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ARTICLE INFO ABSTRACT

Keywords: Chitosan has gained great attention due to its properties. In this study, chitosan obtained from an innovative and
Biopolymers sustainable source, the bioconverter insect Hermetia illucens, known as Black Soldier Fly (BSF), was used for the
Insects

development of Chitosan-Clay Nanocomposite Films. Sepiolite and montmorillonite clays were used to produce
the membranes. The interaction between insect-derived chitosan and clays was studied and the chemical,
thermal, mechanical, and adhesive properties of the films were assessed. The incorporation of clays enhanced
thermal stability and hydrophobicity of all formulations. Films prepared with chitosan from H. illucens exhibited
greater hydrophobicity than those made with commercial chitosan, particularly in unbleached samples. How-
ever, chitosan from H. illucens displayed lower elasticity and tensile strength. Despite this, the addition of clays to
pupal exuviae and adult unbleached samples resulted in mechanical properties comparable to commercial chi-
tosan. Adhesive properties of BSF chitosan consistently outperformed commercial chitosan. Unbleached samples
demonstrated better performance, suggesting that the bleaching process is unnecessary for film production.
Based on the results obtained, insect chitosan could be particularly advantageous in applications requiring
improved adhesiveness and enhanced thermal resistance and hydrophobicity, such as in wound dressings for
exudative wounds.
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Wound healing

1. Introduction

The size of the global polymer market reached USD 716.83 billion in
2022 and is expected to increase at a Compound Annual Growth Rate
(CAGR) of 5.4 % from 2023 to 2032, when it is expected to reach about
USD 1207.11 billion [1]. The reason for this rapid growth is the need for
environmentally sustainable products. In an effort to reduce waste and
promote sustainability, there is an increasing trend to recycle polymeric
materials and, at the same time, there is a growing demand for bio-
polymers [2]. Biodegradable polymers exhibit some advantages as they
do not harm the environment and do not generate bioaccumulation,
making them environmentally friendly. Using renewable resources,
reducing greenhouse gas emissions, recovering by-products, and
conserving fossil fuels are the main advantages of biopolymers [3].

Biodegradable polymers can be either natural or synthetically derived
[4]. Natural polymers are derived from various resources including
plants, fungi, animals, and microorganisms. Due to their presence in the
tissues of living organisms, they are readily available and inexpensive. In
addition, they have some important advantages including biodegrad-
ability, biocompatibility, and nontoxicity [S]. Polysaccharides are a
group of biopolymers derived from natural sources that have potential
applications in numerous fields. Although many of the bio-
polysaccharides, such as cellulose, originate from plants, they can also
be derived from other sources, including animals, as do chitin and chi-
tosan [6]. Chitin is a linear polymer consisting of N-acetyl-d-glucos-
amine (GlcNAc) repeating units; it is structurally similar to cellulose, but
differs in the presence of acetamide groups on C2 [7,8]. Chitin is the
main constituent of the exoskeleton of arthropods, but it is also an
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important component of the cell wall of fungi and yeasts. In each of these
organisms, chitin plays a structural and tissue-protective function
[9,10]. Because of its insolubility, to expand its range of utilization,
chitin must be processed into more soluble derivatives, of which chito-
san is the main one. Chitosan is obtained by removal of acetyl groups
present on chitin, with formation of reactive amine groups, which can be
protonated in aqueous solution. Indeed, chitosan is a polycation soluble
in acidic solutions [10]. Chitosan offers advantages such as biodegrad-
ability, biocompatibility, antibacterial activity, gel-forming capacity,
bioadhesive properties, and immunostimulatory effects [11]. Further-
more, chitosan can be processed into nanoparticles, gels, films, and
fibrous matrices, significantly broadening its applicability across various
scientific and industrial fields. This ability enhances drug release capa-
bilities and enables diverse applications in medication delivery and
biological processes compared to other biopolymers [12]. Chitosan
naturally possesses intrinsic antibacterial activity, unlike other bio-
polymers such as alginate, collagen, and gelatin, which typically require
chemical modifications or external agents to achieve antibacterial
properties [13]. Its antibacterial properties are particularly advanta-
geous in tissue regeneration and infection prevention [14]. This unique
characteristic arises from its polycationic nature, which allows chitosan
to interact with negatively charged bacterial membranes, ultimately
causing their rupture [15]. In addition to its antibacterial activity, chi-
tosan polycationic structure enables it to form complexes with nega-
tively charged biomolecules such as DNA and RNA [16]. This versatility
makes it highly suitable for advanced applications, including drug de-
livery systems [17,18]. From a production standpoint, chitin is con-
tained in food industry by-products, primarily the exoskeletons of
crustaceans. Its sustainable origin aligns with circular economy princi-
ples, reducing waste while providing a high-value biopolymer, chitosan
[19,20]. According to Verified Market Research [21], the market for
chitin and chitosan-derived compounds is anticipated to grow at a CAGR
of 14.90 % between 2023 and 2030, reaching $23.90 billion by that time
[21]. Investigating new, alternative, and more sustainable sources is
required to meet the projected growth of the world market for chitin and
chitosan [10].

