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Introduction

Violacein-containing chitosan as light-sensitive,
antioxidant and antibacterial hydrogels towards
sustainable food packaging

*a,C

Othmane Dardari,® Nadia Katir, 2/ Mohamed Koubaa® and Abdelkrim El Kadib
Naturally derived biodegradable polymers offer sustainable alternatives to fossil-based plastics in food
packaging. In this study, multifunctional packaging films were prepared by integrating biomass-derived
chitosan with violacein, a biotechnologically synthesized pigment. The resulting violacein—chitosan net-
works formed light-responsive hydrogels that could be cast into films or applied as coatings. Successful
incorporation of violacein was confirmed by FTIR and UV-Vis analyses, supported by distinct optical and
photoluminescence properties. SEM imaging revealed increased surface roughness and pigment aggrega-
tion at higher violacein loadings. The water solubility decreased markedly from 72.23% for pure chitosan
to 19.33% for CS@Viot®*-f, while the water vapor permeability decreased from 8.09 x 107° to 4.33 x 10~°
g m (s Pa)"L. Contact angle measurements indicated enhanced hydrophobicity, increasing from 74.3° for
pristine chitosan) to 107.3° for cs@Vio!®”
improve the tensile strength (56 MPa), Young's modulus (1360 MPa) and elongation at break (51%), a

-f. Violocaein incorporation allows at 5% optimal loading to

unique behaviour that can be rooted in the bifaceted structure of the pigment, acting simultaneously as a
plasticizer and stiffening reagent. Violacein endowed also the films with remarkable UV-shielding (up to
87.8% UVA and 98.9% UVB protection) and antioxidant properties, with the radical scavenging activity
reaching 75% at 10% violacein loading. Antibacterial assays showed up to 80% inhibition of S. aureus and
71% inhibition of E. coli, outperforming pristine chitosan (60% and 65%, respectively). Furthermore, the
films effectively extended the shelf life of strawberries, blueberries, and raspberries. Overall, these findings
highlight the potential of violacein—chitosan films as sustainable, multifunctional materials for active food
packaging and preservation.

simply neglected as byproducts. Unfortunately, these practices
heavily contribute to waste management challenges and aes-

The circular economy represents a key pillar for promoting
sustainable development worldwide."* Significant efforts have
focused on transforming biomass and bio-waste, notably
through the extensive valorization of Earth-abundant cellulose
and lignin derivatives.’> ® In contrast, the potential of marine-
origin resources remains comparatively underexplored, with
circularity in this sector still far from maturity.” ™ Despite
their rich chemical composition and promising properties,
many discarded oceanic resources are often reintroduced into
marine ecosystems along with by-catches, incinerated, or
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thetic degradation, particularly in coastal and touristic areas."*
Among these underutilized resources, crustacean waste com-
prising shells and other inedible fractions represents a valu-
able source of chitin, the second most abundant biopolymer
on Earth."'® This biopolymer offers great potential as a
renewable building block for the development of high-per-
formance materials, functional products, and advanced sus-
tainable commodities.

Due to its chemical recalcitrance and insolubility in conven-
tional solvents, chitin is commonly deacetylated to yield chito-
san, an astonishing amino-polysaccharide with a wide range of
valuable properties.’”*® Consequently, chitosan has emerged
as a highly attractive material for the fabrication of nano-
structured films and coatings'®* intended for food and bio-
medical applications.”>™® Despite its intrinsic advantages,
pristine chitosan exhibits relatively poor mechanical strength,
limited UV-shielding capacity, and only moderate biological
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activity.>® These shortcomings have been partly overcome by
combining chitosan with bioactive organic molecules, metal
or metal oxide nanoparticles, and nanometric fillers, thereby
enhancing the functional and structural performance of the
resulting composites.>”*® Hitherto, active pharmaceutical or
bio-functional ingredients are incorporated through entrap-
ment or chemical grafting onto the amine groups of chitosan,
which significantly improves its biological activity.>*>° In
many cases also, the hydrophobicity and rigidity of cyclic and
planar organic skeletons further contribute to reinforcing the
network structure, reducing moisture sensitivity, and improv-
ing mechanical stability.*"*> However, many of these additives
are derived from petroleum-based precursors synthesized via
conventional organic chemistry, raising concerns regarding
toxicity, environmental impact, and production costs for the
final packaging materials. A more sustainable approach to
active packaging and coating design emphasizes the elimin-
ation of synthetic additives and the use of bio-based com-
ponents, such as biomass-derived polymer matrices, naturally
occurring microbial agents with antibacterial activity, and
non-synthetic pigments providing photonic or sensing
functionalities.*

In this context, we become interested in utilizing the bio-
technologically engineered violacein®*! to craft multifunctional
and sustainable hydrogels for coating and packaging appli-
cations. Violacein is a light-sensitive purple pigment produced
via the enzymatic oxidation and condensation of two
L-tryptophan molecules, catalyzed by a cascade of five enzymes
encoded by the genes VioA, VioB, VioC, VioD, and VioE.*® It is
biosynthesized using a genetically modified Yarrowia lipolytica
strain as a production chassis, offering a significantly lower
environmental impact compared to conventional chemical syn-
thesis and thereby aligning with the principles of green chem-
istry.>® Structurally, violacein contains functional groups such
as amides and hydroxyls capable of hydrogen bonding, as well
as a rigid planar polyaromatic core favorable for n-n stacking
interactions; all of which facilitate its stable incorporation
within a polymeric network. Despite its diverse functionalities
and broad benefits, including antioxidant, antibacterial, anti-
viral, and UV-shielding activities, its integration into natural or
synthetic hydrogels has been seldom explored.’” Herein, we
report the successful association of violacein with chitosan in
colloidal solutions to fabricate micrometer-thick films via
evaporation-induced self-assembly. Our results demonstrate
that up to a 10% molar ratio of violacein can be accommo-
dated within the chitosan matrix while preserving the film-
forming memory, yielding flexible, homogeneous, and trans-
parent hybrid films. The encapsulation of violacein led to
enhanced mechanical stability, antioxidant and antibacterial
performance, as well as additional photoluminescence and
UV-shielding properties relative to pristine chitosan films. The
potential of these functional hydrogel coatings was further
demonstrated through the extended preservation of perishable
fruits and their ability to detect trace amounts of residual
copper, highlighting their promise for sustainable food packa-
ging, safety, and monitoring applications.
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Results and discussion

Preparation and chemical characterization of the violacein-
containing chitosan films

Violacein-containing chitosan hydrogel films were prepared
from aqueous acidic chitosan solutions, to which a known
amount of violacein dissolved in ethanol was added, yielding a
series of gels with increasing violacein molar ratios of 1, 3, 5,
and 10%. Upon addition, the solution became distinctly
colored, consistent with the entrapment of violacein within
the chitosan matrix. Transparent, flexible, and good-quality
films were subsequently obtained by solvent casting in Petri
dishes (Fig. 1).

