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ARTICLE INFO ABSTRACT
Keywords: Disposing food and fossil-based packaging waste is currently a huge global challenge. Bio-based active food
Biopolymer packaging is potentially an efficient and versatile approach to reducing household and retailer waste. Active
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Food packaging

Food waste

Structure-properties relationship
Sustainability

compounds released from packaging could increase food shelf-life. Compound release behavior depends on the
physical and mechanical durability and strength of the active layer in contact with food. Bio-based polymers are
weaker and more prone to hydrolytic degradation than fossil-fuel-derived polymers. In this study, the structure-
properties relationships of mechanically and hydrolytically robust and durable bio-based zein/chitosan films
with cellulose nanocrystal (CNC) filler network, containing different combinations of active compounds, were
investigated pertaining to their role as a food contact layer. Different essential oils (EOs), namely thyme (TEO
EO) and oregano (OEO EO), and their complex with the phenolic thymol (THY) were investigated as active
compounds. EOs worked synergistically with the phenolic THY to increase the mechanical strength and dura-
bility of active film layers. The CNC-incorporated active film layers with TEO EO and OEO EO had higher me-
chanical strength and greater hydrolytic stability compared to non-CNC-included films, which allowed films to
remain in contact with food for longer. EO addition substantially enhanced the gas barrier performance of films,
and no further improvement was observed with the addition of CNC. EOs/CNC also imparted films with anti-
microbial activity in vitro. This paper provides insights into how to design filler network-based active food
packaging layers, with regards to which combination of active compounds and fillers are required for different
food packaging applications.

1. Introduction Waste Regulation (PPWR) adopted a range of new measures to increase
sustainability in packaging and reduce packaging waste, including
Petroleum-based fossil plastic food packaging materials and their introducing packaging reduction goals (5% by 2030, 10% by 2035 and

waste are a large health, environmental, and economic concern because 15% by 2040) (European Union, 2024). Particularly, bio-based pack-
they are non-renewable and non-biodegradable and can leach chemicals aging solutions can help achieve the PPWR’s targets. Biopolymers ob-
(Zhang et al., 2022). The European Union - Packaging and Packaging tained from renewable sources, namely polysaccharides, proteins, lipids,
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and their blends, are seen as a viable sustainable strategy for reducing
petroleum-based plastic dependency (Cruz et al., 2022; Eranda et al.,
2024; Uysal-Unalan et al., 2024) by mitigating food and packaging
waste.

For films or coatings, biopolymers can be directly applied to food
products by casting, dipping, or spraying (Eranda et al., 2024). Alter-
natively, they can be deposited on thin recycled plastic packaging layers
to provide safe and functional primary layers for food contact. Such
layers can be tuned, and in synergy with the plastic layer, provide the
necessary oxygen, light, and moisture barrier for maintaining or
enhancing the shelf life of various types of food. The coating may also
protect the food from the migration of unwanted contaminants from
virgin or recycled plastics. Another interesting characteristic of these
bio-based films and coatings is that they can be designed as active de-
livery systems for antimicrobials or antioxidants to further improve food
product quality and acceptance (Franda et al., 2024; Gagaoua et al.,
2021; Ulloa-Saavedra et al., 2022).

One example of such biomaterials is zein, which is the prolamin
fraction of corn protein. Zein is known for good film-forming properties,
with higher tensile strength and lower water vapor permeability
compared to other protein-based films (Jeski et al., 2022). Blending with
chitosan was recently shown to improve the film properties of zein. This
blended biomaterial additionally displayed potential as a natural carrier
system for retaining active molecules, through hydrogen bonding and
electrostatic interactions, for subsequent release to packaged foods (Li
et al., 2022; Pavlatkova et al., 2022; Zhang et al., 2022). Furthermore,
chitosan is a waste byproduct generated from seafood processing (Santos
et al., 2020) (over 10,000 tons/year of shellfish waste) (Coppola et al.,
2021), and its use in food packaging reduces biowaste and increases the
circularity of food production. However, such systems in the aqueous
environment are susceptible to enzymatic hydrolysis (e.g. chitinase) and
they are therefore rarely considered in active delivery applications due
to their mechanical instability (Iniguez-Franco et al., 2018; Sun et al.,
2021; Villegas et al., 2019; Yang et al., 2016). Further investigation is
therefore urgently required to assess how to design active delivery
biopolymer models for humid food systems.

In this study, the effect of incorporating thyme essential oil (TEO EO)
and oregano essential oil (OEO EO) with and without the phenolic
thymol (THY), in zein/chitosan films was investigated. Phenolics like
THY and carvacrol are primarily responsible for the antimicrobial and
antioxidant activities of TEO and OEO EOs (Bassolé & Juliani, 2012;
Charles et al., 2022; Giotopoulou et al., 2024; Sun et al., 2022). Thus, the
phenolic THY was included to assess whether it can enhance the anti-
microbial properties of films by acting synergistically with other
bioactive compounds in TEO and OEO EOs. While blends of EOs with
phenolics and other constituents of EOs have been reported (Bassolé &
Juliani, 2012; Yakoubi et al., 2020), very few of them assessed syner-
gistic activity in film applications (Sedlarikova et al., 2017; Sedlarikova
et al., 2021). Furthermore, the release kinetics and mechanism of active
molecules in response to hydrolysis and mechanical changes in films
remain unclear.

Preserving or enhancing the mechanical stability of polymeric ma-
terial modified with active substances is key to tailoring active molecule
release in dry and humid food environments (Chen et al., 2019). Cel-
lulose nanocrystals (CNC) were used in this study as their highly crys-
talline structure increases mechanical strength in food packaging
(Perumal et al., 2022). CNC and biopolymers adhere to each other
through H-bonding which improves the overall mechanical properties of
the matrix composite. Similarly, the formation of hydrogen bonds be-
tween hydroxyl groups of CNC and biopolymers reduces available sites
for interaction with water thus limiting hydrolytic degradation
(Ghadermazi et al., 2019). Nanoparticles can be irreversibly adsorbed at
the interfaces of oil-water, creating a densely packed layer and
increasing long-term stability (Dickinson, 2017; Wardhono et al., 2019).
This study aims to optimize the fabrication of zein/chitosan films
enhanced with different combinations of active compounds, with or

Food Hydrocolloids 166 (2025) 111316

without added CNC, for food contact applications. Specifically, the
physicochemical and functional properties of the films, release-kinetics
of incorporated EOs, and synergistic effects of EO constituents were
investigated in depth with regards to the preparation of active hydro-
colloidal delivery layers that are fit for purpose for enhanced and sus-
tainable food packaging.