In recent decades, there has been a growing interest in insects as a
natural source of raw materials. A growing number of industries are
involved in insect farming, especially bioconverter insects such as Her-
metia illucens, bred both for organic waste management and for the
production of protein meal for animal feed [22,23]. In addition, insects
provide an alternative and sustainable source of chitin and chitosan,
with some advantages over crustaceans because they can be easily
reared year-round and everywhere and have high fertility and repro-
duction rate [10]. Chitin and chitosan find many uses in various fields
due to their distinctive characteristics. In the cosmetic field, chitosan is
suitable for cosmetic uses in skin and hair care, because of its film-
forming qualities, biocompatibility, hypoallergenicity, and antibacte-
rial action [24,25]. It also has properties in the treatment of wounds and
burns and it can be used for the production of medical plasters and
reabsorbable suture materials [26-28], as well as a carrier for the
controlled release of drugs [18,29,30]. To improve its performance,
preparations containing chitosan are often enriched with other natural
or synthetic ingredients, including clays. The physical, mechanical, and
biological properties of chitosan-based films are modified by their
addition [31-33]. The mechanical strength, flexibility, thermal stability,
and hydrophilicity of chitosan-based materials are altered by smectite
clays, such as sepiolite and montmorillonite [34]. In addition, the clays
promote sustained drug release [35-37], enhance the antimicrobial
activity already present in the polymer [38], and promote tissue
regeneration when used in wound healing [39,40]. These properties
make the chitosan-clays formulations appropriate for use in medical and
cosmetic fields [41,42]. Furthermore, their ability to modulate moisture
retention emphasizes their importance in developing advanced thera-
peutic materials [43]. The following work investigated the interaction
between chitosan produced from the 3 biomasses of H. illucens: larvae,
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pupal exuviae, and adults, with two natural smectite clays, a sepiolite
(PS9) and a montmorillonite (VHS), and how they may affect the
chemical and mechanical properties of insect chitosan films. Insect-
derived chitosan, which offers greater sustainability than crustacean-
sourced chitosan due to its absence of temporal and geographic con-
straints associated with traditional commercial sources, has garnered
increasing interest within the global scientific community. While it has
already been demonstrated to possess chemical properties comparable
to those of commercial chitosan, its potential applications across diverse
fields, including medical, technological, and environmental domains,
now require further validation to establish it as a viable alternative or
complement to crustacean-derived chitosan in industrial contexts. To
the best of our knowledge, this constitutes the first work in which chi-
tosan from H. illucens is complexed with clays. By exploring the tech-
nological applications of insect-derived chitosan, this work highlights its
comparable and, in some cases, superior properties relative to com-
mercial chitosan, underscoring its promise as a sustainable and effective
substitute.

2. Materials and methods

All reagents and solvents were purchased from commercial sources
and used without further purification. Commercial chitosan, glycerol,
and lactic acid were purchased from Merck KGaA (Darmstadt, Hesse,
Germany). H. illucens chitosan from larvae, pupal exuviae, and dead
adults were provided by Xflies s.r.1 (Potenza, Italy). Pangel S9 (PS9) was
provided by TOLSA S.A. (Madrid, Spain). PS9 (pale beige powder;
empirical formula: Mg4Si6015(0H)2x6H20) is mainly composed of
sepiolite clay and is referred as Magnesium Trisilicate in the European
Pharmacopoeia [44]. Veegum HS (VHS) was purchased from Vanderbilt
Minerals, LLC (Connecticut, USA). VHS (off-white powder) is a purified
smectite clay which is monographed in the USP 42-NF 37 as purified
bentonite [45].

2.1. Chitin extraction and chitosan production

For chitin extraction, raw insect biomass was frozen at —20 °C and
then oven-dried (18 Kw, 15 min, 102 °C; MAX Microwave Dryer®©,
Yantai, China). The biomass was then ground using a food mill (Tom
Press Italia — Mantova). The powdered samples were subjected to the
chitin extraction process as reported in Hahn et al. [10]. For the removal
of minerals in the powder, the samples were treated with a 0.5 M so-
lution of formic acid (CH203) in 1:10 w/v ratio and left under stirring for
1 h at Room Temperature (RT). The demineralized material was filtered
and washed with distilled water to neutrality. The samples were then
dried in an oven at 60 °C overnight. Protein removal involved treating
the demineralized powder at a 1:10 w/v ratio with a 2 M NaOH solution
at 80 °C for 2 h. The samples were filtered using filter paper, washed to
neutral pH, and dried overnight at 60 °C, obtaining unbleached chitin.
Finally, for obtaining bleached chitin, unbleached samples were treated
for 30 to 60 min at 90 °C with a solution of 5 % (v/v) hydrogen peroxide
(H203) in a 1:20-30 w/v ratio, depending on the starting biomass.

According to Triunfo et al. [46], chitosan was produced by hetero-
geneous deacetylation of bleached and unbleached chitin from the three
different biomasses of H. illucens, resulting in six different chitosan
samples: Unbleached and Bleached Chitosan produced from Larvae (UC-
L, BC-L), Pupal Exuviae (UC-PE, BC-PE), and Adults (UC-A, BC-A). Chitin
samples were stirred in 12 M NaOH solution (1:20 w/v) for 4 h at 100 °C.
The solid residue was then recovered and washed to neutrality. The
deacetylated material was incubated at RT in 1 % (v/v) acetic acid for 48
h; the mixture was centrifuged for 5 min at 10,000 rpm and the super-
natant was collected. To precipitate the solubilized chitosan, the solu-
tion was brought to a pH of 8 using 6 M NaOH and then incubated
overnight at 4 °C. The precipitated chitosan was removed by centrifu-
gation and washed till neutrality. After being freeze-dried, the obtained
chitosan powder was stored at RT. The Deacetylation Degree (DD) and
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Molecular weight (Mw) of the chitosan samples used for film production
were assessed by potentiometric titration and by determining the
intrinsic viscosity of the chitosan solutions, respectively [46].