The resulting films could be easily detached from the
support and handled without special precautions. The incor-
poration of violacein did not affect the film quality or flexi-
bility. However, a noticeable intensification of the purple
coloration was observed in the CS@Vio™™f films (X = 1, 3, 5,
and 10%), correlating with the increasing violacein content in
the precursor solution (Fig. 1). The thickness of the dried
films, measured using a digital caliper, increased with the
amount of incorporated violacein, from 43 pm for pristine
chitosan CS-f to 91 um for CS@Vio'*”-f (Table S1, SI). It
should be emphasized that violacein was used herein without
further purification as the films are intended for food packa-
ging and coating applications. Isolating violacein implies the
use of organic solvents that are not compatible with food
chemistry.*® Besides, the use of crude extracts significantly
reduces production costs and maintains sufficient anti-
microbial and antioxidant activities for industrial use.

FTIR analysis of the pristine chitosan films reveals charac-
teristic peaks including a broad band at around 3311 cm™" (O-
H stretching), a peak at 2922 cm™' (C-H stretching), and
signals at 1642, 1532, and 1020 cm™ ", corresponding to the
C=0, N-H, and C-O-C stretching, respectively (Fig. S1). FTIR
of the violacein alone displays broad bands between 3000 and
3600 cm ™" assignable to the overlap of O-H and N-H stretch-
ing, as well as the NH(C=0) peak at 1637 cm™ ', the C-N
stretching at 1245 cm™', the C-O stretching of phenol at
1024 cm™, and aromatic C-H out-of-plane deformations from
500 to 700 cm ™. FTIR spectra of violacein-embedding chito-
san films show mainly the fingerprint of the holding chitosan
polymer as described above, with minor alteration caused by
the appearance of the violacein signature or because of its
interplay with chitosan. For instance, a marginal alteration of
the pattern of the O-H region (3000-3600 cm™ ') was observed,
due to the presence of abundant portion of NH groups from
violacein, creating an additional hydrogen-bonding network.
Also, a slight decrease in the N-H peak at 1532 cm™"
accompanied by a marginal shift was noticed with increasing
violacein concentration, which could suggest the occurrence of
weak hydrogen bonding or electrostatic interactions involving
the glucosamine units of chitosan with polar functional
groups of the violacein backbone. The appearance of the C-H
peak at 2922 cm ™" reflects an increase in the concentration of
alkyl groups in violacein-containing films. Furthermore, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Multistep preparation of violacein-containing chitosan CS@Vio

solution. (b) Plausible interplay of violacein and chitosan within the network. (c) Digital photos of the cast violacein-containing chitosan CS@Vio
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films (X = 0, 1, 3, 5 and 10%) with X reflecting the molar ratio of violacein with respect to NH, groups belonging to chitosan.

aromatic structure of violacein around 591 cm™' becomes
ostensible for the 5% and 10% violacein-containing chitosan
films.

Structural and textural characterization of the violacein-
containing chitosan films

The consequence of the entrapment of violacein inside of the
biopolymer was moreover investigated using X-ray diffraction
(XRD), scanning electron microscopy (SEM), and water contact
angle measurement. The XRD pattern of native chitosan film
displays only broad peaks, consistent with its amorphous
nature (Fig. S2). The XRD patterns of pure violacein shows
several distinct peaks at 26 = 8.5°, 21.25°, and 27.5°, indicating
a well-defined crystalline structure, consistent with the pre-
vious literature.’>*° Regardless the loaded violacein amount
inside the films, none of CS@Vio*™-f reveal the above-men-
tioned crystalline peaks. This points to the disturbance of
periodical ordering inside of the film-forming network,
thereby reflecting a great molecular dispersion of violacein
within the matrix owing to the strong interfacial interaction
occurring through hydrogen bonding between violacein and
chitosan chains.

SEM images of native chitosan film reveal a smooth and
homogeneous surface, as the slow solvent evaporation process
promotes strong hydrogen bonding between chitosan chains,

© 2026 The Author(s). Published by the Royal Society of Chemistry

forming a dense and ordered network.*"*> When violacein is
introduced into the film-forming solution, the surface mor-
phology undergoes notable changes. At lower concentrations
(1% and 3% violacein), minor roughness and very few aggre-
gated particles appear, but the network remains relatively con-
tinuous, suggesting that the chitosan matrix can accommodate
their supramolecular ordering without significant disruption.
However, from 5% violacein upwards, significant aggregation
occurs, leading to an increase in surface roughness. At 10%,
SEM images reveal even larger and more pronounced aggre-
gates of violacein. These aggregates suggest that violacein is
predominantly packed within the film-forming solution, and
disrupting this packing requires increasing amounts of energy.
This concentration-dependent aggregation has already been
observed in many previous reports.*’ As will be commented
later, this packing-induced aggregation has a detrimental
effect on the barrier and mechanical properties of the resulting
films. Thus, violacein-containing chitosan films evolve from a
homogeneous micrometer-thick layer to an irregular and dis-
continuous network, highlighting the challenges of dispersing
violacein pigment at high concentrations inside the hydrogen-
bonded polymeric network of the chitosan matrix.

Water contact angle measurements show a gradual increase
corresponding to the increasing incorporation of violacein
into the films (Fig. 2, inset). Pristine chitosan film displays a

RSC Appl. Polym.
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Fig. 2 Scanning electron microscopy and water contact angle measurements (inset) of CS@Vio**-f films (X = 0, 1, 3, 5 and 10%).

relatively low contact angle value of 74.3°, typical of a carbo-
hydrate-based hydrophilic surface. This is due to the presence
of hydroxyl and amine functional groups on chitosan, which
promote hydrogen bond formation with water molecules,
thereby increasing their interaction.** Upon addition of 1%
violacein, the contact angle rises to 82.5°, indicating a decrease
in water affinity and an increase in hydrophobicity. This trend
further continues with contact angles of 96.7° for film-contain-
ing 3% violacein and 108.1° for those incorporating 5% of vio-
lacein, plausibly reaching a plateau upon incorporating 10% of
violacein, resulting in a contact angle value of 107.3°. This
increase can be explained by the hydrophobic character of vio-
lacein,*®> which once incorporated into the chitosan matrix,
modifies the surface structure of the film by exposing its rigid
and planar ring, thereby limiting the interaction of chitosan’s
hydrophilic groups with water. At higher loading, violacein is
likely to form a more extended layer on the surface, probably
through n-n stacking, resulting in an increased hydrophobic
effect.