2. Materials and methods
2.1. Materials

Chitosan (low-molecular-weight, >75% deacetylation degree),
thymol (THY), and Tween 20 were purchased by Sigma-Aldrich (Prague,
Czech Republic). Zein was obtained from TCI (Tokyo, Japan). CNC was
purchased from the University of Maine, the Process Development
Centre (Orono, Maine, USA). Two types of essential oils (Thymus vul-
garis, TEO - Spain; Origanum vulgare, OEO — Romania) were supplied by
Nobilis Tilia s.r.o. (Krasna Lipa, Czech Republic). Acetic acid was pro-
vided by IPL (Zlin, Czech Republic), and ethanol by PENTA s.r.0. (Pra-
gue, Czech Republic). Microorganisms were obtained from the Czech
Collection of Microorganisms: Gram-negative rods Escherichia coli ATCC
25922, Gram-positive cocci Staphylococcus aureus ATCC 25923, yeasts
Candida albicans ATCC 90028 and Candida parapsilosis ATCC 22019, and
micromycetes Aspergillus brasiliensis ATCC 16404. Mueller-Hinton (MH)
Agar (Himedia Laboratories, Telangana, India) was used for the growth
of bacteria (37 °C/24 h). Sabouraud Agar (Himedia Laboratories,
Telangana, India) was used to cultivate yeasts and molds (20 °C/5 days).
Trolox (6-hydroxy-2, 5, 7, 8-tetramethylchroman-2-carboxylic acid), 2,
2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH), methanol, and other
chemicals were purchased from Sigma-Aldrich Co. (St Louis, MO, USA).

2.2. Preparation of films

A stock solution of chitosan (0.5% w/v) in 1.0% v/v acetic acid was
prepared by dissolving chitosan in an ultrasonic bath at 40 °C for 30 min,
followed by stirring until it was completely dissolved. A stock solution of
zein (2.0% w/v) in 75% ethanol was prepared by dissolving a calculated
amount of zein in ethanol with magnetic stirring at 500 rpm, 40 °C for
20 min, followed by ultrasonic homogenization by Hielscher UP400St
(Teltow, Germany) continuously for 10 min at 50% amplitude (sono-
trode type S24d3).

The concentration of active compounds (THY, TEO, OEO, or their
combinations) was selected based on the previous study (Pavlatkova
etal., 2022) and added to the zein solution and homogenized at 500 rpm
on a magnetic stirrer for 30 min at ambient temperature. Afterward, the
chitosan solution (zein/chitosan, 7/1, v/v) was dropwise pipetted under
continuous stirring, and then 2 mL of 5% w/v Tween 20 solution in 75%
ethanol (v/v) was added with a further 30-min homogenization.

For films with CNC, CNC 0.05 or 0.1% w/v was weighed and mixed
with prepared zein/chitosan/EO or zein/chitosan/EO/THY solution by
stirring at 500 rpm on a magnetic stirrer for 30 min and ultrasonicated
for 10 min at 50% amplitude. Analogously, as a control, a sample
without active substance and CNC was prepared. The prepared
biopolymer film solutions (25 mL) were poured into plastic Petri dishes
(9 ecm diameter) in a laminar box and then dried in an oven at 35 °C for
24 h. The dried films were kept at room temperature at ~ 60% RH. The
thickness of films was measured with a digital micrometer (Schut,
Trossingen, Germany) at an accuracy of 0.001 mm, and the average of
ten measurements was reported as 100 pm for control, 108-115 pm from
EOs and EOs/THY films and 121-128 pm for EOs/CNC and EOs/THY/
CNC.

The composition and designation of films are summarized in Table 1.

2.3. Zeta potential and pH measurement of film-forming solutions

The zeta potential measurements of polymer solutions were carried



L. Pavlatkova et al.

Table 1
Designation of hydrocolloidal polymeric film systems.
Films Thyme EO Oregano EO Thymol (w/ CNC (w/
(w/w, %) w/w, %) w, %) v, %)
“Control - - - -
TEO 2 - - -
TEO/CNC 2 - - 0.05
0.05
TEO/CNC 0.1 2 - - 0.1
OEO - 2 - -
OEO/CNC - 2 - 0.05
0.05
OEO/CNC 0.1 - 2 - 0.1
TEO/THY 2 - 2 -
TEO/THY/ 2 - 2 0.05
CNC 0.05
TEO/THY/ 2 - 2 0.1
CNC 0.1
OEO/THY - 2 2 -
OEO/THY/ — 2 2 0.05
CNC 0.05
OEO/THY/ - 2 2 0.1
CNC 0.1

@ Control = base film: zein + chitosan; used as the basis for the remaining
films.

out at 25 £+ 1 °C in triplicate using a Zetasizer model Nano ZS device
Malvern Instruments, Ltd. (Malvern, UK) after diluting the samples with
75% (v/v) ethanol.

The pH of solutions was measured in triplicate using a pH meter
Metrohm 913 and a spearhead electrode Metrohm (Metrohm AG, Her-
isau, Switzerland) at room temperature.

2.4. Scanning electron microscopy

Morphology of the surfaces and cross-sections of films was visualized
using a scanning electron microscope (SEM) Nova NanoSEM 450 with
Schottky field emission electron source operated at an acceleration
voltage of 30 kV (Thermo Fisher Scientific, Brno, Czech Republic). The
films for SEM analysis were prepared by crushing, following freezing in
liquid nitrogen. The prepared samples were coated with a 10 nm thick
Au/Pd layer by magnetron sputtering before the inspection.

2.5. Fourier transform infrared spectroscopy

Fourier Transform Infrared Spectroscopy (FTIR) spectra were
recorded on an Alpha-T FTIR spectrometer (Bruker, Billerica, MA, USA).
The spectrum was recorded in the spectral range from 400 to 4000 cm ™
with a resolution of 4 cm™! (32 scans). All the FT-IR spectra were
baseline-corrected and evaluated using the OPUS program (version 7.5).

2.6. Moisture content and hydrolytic degradation behavior of films

Moisture content was measured thermo-gravimetrically at 105 °C by
using a moisture analyzer (Mettler Toledo, HR73 Halogen Ohio, USA)
that operates with a halogen dryer unit. The results were calculated as
an average of three replicates.

The hydrolytic degradation behavior of films was performed under
the buffered condition using phosphate salt saline buffer (PBS, pH 7.4)
in water at 23 °C. Films were cut into 2 x 2 cm sizes and dried before
degradation analysis. Films were then stored in sealed glass vials con-
taining 25 mL of PBS for 168 h pH of the degradation medium was also
recorded when the hydrolysis test started and was completed. During
the test, the changes in the film structure were tracked visually at pre-
determined time intervals. At the end of the test, the obtained solutions
containing remaining film piece(s) were filtered on a glass microfiber
filter (Whatman™; diameter 25 mm; pore size 20 pm) and dried at room
temperature until no weight changes were observed and measured
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gravimetrically.