2.2. Biofilm production

The solvent-casting technique [47] was used for producing all films,
both those made of chitosan alone and those in which chitosan was
combined with glycerol and clays. Before use, the clays used for the
formulation of the films, VHS and PS9, were placed in an oven at
75-80 °C for 48 h to remove residual moisture. A suspension of chitosan
was prepared at a concentration of 0.01 g/ml in 1 % lactic acid. At the
same time, the clays were placed in distilled water to allow swelling and
were shaken through Ultra-turrax T18 (IKA Work, Staufen, Germany).
The films were produced maintaining the same solution volume/support
area ratio, to ensure that the thickness of the film obtained changed as
little as possible. Once poured into the chosen support, the solution was
left under a fume hood at RT until complete evaporation of the solvent
and formation of the film. The biofilm obtained was then removed and
stored. After production, the films were initially observed at the
macroscopic level, followed by optical microscopy analysis (Nikon
Eclipse Inverted Light Microscope TE300/TE200 - Nikon Corporation,
Tokyo, Japan), as detailed in the Supporting Information. Following
several trials, the final formulation was selected, consisting of 80 % (w/
w) chitosan, 10 % (w/w) clay, and 10 % (w/w) glycerol. The percentage
w/w refers solely to the total weight of the added substances and not to
the solution as a whole.

2.3. Infrared-ATR

IR spectra of the formulated films were obtained using the JASCO
6200 spectrophotometer with SPECTRA MANAGER v2 software and an
Attenuated Total Reflectance (ATR) accessory (JASCO Inc., Easton, MD,
USA). Measurements were carried out at wave numbers between 400
and 4000 cm ™! at a resolution of 0.25 cm™!.

2.4. Thermal analysis

Thermogravimetric Analysis (TGA) was performed employing a
METTLER TOLEDO mod (Mettler Toledo, Columbus, OH, USA), equip-
ped with an FRS5 sensor and a precision 0.1 pg microbalance (Mettler
Toledo, Columbus, OH, USA). Samples were heated at a rate of 5 °C/min
in nitrogenous atmosphere. The temperature ranges employed were
30-950 °C.

2.5. X-ray diffraction

X-Ray Diffraction (XRD) analysis of the chitosan and clay powders
was performed using a PANalytical X’'Pert Pro diffractometer (Malvern
Panalytical, UK), equipped with an X’Celerator solid-state detector and a
rotating sample holder. The diffraction patterns were recorded using
randomly oriented mounts with CuKa radiation, operating at 45 kV and
40 mA, over a range of 3-50° 20 (step size of 0.008° 20, with a scan time
of 9.73 s per step). The same conditions were applied for the analysis of
the resulting films.

2.6. Wettability test

Membrane wettability was assessed by the sessile drop method, ac-
cording to the European Pharmacopoeia [48]. An instrument consisting
of a dispensing syringe, a surface on which to fix the sample, a micro-
scope camera with 40x magnification (PixeLINK PL-A661, 1.3 Mega-
pixel monochrome FireWire IEEE 1394, Ottawa, ON, Canada), and a
white light source were used to carry out the assay. The syringe, con-
taining distilled water inside, was used to deposit 5-uL drops onto the
film surface. The wettability of the films was assessed exclusively at the
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moment the drop made contact with the analyzed film. Once the image
was acquired, the amplitude of the tangent angle to the drop was
determined manually using a protractor. The wetting angle was deter-
mined as the angle between the tangent to the droplet at the contact
point and the surface of the film.

2.7. Film thickness

A caliper micrometer was used to measure the thickness of the films
(Digimatic Caliper No. 99MAD027M3, Mytutoyo Manufacturing Co.
Ltd., Japan). For the measurements, the films were cut into squares with
a side length of 30 mm. For each film type, the thickness of all 4 corners
of the square was measured, repeating the measurements in triplicate
[49].

2.8. Mechanical characterization

2.8.1. Tensile strength

The Tensile Strength (TS) of the films was measured using a TX.AT
plus Texture Analyzer (Stable Micro Systems, UK), equipped with a 5 kg
load cell and an SMS P/5S probe. Homogeneous films of 30 mm by 30
mm were prepared for this test. These films were placed on a platform
and secured with the corresponding holder for the puncture test, leaving
a circular gap of 5 mm radius at the center through which the probe
would pass. During the measurement, the probe attempted to penetrate
the film at a speed of 1 mm/s until the film ruptured. Elongation At
Break (EAB) and TS were recorded at the point of breakage. Each film
type was tested five times. The TS and EAB were calculated according to
Eq. (1) and Eq. (2), respectively:

Fmax
Tensile Strength (MPa) = A (€8]

where Fpgy (N) is the force applied immediately before rupture, and A
(mm?) represents the contact area between the probe and the sample,
calculated based on the measurements of the thickness and width of the
sections [50].