Water-related, thermal and mechanical properties of the
violacein-containing chitosan films

Further investigation into the water-related behavior reveals
that the incorporation of violacein into chitosan films results
in a progressive decrease in water solubility (WS) with increas-
ing violacein concentration (Fig. 3a). The WS decreases from
72.23% for pure chitosan to 53% and 40.33% at 1% and 3%
violacein, respectively. At higher concentrations, specifically
5% and 10%, the WS further decreases to 34.67% and 19.33%.
This reduction can be attributed to the hydrophobic nature of
violacein®® and its entanglement within the biopolymer
network, which induces a crosslinking-like effect. In terms of
water vapor permeability (Fig. 3b), the addition of violacein
also leads to a gradual reduction at low concentrations (1%
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Fig. 3 (a) WS and (b) WVP of CS@Vio**-f films (X = 0, 1, 3, 5 and 10%).
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and 3%). At these levels, violacein is uniformly incorporated
into the polymer network, slightly densifying the film without
significantly disrupting its structure. This integration slows
down, yet regulates, water vapor diffusion, reducing the WVP
from 8.09 x 10™° ¢ m™" s Pa™" for pure chitosan to 6.11 X
10™° and 4.33 x 107> g m™' s7" Pa~' at 1% and 3%, respect-
ively. This reduction is attributed to the homogeneous dis-
persion of violacein, which renders the film more compact and
less permeable. However, at concentrations above 5%, viola-
cein begins to aggregate, altering the film texture. For
CS@Vio®*-fand CS@Vio'*”-f, the WVP values increase slightly
to 4.75 x 107 and 4.97 x 10™° g m™" s™' Pa™', respectively.
This suggests that beyond 5% loading, violacein molecules
tend to self-associate through n-n stacking, disrupting the
homogeneous distribution and creating additional diffusion
pathways that facilitate water vapor transmission.

Thermogravimetric analyses (TGA) of native CS-f and modi-
fied CS@Vio®”-f and CS@Vio'"*-f films reveal distinct
thermal behavior as a consequence of violacein incorporation
(Fig. S3). During the first stage (from room temperature to
120 °C), the reduced mass loss observed for the modified films
indicates a decrease in water adsorption, probably due to the
hydrophobic nature of violacein, which reduces the film’s sen-
sitivity to moisture. The second stage (120-400 °C) corres-
ponds to the main thermal degradation of the chitosan skel-
eton. Above 400 °C, the modified films do not show a distinct
third degradation stage, compared to native chitosan films,
suggesting a suppression of the late decomposition. The
higher residual mass observed for CS@Vio'*”-f compared with
CS-f further confirms the improved thermal stability of films
with a high violacein content.

Mechanical properties were next studied to assess the influ-
ence of increased violacein on the nanocomposite films
(Fig. 4). At the first glance, both the tensile modulus and
tensile strength of the films showed a marked increase with
the addition of violacein (Fig. 4a and b). While pristine CS film
displays a tensile strength of 41 MPa, the use of 1% of viola-
cein increases the tensile strength to 45 MPa. A maximum
tensile strength of 56 MPa was further reached with 5% viola-
cein, but at a higher violacein concentration of 10%, the
tensile strength decreases slightly to 54 MPa. This suggests
that above a certain threshold, tactoid-like aggregated violacein
particulates induce some structural instability into the matrix.
The Young’s modulus of the films reveals slight variations,
with values increasing slightly from 1204 MPa for pristine chit-
osan films to 1360 MPa for CS@Vio®*-f, indicating that viola-
cein incorporation significantly improves the film stiffness

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mechanical properties of CS@Vio**-f with (X = 0, 1, 3, 5 and 10%). (a) Young modulus, (b) tensile strength, and (c) elongation at break.

(Fig. 4a). However, at the highest concentration of violacein
(10%), the modulus drops slightly to 1326 MPa, suggesting
that at this concentration, the aggregated state of the violacein
results in a slight decrease in stiffness. This scenario is remi-
niscent of the use of montmorillonite clay particulates, where
individual exfoliated clay sheets bring generally improved
tensile strength and Young’s modulus, while intercalated or
aggregated particles are rather detrimental for the mechanical
stability.””*® In terms of elongation at break, the incorporation
of violacein considerably improves the network flexibility
(Fig. 4c). The pristine CS film records a modest elongation of
28%, but a progressive improvement was noticed as the viola-
cein content increases, reaching 51% for the CS@Vio®”*-f film.
This increase in elongation suggests that violacein acts as a
plasticizer, allowing greater flexibility without compromising
the tensile strength too much.?” The improvement of the three
antagonistic parameters at the same time could be attributed
to the simultaneous presence in violacein of hydrogen-donat-
ing groups that account for its role as a plasticizer and the
planar rigid network that improves the stiffness of the films.

Optical properties of the violacein-containing chitosan films

The color parameters (L*, a*, b*) of the chitosan and violacein-
reinforced films were analyzed using a DataColor spectro-
photometer. The results revealed a clear and progressive
change in color intensity with increasing violacein content
(Table 1). The L* values decreased markedly from 88.2 for the
pure chitosan film (CS-f) to 29.0 for CS@Vio'°*-f, indicating a
gradual darkening of the films. Concurrently, the a* (red-
green) values increased from 2.6 to 10.5, reflecting a shift

toward red tones, while the b* (yellow-blue) values remained
negative, from —11.6 to —6.3, confirming the persistence of a
blue component. The combination of increasing red (a*) and
stable blue (—b*) hues resulted in the characteristic violet
coloration of violacein-containing films. The overall color
difference (AE) increased proportionally with violacein concen-
tration, confirming efficient pigment incorporation. These
results demonstrate that violacein effectively alters the optical
properties of chitosan films, producing increasingly intense
violet shades as its concentration rises.

The light-sensitivity of the violacein backbone prompted us
to investigate UV-visible and photoluminescence properties of
the final hydrogel films (Fig. 5). In ethanol solution, UV-visible
spectra of violacein display an absorption peak with a
maximum wavelength at around 4 = 566 nm and two others at
A =352 nm and A = 268 nm (Fig. 5a, left). The former bond is
due to the presence of highly conjugated indole and oxindole
moieties that are responsible for its distinctive violet color*®
through the electronic transition from x to n* orbitals.”® The
second and the third one are associated with charge transfer
within the conjugated rings of violacein.>" Violacein-contain-
ing chitosan films display an absorption peak at around 4 =
578 nm, with the corresponding intensity being correlated
with the loaded amount of violacein inside the films (Fig. 5b,
left). The bathochromic shift in the maximum wavelength of
violacein-containing films versus the one in solution (A4 =
12 nm) could be related to the alteration of the violacein con-
formation upon confinement or the occurrence of strong
hydrogen bonding with the biopolymer network. When the
solution of violacein in ethanol is excited at 402 nm, it emits

Table 1 Color parameters (L*, a*, b*, AE) of cs@Vio®™*-f(X =0, 1, 3, 5 and 10%)

Films L* a* b* AE

csf 88.2 +0.21° 2.6 +0.01° -11.6 + 0.01° —
Ccs@vio'*-f 74.5 +0.04° 4.6 +0.03° —12.5 + 0.03" 14.3 * 0.02°
CS@Vio*"-f 61.5 + 0.3 8.4 + 0.03° —13.6 + 0.06° 27.6 +0.03°
CS@Vi05°/°;f 50.5 +0.01¢ 11.5 + 0.01¢ —12.4 £ 0.01¢ 39.2 +0.01°
CS@Vio'**-f 29 +0.57° 10.5 + 0.02° —6.3 + 0.02° 62.7 + 0.01¢