2.7. Determination of release profiles

Samples of the size 3 x 3 cm were cut from the dried films, weighed
at the accuracy of 0.0001g, inserted into glass bottles with 30 ml PBS
buffer (pH 7.4), achieving an area-to-volume ratio of 3 dm?/L, and
incubated at 4 and 23 °C with constant agitation at 50 rpm. At defined
intervals up to 48 h, three 2 ml aliquots of release medium were taken
and replaced with fresh buffer. The samples were then analyzed by UV
visible spectrophotometer (VWR UV-3100PC, USA) at the wavelength of
273 nm where maximum absorption for THY and carvacrol, the main
constitutes of TEO and OEO EOs, were previously reported (Charles
et al., 2022; Giotopoulou et al., 2024; Sun et al., 2022). The release
curves were obtained by plotting the measured contents (mg/cm?) over
time (h), and the slope of the initial linear portion of these formed curves
was used to determine the initial release rates (mg/cmz/h) of relative
film samples. Peleg’s equation (Peleg, 1988) was also used to model the
release kinetics using Equation (2):

M=t/ (ki) + (kat)] M

where M, is the amount of active compound released at each time, and
the kinetic constants, k;, and ko, are the inverse of the initial release rate
and the inverse of the asymptotic release value, respectively.

The total soluble phenolic content released from film samples into
the PBS medium was also determined spectrophotometrically at both 4
and 23 °C for 48 h (Singleton & Rossi, 1965). Briefly, the taken release
medium was treated with Folin—Ciocalteu reagent (0.2 N) and sodium
bicarbonate (7.5%, w/w) before reading absorbance at 765 nm (Syn-
ergy, BioTek multimode microplate reader with Gen5 software, Bio-Tek
Instruments, Inc.). The results were expressed as gallic acid equivalent
(GAE) per cm? of film samples using the gallic acid calibration curves.

The discoloration of dark, purple-colored DPPH free radicals by the
released active compounds from film samples at 4 and 23 °C was also
monitored until the active compound release reached equilibrium.
Briefly, an aliquot of release medium was subjected to DPPH radical, and
the mixture was incubated at 23 °C for 40 min before reading absor-
bance at 517 nm (Synergy, BioTek multimode microplate reader with
Gen5 software, Bio-Tek Instruments, Inc.). The results were expressed as
mg Trolox/cm? of film sample using the Trolox (40-160 pg/mL) cali-
bration curves, and DPPH inhibition percentages calculated from the
loss of absorbance by dividing the reduction in absorbance by the
absorbance of DPPH solution.

2.8. Antimicrobial activity of films

The antimicrobial activity of the prepared films was determined by
the disk diffusion method against S. aureus, E. coli, C. albicans, C. para-
psilosis, and A. brasiliensis. Disks with a diameter of 9 mm were cut from
the prepared films. The prepared agar media (MH, Sabouraud) were
poured into Petri dishes and solidified. 1 ml of the stock inoculum
(bacteria, yeasts, or fungi) was evenly spread onto the solidified agar
media agar where film discs were later placed. Petri dishes were incu-
bated according to the microorganisms in place (bacteria at 37 °C/24 h;
yeasts and fungi at 25 °C/5 days). After incubation, the diameters of the
inhibition zones, including the area under the disk, were measured. The
experiments were performed in triplicate.

2.9. Statistical analysis

All experiments were performed at least three times, and the data
were expressed as mean + standard deviation. The statistical analyses
were performed using Minitab® 17 with Tukey’s multiple comparison
tests at a two-sided 95% confidence level. The obtained data were
analyzed to evaluate the differences between the films with one-way



L. Pavlatkova et al.

ANOVA. Release kinetics data were also analyzed to assess the signifi-
cance of the film type and release medium temperature, and their in-
teractions, using two-way ANOVA. Besides, the Pearson correlation
coefficient was used to assess the relationship between phenolic content
and DPPH radical scavenging activity of films, with statistical signifi-
cance determined at o = 0.05.

3. Results and discussion
3.1. Zeta potential and pH of film-forming solutions

Zeta potential is related to the net surface charge of the liquid system
resulting from the interaction between particles and biomolecules. It is a
crucial factor for determining the colloidal stability of charged particles
associated with adsorption, aggregation, and dispersion mechanisms,
and understanding the performance of the system under a variety of
conditions. A higher tendency to aggregate causes the stability to drop
dramatically when the zeta potential value is in the range 0 to £10 mV.
On the other hand, systems possessing a sufficiently positive (>+30 mV)
or negative (<—30 mV) zeta potential value are more stable (Gurpreet &
Singh, 2018).

As reported in Fig. 1, the zeta potential values of prepared zein/
chitosan film-forming solutions with EOs and EOs/CNC exceeded the
+30 mV threshold, indicating sufficient electrostatic stability, except for
the film containing TEO EO.

This is because, contrary to OEO EO, TEO EO has a larger number of
negatively charged ions in its functional groups (Gonzalez-Reza et al.,
2021). This might have caused zein particles to inhomogeneously adsorb
to the surface of TEO droplets through hydrogen bonding and me-
chanical interlocking, causing the diffusion of some of TEO to the sur-
face and reducing net surface charge (~ +20 mV) compared to the
control film (~+33 mV). On the other hand, the addition of THY
together with the TEO EO substantially increased the zeta potential of
the film-forming solution (TEO/THY) compared to the TEO film-forming
solution. This behavior can be explained by the fact that TEO with THY
formed a strong complex such that the surface successfully interacted
with zein/chitosan through electrostatic and hydrophobic interactions.
Likewise, CNC contains numerous hydroxyl groups and electronegative
atoms (Zhang et al., 2021) that can form hydrogen bonds with positively
charged chitosan, thus the incorporation of CNC increased film stability
indicated by higher zeta potential values in the corresponding films.

The pH values of all prepared film-forming zein/chitosan solutions
were found between 5.5 and 5.6, which are similar to results obtained by
Pavlatkova et al. (2022) for zein/chitosan active film-forming solutions.
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Fig. 1. Zeta potential and pH values of hydrocolloidal polymeric film solutions.
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Reported values were below the isoelectric points of chitosan (pI = 6.2)
and zein (pI = 6.5).

3.2. Changes in microstructure and specific surface area

Microstructural changes in films were observed following the
incorporation of bioactive compounds and CNC by SEM micrographs in
Fig. 2.

The control film without active molecules or CNC had a coarse
structure with irregularly shaped folds and particles, formed probably
due to the entanglement of polymer chains in the zein/chitosan mixture
(Zhang et al., 2019). On the other hand, the structure of TEO films was
relatively homogenous with uniformly distributed droplets due to the
TEO EO. In the case of OEO EO, the film surface was still relatively
rough; furthermore, the cross-section of the film appeared bumpy with
randomly occurring pores. Films containing TEO or OEO EOs in com-
bination with THY become smoother on the surface without any
apparent cracks or pores, indicating good compatibility between the two
compounds, which agrees with the outcome of work by Sedlarikova
et al., 2019. Larger droplets seen on the surface of TEO films (Fig. 2),
based on the study of Souza et al. (2021), might have been caused by
insufficient energy to break the larger droplets while still preserving
solution stability, which is not aligned with the lower zeta potential of
TEO films reported in this study (Fig. 1). It is possible that the presence
of larger droplets was instead formed due to flocculation which might
have reduced solution stability, as indicated by a zeta potential.