(2)

Elongation at Break (%) = < a

2 1 b2
Va?+biir 1>*100

where @' (mm) is the distance from the edge of the holder gap to the
center of the probe, a (mm) is the radius of the holder gap (if the plat-
form is properly aligned, @' = a), b (mm) is the distance traveled by the
film until breakage, and r (mm) is the radius of the probe.

2.8.2. Adhesion test

The aforementioned Texture Analyzer (TX.AT plus Texture Analyzer,
Stable Micro Systems, UK), equipped with a 5 kg load cell and a P/10
probe, was also used to measure the adhesive capacity of the films.
Homogeneous films were cut into circular fragments with a diameter of
10 mm using a metal punch and were attached to the P/10 probe using
double-sided tape. The adhesion test was carried out following part of
the methodology published by Alaei et al. [51]. The analysis was con-
ducted in compression mode, with a test speed of 0.1 mm/s, a post-test
speed of 10 mm/s, and a hold time of 10 s. Each film was brought into
contact with an 8 % (w/w) gelatin substrate at RT. The adhesion force,
defined as the maximum negative force recorded, was used to express
the results. Five replicates were performed for each sample to ensure
accuracy.

2.9. Statistical analysis

All measurements were performed in replicate and data were
expressed as average + standard deviation. Data were analyzed by one-
way Anova and Tuckey post-hoc test. Statistical analyses were performed
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using a GraphPad Prism version 8.4.2 for Windows (GraphPad Software,
San Diego, California USA).

3. Results and discussion
3.1. Chitosan samples

Starting from the 3 biomasses of H. illucens, six types of chitin sam-
ples were obtained and subjected to deacetylation, resulting in six
different chitosan samples: Unbleached and Bleached Chitosan pro-
duced from Larvae (UC-L, BC-L), Pupal Exuviae (UC-PE, BC-PE) and
Adults (UC-A, BC-A), respectively. The chitosan samples obtained differ
in some characteristics, such as their crystalline structure, Molecular
weight (Mw), and Degree of Deacetylation (DD) [46]. The characteris-
tics of each sample are shown in Table 1.

3.2. Chitosan-clay films production

The solvent casting technique was used to prepare the biofilms [47].
For Chitosan-Clay Nanocomposite Films (C-C NFs) once all the compo-
nents, consisting of 80 % chitosan (w/w), 10 % clay (w/w), and 10 %
glycerol (w/w), were combined, the suspension was transferred to the
holder and dried under a fume hood. As shown in Fig. 1, twelve different
films were produced using two different chitosan samples derived from
the three biomasses of H. illucens (Bleached and Unbleached Chitosan
from Larvae, Pupal Exuviae, and Adults) and two different natural clays,
PS9 and VHS.

The obtained films were examined under a light microscope at 4x
magnification. Given the compactness of their particles and their
inherent opacity [52,53], most clays do not allow visible light to pass
through. Thus, the dark areas in the images indicate the distribution of
phyllosilicates within the preparation. In contrast, chitosan films are
transparent and permit light to pass through [54], making the lighter
areas in the images representative of the polymer network formed by
chitosan. The images demonstrate a homogeneous distribution of both
components, with a well-organized polymer network visible for both
types of clay. Notably, bleached (BC) samples exhibit a more uniform
particle distribution and a denser polymer network compared to the
unbleached (UC) ones. In films containing PS9, areas with a higher
concentration of clay are particularly evident, especially in the UC
samples, highlighting the relationship between biofilm morphology and
the type of chitosan utilized. For the films containing VHS, the distri-
bution appears less homogeneous across different regions of the film,
although no distinct separation between clay-rich and chitosan-rich
areas is observed (Fig. 2). This could be due to the different nature of
the two clays. Indeed, montmorillonite, with its layered structure
composed of silica and aluminum sheets, allows for the intercalation of
polymers like chitosan within its interlaminar spaces, leading to a more
homogeneous composite structure [55]. In contrast, sepiolite, due to its
fibrous and porous nature, does not facilitate intercalation in the same
way. Instead, its interaction with polymers tends to form a network that

Table 1

Degree of Deacetylation (DD%) and Molecular weight (Mw) of chitosan from
H. illucens used for biofilm production. The table shows the DD and Mw values
for all samples: Unbleached Chitosan from Larvae (UC-L), Bleached Chitosan
from Larvae (BC-L), Unbleached Chitosan from Pupal Exuviae (UC-PE),
Bleached Chitosan from Pupal Exuviae (BC-PE), Unbleached Chitosan from
Adults (UC-A), Bleached Chitosan from Adults (BC-A).

Chitosan sample DD% Mw

UC-L 85-90 % 100-120 kDa
BC-L 80-85 % 48-60 kDa
UC-PE 80 % 180-220 kDa
BC-PE 80-85 % 48-60 kDa
UC-A 80 % 180-220 kDa
BC-A 85-90 % 48-60 kDa
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results in a more heterogeneous distribution of the components [56].
This fibrous structure likely contributes to the less uniform dispersion of
sepiolite within the polymer matrix [57-59].