The values in the same column followed by the same letter are not significantly different (p < 0.05).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Optical properties: (a) UV-Vis and photoluminescence of violacein solution in ethanol (C = 5.8 10~ mol [™%). (b) UV-Vis and photo-
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light at a specific wavelength of 483 nm (Fig. 5a, right). This
emission corresponds to the relaxation of electrons in the vio-
lacein molecule, releasing energy in the form of light at a
specific wavelength.”>*® In violacein-containing chitosan
films, such emission is rather observed at 510 nm, being
indeed shifted by nearly 25 nm (Fig. 5b, right). The intensity of
the emission peak parallels the increase of violacein loading,
reflecting an increased density of excitable molecules in the
film. The remarkable amplification seen for CS-Vio'**-f could
be associated with the formation of extended chromophore
species (ex. excimers), owing to the significant stacking and
supramolecular interaction of different violacein units incor-
porated within the films. This is consistent with the findings
from the SEM analysis and mechanical studies.

Given the high absorbance of the violet-colored violacein
pigment in the UV range, attributed to its n-conjugated reso-
nance structure, we envisioned that violacein-containing chito-
san films can selectively absorb UV radiation and protect food
from spoilage caused by this radiation. The detrimental effect
of UVA (315-400 nm), UVB (280-315 nm) and UVC
(200-280 nm) rays on food is well established as they can pene-
trate and degrade products by altering their nutrients, colors,
textures and flavors, as well as accelerating the rancidity and
oxidation processes.>”*® A significant reduction in UV trans-
mittance was noticed for CS@Vio*™-f compared to pristine
chitosan films (Fig. S5 and S6, SI). UVA and UVB protection
rates increased with increasing violacein content within the
films (Fig. S5, SI). For example, CS@Vio'®*-f film offers protec-
tion rates of 87.8% and 98.9% for UVA and UVB radiation,
respectively, demonstrating exceptional blocking ability com-
pared to pristine chitosan films, which only protect against
22.9% of UVA and 36.8% of UVB radiation (Table S1, SI). At
visible wavelengths of Teg, the pristine chitosan film showed

RSC Appl. Polym.

-f films (X = 0, 1, 3, 5 and 10%). (c) Digital photographs of violacein in solution and violacein-containing films.

the greatest clarity with a transmittance of 89.43% (Fig. S6, SI).
In turn, CS@Vio**-f films showed progressively lower trans-
parency with increasing violacein loading inside, being equal
to 85.54% for CS@Vio'**-f (Table S1, SI). Despite this increase
in opacity, the films remained sufficiently transparent and
visible. The decrease in transparency correlates with the film
thickness that increases from 43 pum for pristine chitosan
films to 91 pm for CS@Vio'**-f (Table S1, SI). As a result,
CS@Vio'*”-f, displaying the highest violacein loading, offers
superior UV protection with a slight alteration of its transpar-
ency, making it suitable for applications requesting UV protec-
tion and reduced light transmission.>®

Antioxidant activity and total phenolic content of the
violacein-containing chitosan films

The antioxidant activity has been next investigated for native chit-
osan and violacein-containing chitosan films using the DPPH
method (Fig. 6a). Pristine chitosan films display a moderate anti-

a) b)

Antioxidant activities (%)
-

Total phenolic content
(mg gallic acidig sample)
-

Fig. 6 (a) Antioxidant activity and (b) total phenolic content of CS@Vio*
%-f films (X = 0, 1, 3, 5 and 10%), using the DPPH and F-C methods,
respectively.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6lp00065g

Open Access Article. Published on 13 April 2026. Downloaded on 5/25/2026 4:20:00 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Applied Polymers

oxidant activity of 35%, contrasting with greater antioxidant
activity of 41%, 53%, 63% and 75% recorded respectively for
films containing 1%, 3%, 5% and 10% violacein. The ability of
violacein to effectively act against free radicals could be explained
by its hydrogen-donating properties, as well as the low dis-
sociation energy of its N-H bonds compared with those of
DPPH.”® The increased efficacy of the films with increasing
concentration of violacein confirms the pivotal role of the latter
in neutralizing free radicals, which is expected to stimulate the
development of new biocompatible materials enriched with anti-
oxidants for food packaging and coating medical devices.
However, it is important to note that the DPPH assay alone does
not fully capture the complexity of antioxidant mechanisms, as it
primarily measures free radical scavenging activity. This limit-
ation underscores the need for additional antioxidant assays to
provide a more comprehensive evaluation. For instance, the total
phenolic content test (TPC) could be used to confirm this, as it
measures the phenolic content, supporting the hypothesis that
violacein contains phenolic compounds. This can be carried out
using the Folin—-Ciocalteu (F-C) colorimetric method (Fig. 6b).
Pure chitosan film (CS-f), known for its negligible content of phe-
nolic compounds,”® exhibited a very low TPC value of 3.6 mg GAE
g~". Upon incorporation of violacein, a gradual increase in TPC
was observed, reaching a maximum of 12 mg GAE g for
CS@Vio'*”-f. This enhancement suggests that violacein contrib-
utes to the apparent phenolic content within the chitosan matrix.
Although violacein is thought to contain phenolic-like moieties,
its precise phenolic contribution remains poorly documented in
the literature, particularly when compared with conventional phe-
nolic sources such as plant extracts or essential oils. Additionally,
as Y. lipolytica is known for its ability to produce phenol-degrad-
ing enzymes, and the Folin-Ciocalteu reagent may also react with
other metabolites like aromatic amino acids and peptides,
further studies are needed to accurately assess the specific pheno-
lic contribution of violacein in this system.

Antibacterial activity of the violacein-containing chitosan films

The antibacterial properties of chitosan-based films against food-
borne pathogens E. coli and S. aureus were examined by two
complementary methods (Fig. 7, Table 2 and Fig. S7). The control

S. aureus
d

12 4 Control

I Cs/

B cs@Vio'*-f
10 - mEM cs@Vio™ 1
B cs@Vio™ s
¢ | I cs@Vio'™

Cell viability (Log CFU/mI)
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Table 2 Inhibition of the bacterial growth zone of chitosan-based films
against S. aureus and E. coli bacteria using the disk diffusion method

Inhibition zone (mm)

Films E. coli S. aureus
csf 1.2 +0.2° 1.4 + 0.1
cs@vio'*-f 1.4 +0.08% 1.6 + 0.08"
CS@Vio*”-f 1.7 +0.1° 1.9 +0.14°
CS@VioS%;f 1.8 +0.01° 2.1 +0.14
CS@Vio'**-f 2 +0.05° 2.5 +0.2°

Letters (a, b, c) are used to show which group means are statistically
different from others (same letter = no difference).