Adding CNC also affected the film microstructure (Fig. 2). In the case
of TEO/CNC films, the difference was most evident on the surface, where
a high concentration of tiny droplets was observed. On the other hand,
the surface of TEO/THY/CNC, OEO/CNC and OEO/THY/CNC films
were relatively smooth, while their cross sections were highly porous.
The porous structure observed within the microstructure of films with
CNC could be due to the generation of microbubbles by the ultrasonic
sound waves during the process by which CNC was added to film-
forming solutions and mixed by highly intensive ultrasonication.
Similar results were reported by Alves et al., 2015, who found the air
microbubbles on the cross sections of starch films containing CNC as a
result of the film preparation process at the high speed of mixing.

3.3. Molecular interactions in the colloidal film systems and the
associated mechanisms

Molecular interactions in films were investigated by the Fourier
transform infrared spectroscopy (FTIR) spectroscopy (Fig. 3).

The spectrum of the control film shows characteristic peaks of zein
and chitosan polymers at 3290-3280 cm ' (the stretching of N-H and
hydrogen bonding), 2925-2960 (C-H stretching), 1650-1646 cm! (the
stretching of C=0, amide I), 1547-1558 cm ™! (the stretching of C-N,
amide II), 1410-1420 cm ! (the stretching of -C-N), 1230-1250 cm !
(the stretching of C-N and the bending of N-H, amide III). Also, the peak
around 1000-1050 cm ™! was associated with —OH deformation (Deng
et al.,, 2018; Zhang et al., 2019). Incorporating individual EOs and
EOs/THY complexes into films gave rise to new peaks at 806 cm ™' and
860 crn’l, due to aromatic ring vibrations of THYs (Schulz et al., 2003).
This indicates that EOs and their complex were effectively loaded in the
colloidal polymer systems. The peak intensities in the different regions
of the spectra were suppressed when CNC was added to films along with
the TEO or EOs. This behavior can be explained by the preferential
binding of the zein/chitosan blend to CNC compared to TEO or OEO EOs
as a consequence of higher-intensity hydrogen bonding and/or elec-
trostatic interactions (Xue et al., 2021), which hinders the interaction
between the EOs and the polymer blend. However, the reduction pattern
in peak intensity, when CNC was added, was not observed for the films
with TEO/THY or OEO/THY complexes, revealing that most of the
binding sites of polymer blends were already occupied by the TEO/THY
or OEO/THY complexes before CNC was incorporated.
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Surface Cross section

TEO/CNCO0.1 TEO/CNCO0.1

= -]

OEO/THY/CNCO0.1

Fig. 2. SEM images of surfaces and cross-sections of hydrocolloidal polymeric film systems.

The inclusion of all EO combinations either shifted FTIR peaks
slightly or introduced new peaks altogether in the 800-1100 cm ™! range
relative to the control film. Including CNG, it led to the broadening and
shifting of FTIR peaks in TEO and OEO films, while no change was
observed in the FTIR spectra of TEO/THY and OEO/THY films. This
observation further suggests that the addition of CNC to TEO and OEO
promotes interactions unlike CNC and TEO/THY or OEO/THY.

A possible mechanism of interactions between each component in
hydrocolloidal film systems is depicted in Fig. 4.

Zein is a protein composed of prolamine proteins, including alpha-
zein, beta-zein, gamma-zein, and delta-zein, which contribute to its
hydrophobic nature (Luo and Wang, 2014). The hydrophobic nature of
zein allows it to interact with hydrophobic compounds such as THY and
carvacrol through hydrophobic interactions, van der Waals forces, and
potentially hydrogen bonding (Luo and Wang, 2014). Chitosan, on the
other hand, is a cationic polymer due to the presence of amino groups,
which allows it to interact with negatively charged molecules or surfaces
through electrostatic interactions, such as hydrogen bonding and ionic
interactions (Aranaz et al., 2021). The hydrophobic nature of zein can
interact with the cationic nature of chitosan, resulting in improved film
properties, stability, and controlled release of encapsulated compounds
(Zhang et al., 2022). THY, similar to carvacrol, consists of a phenolic
ring with a hydroxyl group (-OH) and a methyl group (-CHg) (Ramos
et al., 2013). Therefore, zein or chitosan can immobilize active

compounds such as THY or carvacrol present in TEO and OEO EOs
through various techniques such as electrostatic complexation, coacer-
vation, or emulsification (Granata et al., 2021), which become a tool to
adjust the desired release behavior. These interactions are further sug-
gested by the new peaks occurring at 806 cm-1 and 860 cm ™! in FTIR
spectra (Fig. 3). Furthermore, the possible van der Waals interactions or
hydrogen bonds between THY and the active compounds of EOs when
combined with THY, are associated with those new peaks observed at
approximately 1200 and 800 cm™!. Additional interactions, such as
hydrogen bonding or electrostatic interactions, can further stabilize the
encapsulated compounds. The molecular structure of CNCs consists of
parallel, tightly packed cellulose chains arranged in a crystalline lattice
where each cellulose chain is composed of repeating glucose units joined
together by B-(1 — 4) glycosidic linkages (Nguyen et al., 2019). The
glucose units are in the form of D-glucose, and the primary hydroxyl
groups (-OH) on the cellulose chains are oriented towards the surface of
the nanocrystal. Thus, the interactions between zein/chitosan and CNC
can involve hydrogen bonding, electrostatic interactions, and entan-
glement of polymer chains, leading to enhanced film properties (Mortier
etal., 2022; Pires et al., 2021) that was proven with the shift in the peaks
0f 900-1200 em ! range.
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Fig. 3. FTIR spectra of hydrocolloidal polymeric film systems (A = new peaks;
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3.4. Thermal, barrier, and mechanical properties of films

Bio-based films and coatings are commonly produced by solvent
casting due to their incompatibility with melt processing. They are thus
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applied as a food contact layer on primary plastic or paper packaging
(Asgher et al., 2020; Kunam et al., 2022). However, they are gaining
more momentum as primary plastic coatings or as edible films and
coatings wrapped onto food surfaces that can be later heat-treated by
microwave heating (Reichert et al., 2020; Tyagi et al., 2021). At the end
of their use, depending on implementation, they can be composted
together with carryover food waste, or sent for recycling together with
primary plastic/paper packaging (a package containing up to a 5% layer
by weight of other materials is considered compatible with postcon-
sumer plastic/paper recycling stream), or incinerated, which is not
considered as sustainable waste treatment (Sampaio et al., 2023;
Schmidt et al., 2022). Understanding the thermal stability of packaging
films and coatings could inform application, use, and after-use strate-
gies. In this study, the thermal behavior of films was studied by TGA
from 25 to 600 °C (Fig. S2 and Table S2). The first weight loss occurred
around 70-110 °C due to the evaporation of water while the second
phase was between 180 and 200 °C, which might be related to devola-
tilization, active pyrolysis stage, or partial decomposition of EOs as re-
ported in Fig. S1 and Table S1. The major weight loss occurred in the
third phase, due to the decomposition of the primary protein backbone
of the zein and chitosan complex (Mendes et al., 2020; Wang et al.,
2017). The main decomposition temperature for the control film was
~331 °C while the addition of EOs (TEO or OEO) individually or as a
complex with a THY increased decomposition temperatures slightly to
~ 332-333 °C. However, the CNC inclusion in the film matrix reduced
decomposition temperature by 1-2° (~330-331 °C). No significant
difference in the thermal stability of films was observed from adding EOs
and/or CNC (Table S2). Similarly, Li et al. (2022) and Xue et al. (2021)
observed a slight increase in decomposition temperatures of films to ~
332-333 °C following EO addition, which could be due to

