and LC-MS analyses in
comparison with water extracts confirmed that the choline chloride-based solvents effectively
extracted important phenolic compounds such as punicalagins, ellagic acid, chlorogenic acid,
epicatechin, and condensed tannins, all well known for their antioxidant properties. Notably,
when incorporated into chitosan films, these extracts led to showed significant improvements in
flexibility and elongation at break. However, a decrease in tensile strength was observed,
especially with higher extract concentrations, suggesting the need for a trade-off between
flexibility and strength. Therefore, although several other experiments are needed including for
example the complete characterization of the physiochemical and functional properties of the
prepared films and a more strict comparison with the films containing the water extracts, the in
situ generated DES look promising not only as effective solvents but also as biopolymer film
plasticizers, lowering strength but increasing elongation and allowing tuning from stiff to ductile
behavior for the implementation of functional and flexible films suitable for applications in food

packaging.
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