sample, under film-free conditions, demonstrated a noticeable
increase in bacterial growth for both pathogens after 24 hours of
incubation. However, the use of pristine or modified chitosan
films prevented bacterial growth. Specifically, the pristine chito-
san film resulted in a reduction of S. aureus and E. coli colonies
compared to the control, from approximately 4.6 to 3.86 and from
4.2 to 3.17 in log (CFU mL™") respectively after 24 hours. This
reduction is attributed to the interaction between the cationic
chitosan and the negatively charged lipopolysaccharides of the
bacterial cell membrane, which increases the membrane per-
meability, leading to leakage of intracellular components.®°
Additionally, chitosan’s ability to chelate essential environ-
mental ions and nutrients disrupts the bacterial cell wall and
membrane.®"** The antimicrobial properties of chitosan have
been debated, but it is generally more effective against Gram-
negative bacteria due to differences in cell wall
composition.®*®* The incorporation of bioactive violacein into
chitosan films significantly enhanced their antibacterial
activity against both Gram-negative and Gram-positive bac-
teria.®®> This effect was concentration dependent, with higher
violacein concentrations correlating with greater antibacterial
activity. For instance, CS@Vio'”f and CS@Vio'*”-f films
reduced S. aureus colony counts from 4.6 to 3.69 and 1.16 in
log (CFU mL™"), respectively, and E. coli colony counts
decreased from 4.2 to 3.1 and 2.2 in log (CFU mL™"). These
findings indicate that violacein-containing chitosan films sig-
nificantly inhibited S. aureus, though the effect on E. coli was

b)

Control

12 m csy ]
B cs@Vio™ s

10| HEE cs@vio™

B Cs@Vio™

I cs@Vio ™ c

E. coli

Cell viability (Log CFU/mI)
o
1

Time (h) 12

Fig. 7 Antibacterial activities of CS@Vio*”*-f (X = 0, 1, 3, 5 and 10%) against (a) Gram-positive bacteria (S. aureus) and (b) Gram-negative bacteria (E.

coli) using the total viable colony count method.
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less pronounced, consistent with the stronger action of viola-
cein against Gram-positive bacteria as previously reported.®®°”
In terms of inhibition, CS@Vio'**-f achieved nearly 80%
growth inhibition of S. aureus and 71% inhibition of E. coli,
compared to 60% and 65% inhibition observed with pristine
chitosan films. These results align with the inhibition zone
data presented in Table 2 and Fig. S7b. The inhibition zones
increased with higher concentrations, with
CS@Vio'*-f showing zones of 1.4 mm and 1.6 mm, respect-
ively, for E. coli and S. aureus, where the CS@Vio'*”-f films
achieved the largest inhibition zones of 2.0 mm for E. coli and
2.5 mm for S. aureus. The inhibition zones and the reduction
in viable colony counts indicate that violacein’s antibacterial
activity is enhanced when incorporated into the chitosan
matrix.®® Achieving this antibacterial performance is appealing
considering that the tested films do not contain commonly
used metal nanoparticles (e.g., silver, copper, gold) and are
made entirely from sustainable, cost-effective and bio-
degradable materials.®®”°

violacein

Food packaging application

Given the well-established antibacterial and antifungal pro-
perties of violacein extracts along with the film-forming ability
of chitosan, we preliminarily investigated the potential use of
the resulting hydrogels as a protective edible coating for
extending the shelf-life of fruits and vegetables, aiming to
provide an effective barrier against moisture exchange and to
act as a bulwark against microbial growth.”' A comparative
study was consequently conducted using pristine chitosan CS-
s, pure violacein Vio-s as well as CS@Vio'**-s film-forming
solution (s stands for solution). Three representative perish-
able fruits, including strawberries, blueberries and raspberries,
were selected for this purpose (Fig. S8, SI). Visual observation
revealed that the uncoated strawberries showed signs of
deterioration, manifested by darkening of the skin and the
appearance of mold as early as day five. Strawberries are par-
ticularly susceptible to damage caused by vibration during
transportation, which can lead to abrasions and bruising. This
damage allows microbes to penetrate, leading to fruit degra-
dation and reduced shelf life.”> In contrast, samples coated
with CS-s, Vio'°”-s and CS@Vio'°*-s show complete deterio-
ration at 10 days. For raspberries, all samples were damaged
by day 5, showing no significant improvement in preservation.
The control group showed rapid ripening, while those coated
with chitosan, violacein, or CS@Vio'**-s exhibited similar
signs of deterioration by day 5. It should be noted that raspber-
ries are extremely perishable due to their high moisture
content, high respiration rate and delicate structure, making
them particularly susceptible to physical damage and spoi-
lage.”® For blueberries, coated with CS@Vio'®”-s, samples
retained their shape and resisted physical degradation for over
ten days, while uncoated samples showed signs of deterio-
ration after ten days. These results can be explained by several
complex mechanisms. Firstly, CS@Vio'°”-s based coatings
form a stable colloidal solution with more suitable rheological
properties, owing to the chemical interplay between violacein
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and chitosan. This optimized formulation can generate a more
effective protective barrier on the surface of the fruit surface,
limiting oxidation and moisture loss, thereby slowing down
the spoilage process.”* Second, chitosan has antimicrobial pro-
perties that allow for inhibiting the growth of micro-organisms
responsible for fruit decay.”® Violacein, on the other hand, acts
as an antioxidant, neutralizing the free radicals responsible for
the degradation of nutrient compounds and the formation of
undesirable compounds.’® While further studies are still
needed for optimizing the applied edible coating, and getting
a better understanding on the food preservation, including
through antifungal control tests, these preliminary investi-
gations highlight the effectiveness of violacein-containing chit-
osan coatings in improving food safety and reducing post-
harvest losses in the food industry.

Metal sensing of the violacein-containing chitosan films

We have also explored whether these light-sensitive films
could also be used for sensing trace metals, such as copper,
which can accumulate in food due to agricultural practices or
industrial processing.”® We hypothesized that the well-estab-
lished photoluminescence properties of violacein could be
quenched by trace amounts of copper ions, through electronic
or energy transfer from the conjugated functional groups of
violacein to the vacant orbitals of the metal. The resulting
chemical alteration of the interacting system leads to a loss of
violacein photoluminescence, thereby providing a straight-
forward approach for copper detection.”” Leveraging on this,
we conceived a similar packaging violacein modified film that
contains a tiny amount of copper inside, denoted as CS@Vio™
*.Cu'®-f. The effect of copper on the violacein photo-
luminescence could be evidenced by the naked eye, revealing a
big discrepancy between copper-containing versus copper-free
solution and materials (Fig. 8a and c). Measurement of the
photoluminescence properties of copper-free CS@Vio™”-f film
versus copper-containing film CS@Vio*”-Cu'*-f provides
salient evidence for this quenching, as the typical pattern of
violacein entrapping films vanishes (Fig. 8d and Fig. S9, SI).
The underlying mechanism for this photoluminescence
quenching probably involves the chelation of Cu** ions with
the functional groups of violacein, leading to changes in its
electronic structure that diminish its ability to emit light.
Potential processes responsible for this quenching include
energy transfer, electron transfer or the formation of non-emis-
sive complexes.”®”® Overall, these results underline the poten-
tial of violacein-containing films as promising tools for the
detection of copper residues in foods, thereby expanding their
utility beyond packaging to food safety and monitoring.