¢) Chitosan/zein blend including essential oils and
cellulose nanocrystals
TEO/CNC or OEO/CNC

Hydrophilic

d) Chitosan/zein blend including essential oils with thymol and
cellulose nanocrystals
TEO/THY/CNC or OEO/THY/CNC

Fig. 4. The possible mechanisms of interactions occurring between components (a) Interaction between zein and chitosan includes hydrogen bonding through NH
and OH groups and electrostatic interactions through negative charges of zein and positive charges of chitosan, whereas including hydrophobic interaction between
EOs and zein occur through the hydrophobic residues of zein, (b) in addition to the interactions explained at (a) including interactions between THY and TEO EO or
THY and OEO EO through the hydrogen bonding between OH groups of oils and/or van der Waals interactions between oils, (c) in addition to the interactions
explained at (a) including interactions between cellulose nanocrystals and chitosan through the hydrogen bonding between NH, groups of chitosan and OH groups of
cellulose, (d) in addition to the interactions explained at (b) and (c) including interactions between functional groups of each component via hydrogen bonding,

electrostatic and van der Waals interaction.
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intermolecular changes.

Another important feature to consider in choosing packaging mate-
rials is the gas and water vapor barrier performance, which is critical in
maintaining food quality during shelf life (Chen et al., 2022). It is worth
noting that the optimal OP and WVP values may vary depending on the
intended use of the packaging material and packaging technology such
as vacuum skin packaging or modified atmosphere packaging. The
permeability values of all films are reported in Table S2. Generally, most
biopolymers underperform in oxygen and water vapor barrier compared
with conventional polymers, which limits their use as a primary
monolayer packaging. For example, the WVP of chitosan films is known
to be approximately one order of magnitude higher than that of
low-density polyethylene (LDPE) (Cazon et al., 2022). In this study,
blending chitosan with zein together and EOs was found to be a suc-
cessful and sustainable strategy for enhancing the water vapor barrier,
while CNC addition in almost all cases did not increase the barrier
performance in the films. This phenomenon may be due to the low
cohesion and high porosity of the films, which did not reduce the
penetration of WP through the continuous layer (Liu, Song, Chen, Deng,
Chao, Yang, Wu, Bai, Zhang & Hu, 2022). While some studies indicated
that CNC-added films had higher barrier properties compared to control
films, this positive effect was concentration-dependent and only
observed when CNC was added at high concentrations, e.g. 1-6%,
(Hamedi et al., 2024; Salari et al., 2018). This is at least 10-fold higher
compared to our film systems. The addition of EOs to films decreased OP
significantly and while combining EOs with CNC increased this slightly,
the OP values were still lower than for the control film. This indicates
potential use as oxygen-barrier layers. The critical message from these
findings is that the intended food application of the packaging material
should be considered when selecting the required barrier material.

When it comes to the mechanical performance of packaging films
(Table S2), the control film was too brittle and unable to resist applied
tensile loads. Thus, it could not be evaluated for its tensile properties. A
major obstacle in using zein/chitosan films was overcome, on the other
hand, by adding EOs. Films that included EOs or EOs/THY exhibited
higher elasticity (6-49%) and were accordingly more resistant to frac-
ture during stretching. The maximum extension was recorded following
the addition of OEO EO and THY; however, CNC incorporation reduced
film elongation (p < 0.05), possibly due to higher crystallinity and
relatively restricted polymer chain mobility, which is consistent with
other works (Fernandes et al., 2009; Soofi et al., 2021). However, overall
CNC increased film strength, due to the strong interfacial adhesion be-
tween CNC and the chitosan matrix resulting from hydrogen bond and
electrostatic interaction between the cationic groups of chitosan and
anionic sulfate groups of CNC (Chi & Catchmark, 2018).

3.5. Moisture content and hydrolytic stability of films

The moisture content of the control film was 4.9% + 0.6. Adding EOs
reduced the moisture content values of films to 3.2-4.2%. EO mainly
contributes to covalent bond formation between the functional groups of
chitosan chains, lowering availability of its hydroxyl groups thus
limiting polysaccharide-water interactions (de Oliveira Filho et al.,
2020).

Although many studies on active food packaging systems have been
reported, only a few of them have investigated hydrolytic stability and
its evolution during its use as part of polymer systems’ development and
testing. Nonetheless, this is crucial for their intended applications (Chen
et al., 2024; Iniguez-Franco et al., 2018). In the view of food packaging
applications, in particular, for active delivery systems, investigating and
understanding the hydrolytic stability and durability of active films is
needed to ensure that release mechanisms remain unaffected by film
degradation. This may improve the design of active packaging films and
coatings with regards to maintaining hydrolytic stability and desired
release mechanism under relevant conditions throughout the shelf life to
maintain food quality and safety. In this study, hydrolytic degradation of
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films was investigated under aqueous conditions with PBS at pH 7.4
during 168 h using gravimetric (weight loss) and visual inspection
techniques (Fig. 5).

As a common approach, blending cellulose with natural and syn-
thetic polymers increases the hydrolytic stability of chitosan in aqueous
suspensions. However, such complexes are destabilized by pH or salt
concentration changes. This instability limits their application in active
packaging (Gupta et al., 2001). Protonation of hydroxyl and amine
groups under acidic conditions makes the chitosan films water-soluble
(Wang et al., 2017). On the other hand, zein is more hydrophobic due
to its nonpolar amino acid content and low concentration of charged
amino acids (Shukla & Cheryan, 2001). As seen in Fig. 5, following the
inclusion of EOs, the zein/chitosan film changed from yellow to
whitish-yellow due to the increased crystallinity induced by hydrolysis
(Vahedikia et al., 2019). This indicates rapid water uptake by the films
in the first 6h of hydrolytic degradation. The color transition was most
evident in the zein/chitosan control films, with a corresponding mass
loss of >80% in the 96 h of the test period. While the zein/chitosan
control film was destroyed during the degradation test (168 h), mass loss
was reduced to 20.7-70.0% by the inclusion of EOs (Fig. 5). On the other
hand, the color of EO/CNC films was slightly affected by contact with
PBS media during the first 6 h and remained unchanged until the
completion of the degradation test. In addition, combining EO with CNC
improved structural integrity substantially, as indicated with just
19.7-36.0% mass loss. In particular, the remaining mass of TEO/CNC
and OEO/CNC films after the degradation was twice that of TEO and
OEO films. Such enhancement in the hydrolytic stability compared to
control and EO-added films confirms CNC’s potential as a hydrolytic
stabilizer. This could arise from the increase in zein/chitosan network
formation with adequately dispersed components, thus avoiding the
interruptions by hydrolytic groups (hydroxyl or amine) of chitosan
(Yuan et al., 2016). From a similar perspective, including CNC might
have promoted the EOs to interact with the esters and amino acid groups
of zein (Vahedikia et al., 2019). Giteru et al. (2019) stated that the
adequate  dispersion and increased hydrophobicity made
zein/chitosan-based films less soluble in aqueous systems. In addition,
film degradation was also evaluated in terms of pH changes at the end of
degradation (Table 2). The chemical compounds released by the poly-
meric hydrocolloid films during their degradation can come from the
polymer itself or can be additives that are added to the polymer. Some of
these degradation product compounds can reduce pH. A high degree of
degradation in the control film increased the release of degradation
products into the buffer and reduced pH from 7.4 to 7.07. In fact, films
with the complex of EOs with THY or CNC resulted in higher pH values
(7.27-7.33) in the medium compared to the other films, indicating a
lower degree of degradation. This was in agreement with microstructure
surface images of films OEO/CNC, OEO/THY, and TEO/THY showing a
more compact and smoother surface in contrast to control and only
EO-added films (Fig. 2). As an exceptional case, only TEO/CNC films
developed rougher surface-based SEM images by the addition of CNC,
resulting in less structural stability over the degradation period (Fig. 5).