3.3. ATR-FTIR

Spectra resulting from ATR-FTIR analysis of chitosan-clays films and
pure clays are shown in Fig. 3. In all film spectra, the characteristic
signals of chitosan can be clearly observed. Firstly, a broad band appears
between 2700 and 3400 cm ™!, which corresponds to the CH stretching
vibrations (between 2800 and 2900 c¢cm!) and the O—H and N—H
stretching vibrations (between 3100 and 3300 em ™) [56]. Additionally,
an intense band between 900 and 1100 cm™!, characteristic of the
p-glycosidic linkages, is visible [59]. The region between 1200 and 1700
cm ™ is associated with amide groups. Within this region, a signal can be
observed around 1600 cm ™, corresponding to N—H bending in sec-
ondary amides, and another near 1700 cm ™! related to C=O stretching
in primary amides [46,61]. Some differences compared to the spectra
reported by Triunfo et al. [46], which are derived from powdered chi-
tosan extracted from H. illucens, are found in the amide region, where
the primary amide band appears at 1655 cm ™! and the secondary amide
band at 1590 cm ™. The protonation of amino groups, which overlap
with some amide bands, may be the cause of this variance. The polymer
intercalating between the clay layers is another possible reason for the
shift to lower wavenumbers [60]. Characteristic bands of sepiolite (PS9)
and montmorillonite (VHS) are also discernible in the clay spectra. In
the VHS spectrum, there is an identifiable band above 3500 cm ™}, which
is associated with the OH groups of octahedral layers, notably
Al—OH—AI, AI—OH—Mg, and Mg—OH—Mg vibrations. Additionally, a
major band at 1000 em™! is present, which is attributed to in-plane
stretching vibrations of the silicate layers (Si—O—Si). This broad band
overlaps with vibrations from the out-of-plane Si—O—Si stretching
(above 1000 cm™!) and also with another signal related to Si—O—Al
bending vibrations [62]. The PS9 spectrum also exhibits a prominent
band at 1000 em ™, linked to Si—O stretching vibrations, as well as a
characteristic band for fibrous clays associated with Si—O—Si linkages
between alternating fibers (due to oxygen inversion in the tetrahedra) at
1200 cm ™!, which overlaps with the previous band [63]. Finally, the
signal observed around 1000 cm™! in the chitosan-clay spectra results
from the superimposition of the characteristic bands of each component,
leading to more intense signals than those found in the spectra of pure
chitosan as reported by Triunfo et al. [46,60].

3.4. Thermal analysis

For Thermogravimetric Analysis (TGA), approximately 10 mg of the
biofilms were finely minced until very small pieces were obtained. TGA
and DTG curves of analyzed films are shown in Fig. 4. The weight loss
observed at various temperature ranges is summarized in Table 2. The
table highlights the distinct thermal degradation behavior of each
sample. Weight loss peaks observed between 35 and 150 °C can be
attributed to residual moisture loss, while those between 150 and 250 °C
are associated with the thermal degradation of glycerol in the samples
containing VHS and PS9 clays, as well as the evaporation of the trapped
water [64,65]. At higher temperatures, the peaks observed in the range
250-450 °C and in the range 450-950 °C represent the degradation of
the chitosan polymer network [66-68].

BC-L, UC-L, BC-PE, UC-PE, BC-A, and UC-A samples, which do not
contain glycerol or any type of clay, show differences in their thermal
degradation behavior. The BC-L sample shows a total weight loss of
73.43 %, while UC-L exhibits a slightly higher value of 77.23 %, indi-
cating that BC-L is more thermally stable. BC-PE, on the other hand, has
the lowest total weight loss among chitosan films, at 69.69 %, suggesting
better resistance to thermal degradation than its unbleached counterpart
and other samples. Similarly, for adult biomass, bleached chitosan
demonstrates better resistance to thermal degradation, with the BC-A
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PS9 PS9 PS9
UC-PE BC-A UC-A

VHS VHS VHS
BC-L UC-L BC-PE

VHS VHS VHS
UC-PE BC-A UC-A

Fig. 1. Chitosan-Clay Nanocomposite Films (C-C NFs). C-C NFs were produced from Bleached (BC) and Unbleached Chitosan (UC) from Larvae (L), Pupal Exuviae
(PE), and Adults (A) of H. illucens and combined with two natural clays, PS9 and VHS.

PS9 BC-A

PS9 UC-A

VHS BC-A

Fig. 2. Optical microscope images of C-C NFs. C-C NFs were produced with two different clays (PS9 and VHS) and six different chitosans from H. illucens biomasses.
The observation offers a preliminary evaluation of the homogeneity of the films. The lighter areas represent regions where the chitosan allows light to pass through,
while the darker areas indicate the presence of the clay, which is opaque. A more uniform distribution of light and dark areas suggests better dispersion of the clay

within the polymer matrix, leading to a more homogeneous film.

film showing a lower weight loss than UC-A. For all films composed
exclusively of chitosan, BC samples demonstrated better resistance to
thermal degradation compared to UC ones. This indicates that the
bleaching process can improve the thermal stability of chitosan-based
films. Among the different biomass sources, PE-derived films exhibited
the greatest resistance to thermal treatment, with the BC-PE sample
showing the least overall weight loss.