Biodegradability test of violacein-containing chitosan films

Lastly, our tests of the biodegradability reveal the innocuity of
violacein introduced in the conceived plastics. Subjecting pris-
tine and violacein-containing chitosan films to preliminary
assessment shows that both plastics are prone to decompo-
sition in soil (Fig. 9 and Fig. $10). The pristine chitosan film
exhibited the most advanced deterioration, undergoing exten-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Biodegradation assessment of CS@Vio**-f (X = 0, 1, 3, 5 and
10%) films during 5 weeks of biodegradability tests.

sive fragmentation by the fifth week and reaching a degra-
dation level of 72.9%. These findings closely match previous
reports showing that chitosan rapidly disintegrates in soil due
to enzymatic hydrolysis and microbial assimilation.®®'
Incorporation of violacein modulated this behavior in a con-
centration-dependent manner: the film containing one

percent violacein remained highly degradable, with a value of
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65.1% and visual fragmentation comparable to the pristine
sample, whereas higher violacein loadings slowed the
decomposition kinetics, leading to degradation levels of
42.2%, 31%, and 25% for the three, five, and ten percent
films, respectively. This progressive delay is consistent with the
hydrophobicity and antimicrobial character of violacein, which
likely reduces water penetration and microbial colonization of
the polymer network, thereby limiting enzymatic access within
the chitosan matrix. Nonetheless, all violacein-containing
films clearly retained their biodegradability, in sharp contrast
to the polyethylene control, which remained unchanged over
the same period. These results collectively demonstrate that
although violacein influences the rate of degradation, it does
not compromise the intrinsic eco-responsiveness of chitosan,
supporting the potential of these functional films for sustain-
able applications.

Experimental
Materials

Commercially available reagents and solvents were purchased
from Across and Sigma-Aldrich (St Louis, MO, USA). DPPH
(2,2-diphenyl-1-picrylhydrazyl) was purchased from Sigma-
Aldrich (Hamburg, Germany). Chitosan with an average mole-
cular weight: 100 000-300 000 g mol ™", viscosity: 200-800 cps
and degree of deacetylation 75-85%, was purchased from
Sigma-Aldrich (Hamburg, Germany) and used for this study.
Microorganisms responsible for pathologies such as S. aureus
ATCC-33591 and E. coli ATCC-25922 were used for antibacterial
studies.
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Production and extraction of violacein

Violacein was produced using an engineered strain of
Y. lipolytica, JMY7019, kindly provided by the Micalis Institute,
INRAE (Jouy-en-Josas, France). The culture protocol was
adapted from the corresponding reference with slight modifi-
cation.*® A microbial stock (working cell bank) was first pre-
pared by taking a sample aseptically from the agar plate and
placed in a 500 ml baffled flask containing the culture
medium. The composition of the culture medium was the fol-
lowing: yeast nitrogen base (YNB) without amino acids or
ammonium sulfate (1.7 g L") and with dextrose (30 g L™%),
NH,CI (1 g L"), tryptophan (1 g L™"), leucine (0.2 g L™), tyro-
sine (16 mg L"), phenylalanine (0.2 g L"), yeast extract (3 g
L"), and saline solution (1x). The composition of the 1000x
concentration saline solution was the following: H;PO, 85%
liquid-107 g, KCI-20 g, NaCl-20 g, MgSO,-7H,0-27 g,
ZnS0,-7H,0-7.7 g, MnSO,-H,0-0.47 g, CoCl,-6H,0-0.3 g,
CuS0,-5H,0-0.6 g, Na,M00,-2H,0-0.094 g, H;BO-0.3 g, and
water up to 1 L. The medium was buffered with 50 mM
KH,PO, and Na,HPO, to reach a pH of 6. All the components
were prepared separately and sterilized either by autoclaving
(20 min at 121 °C for the YNB, dextrose, phenylalanine,
leucine, and yeast extract stock solutions) or by filtration,
using 0.2 pm nylon filters for the other components to avoid
their thermal degradation. Fermentation for microbial stock
preparation was conducted for 24 h at 28 °C with shaking at
170 rpm stirring (Thermo Scientific MaxQ 6000, Aubervilliers,
France). Cryopreservation of the cells was conducted by adding
1 mL of the culture medium into the cryotubes (VWR, Rosny-
sous-Bois, France), in the presence of 1 mL glycerol/water
mixture (v:v). The tubes were stored in an ultra-low-tempera-
ture freezer at —80 °C (Panasonic MDF-U700VX, Couéron,
France).

Violacein production was performed in duplicate in a 1 L
baffled Erlenmeyer flask containing 250 mL of the culture
medium described above, which was inoculated with 2 mL
microbial stock solution. The cultures were then incubated for
168 h at 28 °C and 170 rpm stirring. Microbial biomass was
then harvested by centrifugation (Heraeus Multifuge 3 S-R,
Villebon-sur-Yvette, France) at 4600 rpm for 15 min and at
4 ©°C. The supernatants were discarded and violacein was
extracted from the wet biomass by adding 96% ethanol (10: 1
ratio, v:w) into a 200 mL double-jacketed vessel (VRC SAS,
Lucon, France), at a constant temperature of 28 °C and stirring
at 200 rpm. After 1 h extraction, the mixture was centrifuged at
4600 rpm for 15 min at 4 °C. The supernatant was isolated and
the recovered biomass was subjected to two additional extrac-
tions under the same conditions. The three supernatants
recovered were mixed and ethanol was evaporated to dryness
at 60 °C and under reduced pressure. Concentrated violacein
was stored at 4 °C and used for the subsequent experiments.
The total mass of the crude violacein produced was 300 mg.
The extraction yield was evaluated by periodic sampling and
quantification, with 92% of the pigment extracted from the
initial extraction as discussed in our previous publication.®
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However, the proportion of violacein increased in subsequent
extractions. By the third extraction, the pigment load consisted
entirely of violacein, highlighting that violacein was the
primary component of the crude extract. These findings
demonstrate that violacein was effectively concentrated during
the extraction process, with increasing purity observed in the
later stages.

Preparation of violacein-containing chitosan films (CS@Vio™
%:f)

Chitosan films entrapping violacein will be denoted as
CS@Vio*”f, with X being the molar ratio of violacein with
respect to NH, groups of chitosan and (f) is to differentiate
films from film-forming coating solution (s) that will be used
later (see below).