Hydrolytic degradation of polymers takes place either from bulk
erosion or surface erosion (Iniguez-Franco et al., 2018, 2018b; Sun et al.,
2021). Very few studies, however, have so far addressed its importance
in active delivery applications (Sun et al., 2021; Villegas et al., 2019;
Yang et al., 2016). Surface erosion mainly occurs in the near-surface
region. During surface erosion, the film can become thinner, trans-
parent, or even broken after degradation, while the initial shape is
maintained. Controlled delivery systems have favored surface erosion
over bulk erosion as diffusion is considered to occur instantaneously
(Iniguez-Franco et al., 2018; Vieira et al., 2013) and because the release
and degradation rates are correlated. Visual inspection analysis (Fig. 5
and Fig. S3) revealed a more porous sample microstructure (Fig. 2),
suggesting surface erosion rather than a bulk degradation mechanism.
The addition of CNC and EOs might have increased zein/chitosan
network formation, thus avoiding the interruptions by hydrolytic groups
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Fig. 5. Visual inspection of hydrocolloidal polymeric film systems during hydrolytic degradation.

Table 2
Moisture content, pH values, and weight loss at the end of hydrolytic degrada-
tion of hydrocolloidal polymeric film systems.

Films Moisture pH
content (%)

Weight loss (%) at the end of
hydrolytic degradation

Control 4.9 + 0.6 7.07 £0.03¢  -°

TEO 42+0.7° 7.20 £ 0.01°  70.0 + 0.2°

TEO/CNC 42+ 0.5 7.28 +0.05"°  36.0 + 0.7°
0.1

OEO 3.2+ 0.5° 7.21 £0.01°  69.8 + 1.3°

OEO/CNC 4.6 +0.7° 7.27 £0.07° 320 +2.1°
0.1

TEO/THY 3.2+0.1% 7.27 £0.03°  24.6 + 1.7°

TEO/THY/ 45+ 0.5° 7.35 4+ 0.05°  23.8 + 1.4*
CNC 0.1

OEO/THY 4.0 £ 0.6 7.29 +£0.04°°  20.7 + 1.6

OEO/THY/ 41+0.8° 7.334+0.03°  19.7 + 1.2¢
CNC 0.1

Different letters in the same column are significantly different based on Tukey’s
test (p < 0.05).
Results mean + standard deviation (n = 3, at least).

2 It was not possible to collect the film samples from the aqueous medium as
the remaining was very little and like a tiny powder.

(hydroxyl or amine) of chitosan. This type of improvement could be
associated with the changes in the FTIR spectra, seen as the intensity of
the peaks and the appearance of new peaks, supporting better in-
teractions between the components of the films and their stability during
hydrolytic degradation (Mathew et al., 2006).

3.6. Release behavior of essential oils from films and the associated
mechanism

In antimicrobial and antioxidant active food packaging, under-
standing the release behavior mechanism of bioactive substances from
the polymer matrix is essential to effectively enable the designing of
tailor-made release systems for targeted food and food model systems.
Such systems can result in significant benefits, including food waste
reduction, conversion of by-products e.g. chitosan to value-added ma-
terials, and reduced dependency on fossil-based plastic.

Evaluating the release of active compounds into food is even more
challenging due to the complexity of food matrices where nutrients and
non-nutrients interact physically and chemically (Crowe, 2013; Man-
zanarez-Lopez et al., 2011). Primary physical factors that affect the
release kinetics are the nature of the polymer, and solubility
(Fernandez-Pan et al., 2015). In this work, the release from packaging
systems was studied, in which the release behavior of individual and
combined active EOs and their effect in combination with CNC from
zein/chitosan polymer matrix into PBS medium was evaluated. The
release profiles, total released phenolic content, DPPH scavenging ac-
tivity of films, and the relationship between total released phenolic
content and DPPH scavenging activity at 4 and 23 °C are shown in
Figs. 6-9. Release curves were also subjected to model fitting, and the
overall fitting of experimental data was good for each sample (Fig. 6).

Table 3 reveals the relative release kinetics of films. The EO release
rates were greatest in TEO and OEO films at 4 and 23 °C, which were
2-2.5 times higher than those for TEO/THY and OEO/THY films
respectively. This could be due to increased water resistance when
combining two EOs. Unalan et al. (2013) also suggested that the
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Fig. 6. Release profiles of hydrocolloidal polymeric film systems at 4 (A) and 23 °C (B) (experimental data points with Peleg fitted model with lines). Figures A1 and

B1 are the zoom portions of figures A and B, respectively, during the first 10 h.

reduction in release rates of lysozyme in zein films with and without
gallic acid and catechin was due to increased hydrophobicity and tor-
tuosity of films resulting from wax addition.

As shown in Fig. 6, the release behavior of the films at 4 and 23 °C
were similar and the addition of CNC slightly increased the initial
release rates of films. All films displayed a very fast release within 1-2 h
and gradually decreased in release rate reaching the equilibrium be-
tween 8 and 24 h at 4 °C and 23 °C. Similarly, Chen et al. (2020)
observed a fast release within 120-150 min, which gradually slowed
down the release of tea polyphenols and OEO EO from zein/gelatin
composite films. However, Kashiri et al. (2017) reported a faster release
followed by a slower release reaching equilibrium within 1 h at 37 °C
and 18 h at 4 °C for the release of carvacrol and THY from zein-based
films.

The highest cumulative release content was observed in TEO and
TEO/CNC 0.1 films (about 55%) followed by OEO and OEO/CNC 0.1
films (about 40%) and the films including the combination of EOs with
or without CNC presented the lowest release content (about 20-25%) at
storage temperatures. Even though, due to its hydrophilic character, the
loading of CNC increased the rate of release of active compounds in the

early stage slightly compared to their CNC-free counterparts, the com-
bination of EOs played a significant role in controlling the rate of release
and diffusion path with the combination of polymer swelling behavior
(Deng et al., 2019). Similar results were also reported by Lee et al.
(2018) and Lian et al. (2019) for the release of clover EO from chitosan
films in the presence of halloysite nanotubes and the release of TEO EO
from chitosan films in the presence of hydrophilic-lipophilic balance
emulsifying agents, respectively.