In comparison, the samples containing glycerol and clays (VHS and
PS9) display different thermal behaviors. In the 150-250 °C range,
decomposition of glycerol and trapped water contributes significantly to
the observed weight loss, so these losses do not reflect the stability of the
chitosan-clay matrix itself. To evaluate the influence of clays addition on
the biofilm, we must focus on the weight loss that occurs at higher

temperatures, mainly above 250 °C, where the influence of glycerol is no
longer a determining factor. Starting from the PS9 samples, the weight
loss in the 250-450 °C range for PS9 BC-L is 35.21 %. Comparing it with
sample BC-L, which is composed exclusively of chitosan and does not
contain clays, a weight reduction of 47.59 % is observed. BC-PE shows a
similar trend, losing 47.27 % of its weight, while when combined with
clay it shows a smaller weight loss of 34.43 % within the same range.
This trend is also confirmed by the PS9 BC-A sample, which reports a loss
of 36.11 % compared to the 48.48 % by weight lost by its counterpart
without clay. Similarly, if we consider VHS-containing films, the
improvement in thermal stability is similarly evident. VHS BC-L shows a
weight loss of 35.58 % in the range of 250-450 °C, lower than the film
consisting of chitosan alone, but slightly higher than the film containing
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production of the biofilms (d).

PS9. This trend is also found in other biomasses. VHS BC-PE shows a
weight loss of 35.24 %, while VHS BC-A records a weight loss of 36.6 %.
Upon comparing the effects obtained with the two clays, it can be stated
that PS9 films had slightly better thermal stability. However, the addi-
tion of both types of clays resulted in an improvement in the thermal
stability of the formulation compared to the non-clay films, indicating
that both types of clays play a role in stabilizing the polymer network
during thermal degradation.

Further comparisons can also be made between the different biomass
types. For the PS9 films, PS9 BC-L (35.21 %) and PS9 BC-A (36.11 %)
show slightly higher weight losses compared to PS9 BC-PE (34.43 %). A
similar trend is seen with the VHS samples, where VHS BC-L (35.58 %)
and VHS BC-A (36.6 %) lose more weight than VHS BC-PE (35.24 %).
This suggests that, regardless of the type of clay used, the films con-
taining PE biomass exhibit a somewhat denser and more thermally
stable polymer network than the other biomass types. The sensitivity of
biopolymers to heat is one of their primary problems, which restricts the
use of both conventional processing techniques like extrusion or mold-
ing as well as drying and sterilizing procedures. According to the find-
ings of our experiments, chitosan films show great thermal stability and
do not significantly degrade or change structurally when subjected to
high temperatures, such those needed for sterilizing procedures.
Compared to other biopolymers, such collagen or alginate, which are
frequently heat-sensitive and prone to denaturation or deterioration
under comparable circumstances, chitosan thermal durability makes it
an attractive biopolymer for biomedical applications requiring asepsis

[69].
3.5. X-ray diffraction

The diffractograms for all the studied samples are shown in Figs. 5
and 6. The diffractograms of films made exclusively from chitosan (K,
BC-L, UC-L, BC-PE, UC-PE, BC-A, UC-A) are reported in Fig. 5a, and
display two prominent reflections around 6° and 20° 20, with the first
being the most intense. The peaks obtained from the analysis of the
chitosan-only films differ from those exhibiting chitosan from H. illucens
powder (Fig. 5b) and from those obtained from insect and crustacean
chitosan in other studies where the reflection peaks typically appear at
10° and 20° 26 [10,70] with the latter peak more intense than the first
one. The peak present at 10° 20 is associated with the hydrated crys-
talline polymorph, while the one at 20° 20 corresponds to the regular
crystal network of chitosan [71]. During the film preparation process,
chitosan is dissolved in an aqueous solution and air-dried. This process
does not ensure complete dehydration and, consequently, a more
intense first peak is present in the diffractograms of the films, indicating
a higher percentage of hydrated crystals. Instead, as in the case of
powdered chitosan, where the non-hydrated crystalline form pre-
dominates, the reflection at 20° 26 is more intense. Notably, the first
peak is attributed to the formation of intramolecular hydrogen bonds;
increased hydration of the crystalline structure allows water molecules
to intercalate, leading to greater separation between the polymer fibers
[72], causing a shift of the peak towards lower angles, in accordance
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Fig. 4. TGA (a) and DTG (b) curves for C-C NFs samples.

with Bragg’s law. This explains why the reflection corresponding to the
hydrated polymorph occurs at angles below 10° 26.

Furthermore, in the case of K films, the first peak is less intense and
located at a higher 260 angle, suggesting that this type of chitosan absorbs
less water compared to H. illucens chitosan. For film production, it is
essential for water molecules to be incorporated into the crystalline
structure, as this is how chitosan exhibits its chemical and biological
properties [73]. In this regard, H. illucens chitosan could be more ad-
vantageous than crustacean-derived chitosan, where the non-hydrated
crystal structure peak is more intense.

In the diffractograms of powdered chitosan (Fig. 5b), the most
intense peaks, associated with higher crystallinity, are observed for
decolorized chitosan, consistent with trends reported in the literature
[46]. However, the opposite seems to occur in films made solely from
chitosan (Fig. 5a). This discrepancy may arise from the fact that decol-
orized chitosan, being more ordered, is more difficult to disrupt during
film preparation, preventing recrystallization that would otherwise
occur in unbleached chitosan films, where water molecules intercalate
into the polymer, leading to higher peaks associated with the hydrated
crystalline structure [71].