The following protocol has been used for the preparation of
functionalized chitosan films. Firstly, 50 mg of chitosan (CS)
was added to 7 ml of a 1% (v/v) aqueous acetic acid solution
and stirred for 2 h to obtain a uniform gelled solution. In par-
allel, a 5.8 x 107> M solution of violacein was prepared in
ethanol. Once ready, different volumes of this solution were
added to the chitosan solution to obtain the desired molar
percentage (1%, 3%, 5% and 10%) with respect to NH, groups
of chitosan, assuming an estimated NH, content of 5.8 mmol
g" in the starting biopolymer.?* After further stirring for 2 h,
the resulting solution was poured into Petri dishes and left to
dry for 48 h at room temperature. After casting, the dry films
were removed from the Petri dishes and subjected to further
testing and analysis.

Characterization

FTIR spectra were collected using a SHIMADZU Affinity-1S
spectrometer, equipped with an attenuated total reflectance
(ATR) accessory. Spectra were captured in the 4000-500 cm ™"
range, with a resolution of 16 cm™'. A small piece of the film
(1 ecm x 1 cm piece) was cut and fixed in front of the slot for
analysis. A Bruker X-ray AXS D8 Advance diffractometer in
Bragg-Brentano configuration, equipped with a LynxEye Super
Speed detector, was used for X-ray diffraction (XRD).
Diffraction patterns were recorded using Cu Ka radiation (4 =
0.154 nm, 40 kV, 30 mA) in the range from 10 to 80°. A small
piece of the film (1 cm x 1 cm piece) was fixed with the
support for analysis. UV-visible measurements were carried
out using a PerkinElmer Lambda 1050 spectrometer equipped
with an integrating sphere. Data were recorded over a wave-
length range from 250 to 800 nm in absorbance mode. Both
the films and violacein solutions (5.8 x 107> M) were analyzed.
The films (1 ecm x 1 cm piece) were directly placed in the
sample holder, while the solutions (3 mL) were measured in
standard quartz cuvettes. Photoluminescence measurements
were carried out with a FluoroMax-4 spectrofluorometer using
FluorEssence software. A 150 W xenon arc lamp was used for
excitation, with excitation and emission monochromators
fitted with 1200 mm™" groove reflection gratings. These mono-
chromators allowed precise wavelength control, with software-
controlled adjustable slits. A small piece of the film (1 cm x
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1 cm piece) was used for such a purpose and placed on a rotat-
ing support tilted at 30° before measurement. Scanning elec-
tron microscopy (SEM) images were obtained using a JEOL
JSM 6700F with an accelerating voltage of 12 kV and a magnifi-
cation level of 2000. A small piece of the film (1 cm x 1 cm
piece) was coated with a thin layer of gold using a Denton
Vacuum model DESK II sputter and fixed on the top for visual-
ization. An automatic contact angle system (OCA 40,
DATAPHYSICS) was used to assess the hydrophobicity of the
as-prepared films. To do this, a 1 ecm x 1 cm piece of film was
placed on a horizontal platform inside the system. A drop of
10 pl of distilled water was applied to the film surface, and the
contact angle was measured to assess the hydrophobic pro-
perties of the surface. The film thickness was measured at five
points using a Mitutoyo digital caliper (precision: 0.001 mm),
and the average value was used. The film density was calcu-
lated from the specimen’s weight and volume, with the volume
determined by the area and thickness.®® Thermogravimetric
analysis (TGA) was performed under a nitrogen atmosphere at
a heating rate of 10 °C min™", covering a temperature range
from room temperature to 700 °C, using a TGA Discovery ana-
lyzer (TA Instruments, New Castle, DE, USA). For each
measurement, approximately 10 mg of the sample was cut and
placed into a platinum pan at room temperature, and its
weight degradation was monitored by increasing the tempera-
ture until 700 °C.

Water solubility (WS) and water vapor permeability (WVP).
Water solubility (WS) of the films was assessed by first weigh-
ing pre-dried samples (2 cm x 2 c¢m, dried at 80 °C for 24 h),
and then immersing them in 30 ml of deionized water at room
temperature for 24 h. After immersion, the films were
removed, dried again at 80 °C for 24 h, and weighed. The WS
was then calculated using eqn (1).3* Next the WVP was deter-
mined using the ASTM E96/E96M method with slight modifi-
cations.®® Samples were placed on the circular orifices of cells
containing 4 g of anhydrous calcium chloride CaCl, (0% rela-
tive humidity) and incubated at 50% RH and 32 °C. The
weight of the permeation cells was measured six times over
6 hours to calculate the water vapor transmission coefficient
(WVT) and the WVP was then calculated using eqn (2)

WS (%) = Wo— Wi 100 (1)
0
WVT WVT
WVP =55 * T PR =R @)

Here, ¢ represents the thickness of the film, while P is the
vapor pressure at the test temperature of 25 °C. The values of
R, and R, correspond to the relative humidity inside the glass
bottle (0%) and the climatic chamber (50%), respectively.

Mechanical properties. Mechanical properties of the films
were evaluated, including tensile strength (TS), which reflects
the material’s resistance to breaking under tension, Young’s
modulus (YM), which indicates the film’s rigidity and elonga-
tion at break (EB), which measures its flexibility. These para-
meters were measured using an Instron universal testing
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machine (model 5565, Instron Engineering Corporation,
Canton, MA, USA). Rectangular film samples (1 cm x 40 cm)
were clamped between two 1000 N load cells and stretched at a
speed of 5 mm min~'. The reported values represent the
average of three repeated measurements.%®

Antioxidant activity and total phenolic content (TPC). The
antioxidant activity of the manufactured films was assessed
using the DPPH free radical scavenging test.®” First, 25 mg of
each film was dissolved in 3 ml of methanol and left in
contact for 20 min (solution 1). Simultaneously, a reference
solution (solution 2) was prepared by dissolving 4.0 mg DPPH
in 100 ml methanol and stirring the mixture for 30 min; then
its absorbance was measured at 515 nm (4,¢). Next, 1.5 ml of
solution 1 was mixed with 3 ml of solution 2, followed by vig-
orous stirring. After incubation at room temperature in the
dark for 30 min, the absorbance of the mixture (Asampic) Was
measured at 515 nm. Antioxidant activity (OA %) was calcu-
lated according to eqn (3):

The total phenolic content of chitosan-based films was
determined using the Folin-Ciocalteu colorimetric method
with slight modifications.®® Gallic acid solutions ranging from
0 to 15 pg ml™" were used to create a calibration curve. To
prepare the film extract, 12.5 mg of the film sample was
soaked in 1.5 ml of distilled water for 24 hours. Then, 0.1 ml
of the extract was mixed with 6 ml of distilled water and 0.5 ml
of Folin—-Ciocalteu reagent. After 8 minutes, 1.5 ml of 10 wt%
sodium carbonate solution was added, and the mixture was
brought to a total volume of 10 ml with distilled water. Then it
was incubated in the dark at room temperature for 2 hours,
followed by absorbance measurement at 765 nm using a UV
spectrophotometer. The TPC was expressed as gallic acid
equivalents (GAE), calculated as the amount of gallic acid in
mg per gram of dry sample weight using eqn (4).

o Aref — Asample

OA (%) = ™ x 100
Te]

3)

Abszes = 0.036 mg gallic acid — 0.1134.