The phenolic activity of EOs released into the medium was also
screened by measuring the total phenolic amount and antioxidant ac-
tivity by Folin Ciocalteu and DPPH radical scavenging activity tests,
respectively, during the release test until reaching the equilibrium
(Table 4). The total phenolic content (based on the gallic acid equiva-
lent) and the antioxidant activity (based on the Trolox equivalent) of
films were varied by the type and number of active compounds.
Importantly, the addition of CNC positively influenced the mechanical
integrity of films when they came in contact with water/buffer, resulting
in longer activity which is critical for active delivery systems (Figs. 7 and
8).

TEO/THY/CNC 0.1 film showed the highest total phenolic content
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Fig. 7. The total released phenolic content of hydrocolloidal polymeric film systems over time at 4 (A) and 23 °C (B). Figures Al and B1 are the zoom portions of

figures A and B, respectively, during the first 10 h.

followed by the films incorporated with the combination of OEO EO/
THY and TEO EO/THY while the lowest values were observed in TEO
EO-added films. Generally, OEO EO-included films showed higher total
phenolic content values. On the other hand, films including the complex
of TEO EO-THY and OEO EO-THY showed significantly higher antioxi-
dant activities than in their individually added films for both tempera-
tures (Fig. 8). According to Mutlu-Ingok et al. (2021) OEO EO has higher
carvacrol content while TEO EO includes a higher amount of THY when
compared with each other. Besides, it has been reported that the com-
bination of different EOs presented a synergistic effect giving higher
biological activities than their sum of individual activities (Mutlu-Ingok
et al., 2021). Thus, the results obtained for the films after being released
into the medium agree with the studies reported for various films
including EOs.

The relationship between the antioxidant activity and measured total
phenolic content depending on the release time was plotted to under-
stand the correlation between measures during the release test (Fig. 9).
Pearson’s correlation coefficients ranged between 83.8 — 98.0% and
89.7-97.8% for 4 and 23 °C (Table S3), respectively, showing a positive
correlation.

10

3.7. Antimicrobial properties

This study aimed to assess the antimicrobial activity of active films
by disk diffusion method against a wide range of microorganisms
including both negative and positive bacteria, yeasts, and mold, and the
results obtained are reported in Table 5.

Control films exhibited no inhibition zones on the growth of the
tested microorganisms as control films cannot migrate and release the
protonated glucosamine fractions of chitosan into the medium to inhibit
microorganisms. In contrast, all films with EOs or EOs-THY complex
with and without CNC showed higher antimicrobial activity. THY, as
one of the major compounds of TEO EO, enhanced the antibacterial and
antifungal activity in prepared films. It can be seen in Table 5 that TEOQ/
THY or OEO/THY films which include the EOs-THY complex, presented
the highest antimicrobial effect against the tested bacteria, fungi, and
yeast in comparison with TEO or OEO films. Similar synergistic effects
were recently described in detail by Sivaram et al. (2022) where TEO
and OEO EOs were blended and enhanced microbial growth inhibition.
These films showed the lowest cumulative release of the EOs-THY
complex of around 21-25% and its major part remained in the films
as in contact with microbes, which can be associated with the extended
retention effect of the EOs-THY complex.
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Fig. 9. The relationship between total phenolic content and antioxidant activity of hydrocolloidal polymeric film systems at 4 (A) and 23 °C (B).

In this study, CNC was proven to be excellent as a physical stabilizer
in sustaining the films’ mechanical integrity for a longer period, which
means CNC can maintain EO-based films over a sustained period in
contact with food. The addition of CNC 0.05% did not lead to a

particular trend in films’ antimicrobial activities while CNC 0.1%
slightly restricted the activity compared to CNC-free films (Table 5 and
Fig. 10). It was reported in Table 3 that CNC 0.1% accelerated the initial
release rates of EOs from films in the buffer environment. However, the
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Table 3
Initial release rates, total released amount, and Peleg’s model kinetics.

Total released content  Peleg’s model kinetics”

(%)

Film composition Initial release rate (%/h)”

4°C 23°C
TEO OEO THY CNC 4°C R? 23°C R? 4°C 23 °C 1/k; (w/ 1/ky (g/g R? 1/k; (w/ 1/ky (g/g R?
(%) (%) (%) (%) w %/h) film) w %/h) film)
2 42,50 + 0.99  41.60 + 0.99 5749+ 5840+  51.27 + 38.88 + 0.96 55.02 + 39.53 + 0.94
0.15%8 0.36% 0.4238 0.7834 0.38<E 0.17% 0.25" 0.66%
2 0.1 49.66 + 0.99 44,67 + 099 51.62+  60.23+ 10461+  34.92+ 0.82  79.20 + 40.50 + 0.95
0.63%* 1.71%4 0.18" 0.55"A 0.30%* 0.11°® 4.24%8 0.71%4
2 34.22 + 0.99 2859+ 0.99 4231+ 4237+ 4821+ 27.97 + 0.95 2811+ 29.58 + 0.97
0.02%°® 0.1204 1.36%A 0.35% 0.30%4 0.05%A 2.76°% 0.61°
2 0.1 36.40 + 0.99 31.21+ 0.99 4283+ 4285+ 7314+ 28.87 + 0.99 35.94+ 24.75 + 0.90
0.143>% 0.01% 0.22¢A 0.80%A 0.76™ 0.19% 0.17°%® 0.36%
2 2 16.92 + 099 17.61+ 099 2506+ 2601+ 2028+ 17.50 + 0.92 2874+ 17.47 + 0.89
0.17%°8 0.30%A 0.30%® 0.25% 0.17%® 0.704% 0.08%A 0.11%A
2 2 0.1 18.99 + 0.99 18.41 + 0.99 2428+ 2570+  20.88 + 16.66 + 0.91 17.34 + 18.18 + 0.90
0.13%°® 0.15°* 0.66%% 0.19% 0.17% 0.49d¢A 0.93% 0.23%
2 2 18.98 + 0.99 19.74 + 0.99 21.94+ 2204+  29.01 + 14.88 + 0.92  20.40 + 15.26 + 0.88
0.08"® 0.08% 0.33%4 0.74°* 1.40% 0.18% 0.85™® 0.28%
2 2 0.1 19.50 + 0.99 23.01+ 0.99 2329+ 2334+ 2304+ 15.86 + 0.99 4311+ 15.85 + 0.90
0.01°® 0.30% 0.53°8 0.26°* 1.36® 0.20°% 0.13% 0.21°%

Means with different lowercase letters indicate significant differences within a column (between samples) based on Tukey’s test (p < 0.05). Means with different
uppercase letters indicate significant differences within a row (between temperature) based on Tukey’s test (p < 0.05).
Results mean =+ standard deviation (n = 3).