Fig. 6 shows diffractograms of the films made from the different
types of chitosan and diffractograms of all individual components for
better comparison. For the films containing clay, characteristic peaks of
each clay are visible. The diffractogram of VHS shows a primary peak at
7.5° 20, corresponding to an interlayer spacing of 12 A. Additionally,
peaks appear around 20° and 22° 20 [62], which are visible in the

spectra shown in Fig. 6. Due to the film treatment, the diffractograms of
the clays should be interpreted as those of oriented aggregates. Thus, the
first peak in the VHS-containing films corresponds to the 7.5° 20
reflection of powdered clay, though it shifts towards 5° 26, indicating an
increase in interlayer spacing typical of smectites. This shift could be due
to the intercalation of chitosan into the interlayer space of montmoril-
lonite, justifying the use of the term “nanocomposite” to describe the
polymer-clay interaction in these films [74]. In particular, the resulting
interlayer space after the inclusion of the polymer, corresponded to the
effective inclusion of two polymer chains into the clay interlayer [55].

The diffractogram of powdered PS9 exhibits all the characteristic
reflections of this mineral, consistent with existing literature [63]. The
most intense reflection corresponds to the peak at 7° 26, indicating a
spacing of 12.15 A. In the case of sepiolite, this interlayer spacing re-
mains unchanged, as it is fixed due to the continuous spatial arrange-
ment of the tetrahedral layers [56]. In fact, the zeolitic channels do not
change in dimension, even in the presence of water molecules or other
compounds [75], making this a key difference compared to VHS.
Consequently, in the diffractogram of PS9 films, this reflection remains
unaltered, appearing in the same position.

Additionally, a second peak appears at 9° 20, corresponding to the
presence of impurities, specifically the mineral phase muscovite, as re-
ported in oriented aggregate analyses of PS9 sepiolite in the literature
[63]. The films made with BC and PS9 show the characteristic first peak
of the clay, but also a small peak around 7° 26 (associated with hydrated
chitosan), suggesting that part of the polymer is not interacting with the
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Table 2
Weight Loss (WL%) of C-C NFs at different temperature ranges (35-150 °C,
150-250 °C, 250-450 °C, and 450-950 °C) as measured by TGA.

Sample WL% WL% WL% WL% TOTAL
35-150 °C 150-250 °C ~ 250-450 °C ~ 450-950 °C ~ WL%

BC-L 8.67 - 47.59 17.17 73.43

UC-L 7.84 - 50.38 19.01 77.23

BC-PE 7.94 - 47.27 14.48 69.69

UC-PE 6.68 - 48.88 17.54 73.1

BC-A 7.15 - 48.48 14.67 70.3

UC-A 10.01 - 46.64 18.79 75.44

VHS BC- 11.16 21.69 35.58 16.08 84.51
L

VHS UC- 10.62 21.32 36.13 18.26 86.33
L

VHS BC- 11.09 21.91 35.24 14.54 82.78
PE

VHS UC- 11.04 21.39 35.68 17.73 85.84
PE

VHS BC- 10.02 20.44 36.6 16.39 83.45
A

VHS UC- 12.14 22.22 33.93 17.41 85.7
A

PS9 BC- 10.8 22.97 35.21 18.83 87.81
L

PS9 UC- 10.47 21.61 35.65 20.52 88.25
L

PS9 BC- 12.25 22.61 34.43 21 90.29
PE

PS9O UC- 10.92 20.96 36.42 18.11 86.41
PE

PS9 BC- 10.75 21.59 36.11 17.58 86.03
A

PS9 UC- 12.21 23.46 33.72 20.68 90.07
A

clay. Moreover, the diffractograms of BC films with VHS show lower and
slightly shifted peaks, indicating that the interaction with the polymer is
weaker compared to UC films.

In the diffractograms of UC, especially those from PE and A, the small
peak at 7° 26 (related to hydrated chitosan crystals) is absent, suggesting
that the presence of clay particles hinders the formation of the hydrated
chitosan polymorph, indicating stronger interaction between the two
components. Similarly, it is challenging to detect chitosan in the VHS-
containing films because the reflections of VHS and chitosan overlap.
However, the fact that the VHS reflection (around 8° 20) is not visible in
the film diffractograms suggests a shift towards lower angles, indicating
an increase in basal spacing. This shift could be attributed to the inter-
calation of chitosan into the interlayer space, signifying a physical
interaction between the polymer and the clay [71].

3.6. Film thickness

Film thickness is a critical parameter in the characterization of thin
films, because it directly influences various properties, such as me-
chanical strength, barrier performance, optical characteristics, and
overall functionality of the material [76,77]. Quantitative analysis of
biofilm thickness is also crucial for ensuring homogeneity, which en-
hances the reliability and quality of experimental outcomes in biofilm
research [78].

From the results obtained, reported in the Supporting Information
section, it is clear that the thickest film without additives is BC-L, with an
average thickness around 0.082 mm, while the thinnest film is UC-L,
with an average thickness close to 0.053 mm. These differences sug-
gest that the specific chitosan types (K, PE, L, and A) play a role in
determining the overall film thickness. Films containing K tend to have
slightly lower thickness values, whereas those incorporating PE and L
show greater variability.