(4)

Antibacterial activity. The antibacterial activity of violacein-
enriched chitosan films was evaluated using two methods: the
total viable colony count method and the disc diffusion
method.?”°® Two common foodborne pathogenic bacteria,
E. coli (Gram-negative) and S. aureus (Gram-positive), were sub-
jected to this evaluation. Bacteria were inoculated using a
sterile inoculating loop into 20 ml of tryptic soy broth (TSB)
and brain heart infusion (BHI) broth respectively, and then
incubated at 37 °C for 16 h. Next, a 10 ml volume of diluted
broth (containing between 10* and 10° CFU ml™') was added
to a 50 ml conical flask, into which 25 mg film samples were
placed. This solution was incubated at 37 °C for 12 h with
gentle agitation. A control experiment was carried out using a
flask containing only the diluted broth, with no film samples
added. At intervals of 3, 6, 9 and 12 h incubation, the total
number of viable colonies (expressed as log 10 CFU mL™") was
counted for each pathogen by growing the samples on agar
plates. This procedure was repeated three times at each time
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interval. In addition, the disc diffusion method was employed,
in which film samples were cut into 5 mm circles and placed
on Mueller-Hinton agar plates inoculated with S. aureus and
E. coli at a bacterial density of approximately 1.5 x 10° CFU
mL~". The plates were incubated at 37 °C for 24 hours, and the
diameters of the inhibition zones around the discs were
measured to assess the antibacterial activity.

Biodegradability test of violacein-containing chitosan films.
The biodegradability of violacein-containing chitosan films
was evaluated using soil microorganisms. The test was carried
out on a laboratory scale, following the methodology outlined
by Wronska et al, with some modifications.*® Soil samples
were collected from the garden of Euromed University in Fes,
Morocco, and served as the incubation medium. The soil was
kept at room temperature with 70% moisture and a pH of 6.
The soil was placed into a specialized container, and samples
were buried at a depth of approximately 7 cm, each in a separ-
ate container, and incubated at room temperature. The
samples were retrieved at different time intervals (3, 4, and 5
weeks of incubation) and gently brushed to remove any soil
residues, and then photographed. In the final week, the
samples were gently washed with distilled water, dried at 50 °C
for 4 hours, and weighed, and the percentage of degradation
(PD) was calculated as follows:

PD (%) = Wi — Wt | 100, (5)
Wi

Color parameters. Color parameters (L* for brightness, a*
for red-green, and b* for yellow-blue) of the films were
measured using a Konica Minolta CM-5 spectrophotometer,
under CIE Standard Illuminant D65 and a 10° standard obser-
ver. The total color difference (AE) was calculated using eqn

(6):

AE = /AL + Aa™ + Ab™. (6)

Food coating process

To evaluate their performance, different spray solutions of
chitosan, violacein, and their combination CS@Vio'°%-s were
prepared and applied as coating on three types of fruit pur-
chased from a local market, with different shelf lives: strawber-
ries, blueberries and raspberries. The method used for this
evaluation was that of edible coating.”® Hydrogel solutions

(35 ml) were prepared as follows:

CS-s. 250 mg of chitosan (CS) was added to 35 ml of a 1%
(v/v) aqueous acetic acid solution and stirred for 2 h to obtain
a uniform gelled solution.

Vio-s. A violacein solution (5.8 x 107> M) was prepared by
dissolving the compound in ethanol to a final volume of
35 mL.

CS@Vio'*”-s. The two solutions were mixed by adding
12.5 mL of Vio-s to 35 mL of CS-s, resulting in a mixture con-
taining 10% violacein relative to the amine functional groups
of chitosan.
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For each formulation, fruit samples were coated using a
successive dip-coating technique. Each fruit was immersed
several times until the film uniformly adhered to the entire
surface, and then withdrawn and left to dry at room tempera-
ture. After coating, the remaining solution was measured to
determine the exact amount of solution that was applied to
the fruit. An untreated control sample was also prepared for
comparison. After coating, the fruit was stored for 10 days at
ambient temperature and humidity. Film performance was
evaluated based on retention of fruit appearance, color and
texture, as well as resistance to deterioration.

Metal sensing. A quenching test was used to study the inter-
action between copper ions and violacein as a way of sensing
metal contaminants, which can accumulate in foods as a
result of agricultural practices or industrial processes. For this
purpose, a solution of violacein (20 ml, 10~* mol 17") was pre-
pared and mixed with 2 ml of a solution of copper nitrate
(107> mol 17" to observe the direct effect of copper ions on the
photoluminescence properties of violacein. Next, 1% copper
residue was incorporated within violacein-containing chitosan
films featuring 10% of violacein pigment and prepared as
follows:

CS@Vio'*”-Cu"”-f. 7 mL of CS-s aqueous acetic acid solu-
tion 1% (v/v) was mixed with 2.5 mL of Vio-s (5.8 x 107> M)
ethanol solution and 2 mL of a (3.9 x 10~ M) Cu(NO;),
aqueous solution to prepare a composite formulation contain-
ing violacein and 1% copper. After further stirring for 2 h, the
resulting solution was poured into Petri dishes and left to dry
for 48 h at room temperature. After casting, the dry film was
removed from the Petri dishes. The photoluminescence pro-
perties of the solution and films were characterized before and
after exposure to copper ions to unveil the possible metal
quenching caused by violacein.

Statistical analysis. The difference between factors and levels
was evaluated using analysis of variance (ANOVA). Tukey’s test
was applied to compare means and identify significantly
different groups (p < 0.05). Data were processed using Jamovi
software, and the results are presented as mean + standard
deviation.

Conclusions

Sustainable coating and packaging materials derived from bio-
based resources are gaining increasing attention as viable
alternatives to conventional petroleum-based plastics, offering
enhanced food preservation, safety, and quality monitoring. In
this work, we successfully combined two environmentally
benign components: chitosan, a naturally occurring bio-
polymer obtained from shellfish waste, and violacein extracts,
a biotechnologically-engineered pigment toward the develop-
ment of multifunctional food packaging films. The incorpor-
ation of the hydrophobic violacein moiety proved compatible
with the chitosan gel-forming system, enabling the fabrication
of transparent, flexible films with improved mechanical
strength, thereby replacing the use of costly synthesized nano-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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metric fillers and plasticizers, while providing additional light-
responsive functionalities, including photoluminescence and
UV-shielding effects. Moreover, violacein-containing chitosan
films exhibited enhanced antioxidant and antibacterial activi-
ties, contributing to the effective extension of the food shelf
life. These films also demonstrated smart sensing capability,
exemplified by the visual detection of residual copper contami-
nation. Overall, the interfacial interplay of violacein and chito-
san provides promising and cost-effective platform hydrogels
for sustainable food packaging, with potential applications
extending to green adhesives, biomedical devices, electronics,
and cosmetics, owing to their intrinsic biocompatibility and
environmental friendliness.
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