@ A period of 1 h was selected due to the data used in best fit.

b %, is related to the release rate at the beginning of the process and k; is related to the asymptotic value, which is obtained from the inverse of the amount of EO
released at the equilibrium.

Table 4
Total phenolic content and antioxidant activity of hydrocolloidal polymeric film systems.

Film composition Total released phenolic content (mg GAE/cm?)” Antioxidant activity (mg/cm?)”

TEO (%) OEO (%) THY (%) CNC (%) 4°C 23°C 4°C 23°C

2 0.906 + 0.002%4 0.856 =+ 0.022°2 0.343 + 0.0082"* 0.296 + 0.006%%

2 0.1 0.883 + 0.002°" 1.006 + 0.022%A 0.387 =+ 0.028%"* 0.390 + 0.012°*
2 1.152 + 0.0128 1.222 + 0.070?** 0.314 + 0.002"® 0.342 + 0.039"A
2 0.1 1.544 + 0.013% 1.224 + 0.035%%8 0.379 + 0.011%** 0.331 + 0.003%

2 2 1.333 + 0.002° 0.999 =+ 0.169%*8 0.454 + 0.0522PA 0.474 + 0.019%

2 2 0.1 1.275 + 0.128"° 1.523 + 0.032% 0.466 + 0.031°* 0.359 + 0.029"®
2 2 1.393 + 0.011%A 1.136 + 0.170°°F 0.474 + 0.001%A 0.413 + 0.001"®
2 2 0.1 1.427 + 0.006°* 1.112 + 0.110%°® 0.414 + 0.030%*® 0.436 + 0.010°°*

Lowercase letters and uppercase letters indicate significant differences within a column (between samples) and a row (between temperature), respectively based on

Tukey’s test (p < 0.05).

Results mean =+ standard deviation (n = 3).
# The amounts are equilibrium values.

Table 5

Antimicrobial activity of hydrocolloidal polymeric film systems performed by disk diffusion method (disk diameter 9 mm).

Films Inhibition zone (mm)
S. aureus (Gram positive bacteria) E. coli (Gram negative bacteria) C. albicans (Yeast) C. parapsilosis (Yeast) A.brasiliensis (Fungi)

Control 9.0 + 0.0° 9.0 + 0.0 9.0 + 0.0° 9.0 £ 0.0° 9.0 + 0.0°
TEO 19.0 + 1.4¢ 14.0 +0.0¢ 10.8 + 0.4 11.0 + 0.0° 14.7 +1.9°
TEO/CNC 0.05 18.2 + 0.4¢ 12.5 + 0.5¢ 11.5 + 0.5¢ 10.5 + 0.5° 18.2 + 1.9¢
TEO/CNC 0.1 14.5 + 0.5° 11.0 + 0.0° 10.0 + 0.6° 9.3 +0.3% 11.5 + 1.4°
OEO 18.0 + 0.0¢ 15.0 + 0.0¢ 11.5 + 0.5¢ 10.5 + 0.8¢ 22.0 +1.3°
OEO/CNC 0.05 17.7 + 0.5 12.8 + 0.4° 11.2 + 0.4 10.5 + 0.5° 22.3 +1.2°
OEO/CNC 0.1 14.7 + 0.5° 11.8 + 0.4 10.5 + 0.8 9.7 +£0.3° 16.2 + 2.9¢
TEO/THY 21.3 + 1.2° 15.7 + 1.6¢ 13.3 +£1.9° 12.0 + 0.0¢ 25.8 + 6.6°
TEO/THY/CNC 0.05 21.2 + 0.8 13.3 + 0.5¢ 13.8 & 1.6%f 10.8 + 1.1 23.3 + 4.0
TEO/THY/CNC 0.1 17.3 + 0.5 12.8 + 0.4° 11.0 + 0.0° 9.9 £ 0.9 18.0 + 0.9¢
OEO/THY 20.8 + 0.8° 15.0 + 0.6¢ 15.5 + 2.3%f 12.7 + 0.5¢ 29.2 + 4.5°
OEO/THY/CNC 0.05 22.3 + 0.8 15.5 + 0.5¢ 18.3 + 2.9 15.3 + 0.5° 14.3 + 4.7
OEO/THY/CNC 0.1 19.0 + 1.4 12.8 + 0.4 12.0 + 0.9 11.0 + 0.0° 17.3 + 1.6¢

Different letters in the same column are significantly different based on Tukey’s test (p < 0.05).
Results mean =+ standard deviation (n = 3).
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Fig. 10. The effect of CNC concentration on the antimicrobial effectiveness of films against C. parapsilosis.

agar medium used for antimicrobial testing was not the same as the
buffer medium, and release depends on contact conditions and medium
characteristics, e.g. the pH and temperature. Therefore, EOs and EOs/
THY in contact with the agar medium might have followed different
release patterns than the buffer and the optimal quantity to inhibit mi-
crobial activity might not have been maintained on the agar surface.

The antimicrobial activity of EOs generally initiates with their ability
to penetrate the cell walls of the microbes. As reported in Table 5, the
inhibition zones of films against Gram-negative bacteria E. coli and
yeasts C. albicans and C. parapsilosis were smaller than Gram-positive
bacteria S. aureus and fungi A. brasiliensis, indicating their higher re-
sistivity to EOs and THY. The cell wall of Gram-negative bacteria is more
complex. This complexity arises from the presence of the outer mem-
brane in Gram-negative bacteria’s cell structure, composed of phos-
pholipids, lipopolysaccharides, and lipoproteins, which differ from
Gram-positive bacteria. Such structure of Gram-negative bacteria
limits the diffusion of hydrophobic EO compounds toward the cell wall
of bacteria, resulting in reduced antimicrobial activity (Nazzaro et al.,
2013). Likewise, the cell walls of yeasts C. albicans and C. parapsilosis are
complex with the structure composed of four main polysaccharides ar-
ranged in two well-defined layers: the outermost layer with glycopro-
teins and mannans, and the inner layer with chitin and glucan
(Estrada-Mata et al., 2016).

4. Conclusion

Bio-based active delivery systems are becoming increasingly
important for sustainable food packaging as they can reduce both food
and packaging waste by extending shelf-life. Hydrocolloids, like zein
and chitosan, can be loaded with antimicrobial or antioxidant com-
pounds to make them bioactive and used as an active packaging layer in
primary contact with food. However, such systems mostly suffer from
rapid hydrolysis upon contact with food, in particular when the moisture
content is high or moderate, which eventually leads to undesirable
release behavior of active compounds. This study demonstrated that
providing structural reinforcement with CNC increased the hydrolytic
resistance of bioactive hydrocolloidal film systems and enhanced release
behavior. Active compounds, when blended, exhibited synergistic ef-
fects against hydrolysis like CNC-added films, however, the high amount
of EOs content may be considered undesirable for organoleptic charac-
teristics. This approach can be extended to other food model systems
that mimic the composition of food complex matrices such as acidic and
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oily food to investigate its tailorability and validity.
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