When comparing BC with UC, it seems that the bleaching process
generally leads to the production of thicker films. Across the different
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biomasses (L, PE, A), the BC films consistently show greater thickness
than their UC counterparts. This indicates that the bleaching process,
which removes pigments and other impurities, may contribute to
structural changes in the chitosan matrix that lead to produce thicker
films. In contrast, the addition of clays does not show a clear trend of
increasing or decreasing thickness.

3.7. Wettability test

Analyzing the contact angle data provides insights into the hydro-
philicity or hydrophobicity of the chitosan films. Contact angles greater
than 90° indicate hydrophobic properties, whereas angles below 90°
indicate a more hydrophilic character [79]. Fig. 7 shows the results
obtained from the wettability test. From the values provided, it is
possible to assess how the addition of clays (VHS and PS9) as well as the
different types of chitosan used (K, L, PE, and A) influence the surface
properties of the films.

The film made from pure commercial chitosan (K) showed a contact
angle of approximately 67.5°, which indicates a relatively hydrophilic
surface. However, upon the addition of VHS and PS9, the contact angles
increased to 71.9° and 68.7°, respectively. Although both clays made the
chitosan films more hydrophobic, VHS provides a higher degree of hy-
drophobicity than PS9 in these formulations.

In the films obtained from larvae (L), the addition of VHS and PS9
significantly increased the contact angles compared to the film without
clay (BC-L and UC-L). The contact angle for BC-L was 69.6°, indicating a
moderately hydrophilic nature. When VHS and PS9 were added, the
angles increased to 84.5° and 81.75°, respectively. For the UC-L sample,
the contact angle was 60.5° and, with the addition of the two clays, the
value increased to 85.8° for VHS and 83.1° for PS9.

The PE films demonstrated a similar pattern. The pure PE films (BC-
PE and UC-PE) had a contact angle of 68.2° and 62,5° respectively,
indicating a hydrophilic surface. Adding VHS led to a significant in-
crease in the contact angle, reaching 84° for VHS BC-PE and 81.7° for
VHS UC-PE. The addition of PS9 led to an even higher value for PS9 BC-
PE, with the contact angle increasing to 90.5°, while a slightly lower
angle of 81.5° was observed for PS9 UC-PE.

When evaluating films derived from adult chitosan (A), the trend was
again similar. The BC-A and UC-A films, without clay, had a contact
angle of 72.6° and 58.8° respectively, reflecting a relatively hydrophilic
character. The introduction of VHS resulted in a substantial increase to
80.8° for VHS BC-A, and an even more pronounced increase to 92.2° for
VHS UC-A, indicating a shift towards an hydrophobic surface. Adult
films containing PS9 also showed an increase in hydrophobicity, with
contact angles of 89.7° (PS9 BD-A) and 88.3° (PS9 UC-A), though the
change was less pronounced compared to the addition of VHS.

For all samples the contact angle increases in formulations contain-
ing clay, indicating increased hydrophobicity. This effect is noteworthy
considering that these films also contain glycerol, a plasticizer that
typically reduces contact angle by increasing hydrophilicity [80]. Both
VHS and PS9 clays increased the hydrophobicity of the chitosan films,
but VHS generally produced higher contact angles than PS9 across all
chitosan sources. The observed increase in hydrophobicity following the
addition of inorganic excipients is consistent with findings previously
reported in the literature [79,81]. This increase may be due to the
interaction between chitosan and clay in the nanocomposite films,
which reduces the number of available hydrophilic groups in chitosan
that can interact with water [79,81]. The hydrophobicity of the films
varied depending on the source of chitosan used. Films derived from K
exhibited lower contact angles compared to films derived from L, PE,
and A and thus lower hydrophobicity.

While greater hydrophilicity is generally advantageous for applica-
tions involving skin or mucosal contact, excessive hydrophilicity can
sometimes be counterproductive. For instance, in formulations intended
for use on wounds with exudate or on wet skin, a highly hydrophilic film
may dissolve too quickly, potentially limiting its effectiveness and
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Fig. 5. X-ray diffractograms of films composed solely of chitosan (a) and of chitosan powders analyzed as utilized (b).

altering the release profile of active substances, if present [82,83].

3.8. Mechanical characterization

3.8.1. Tensile strength

The TS test provides information on the mechanical properties of the
chitosan-based films and indicates how much force a material can
withstand before breaking (Fig. 8). The pure K film exhibits a relatively
high tensile strength, reaching a resistance of 1.09 MPa. In contrast, the
A-derived chitosan exhibits a lower tensile strength, with values for BC-
A and UC-A being 0.46 MPa and 0.63 MPa, respectively. PE-derived
chitosan shows tensile strength values comparable to A films. UC-PE
reaches 0.85 MPa, which is higher than the 0.58 MPa of BC-PE, but in
both cases below the values observed in K. On the other hand, L chitosan
shows an interesting pattern. While BC-L has a tensile strength of 0.59
MPa, similar to the BC forms of other chitosans, the UC-L variant reaches
the highest tensile strength of all sources at 1.21 MPa. This suggests that

UC-L offers good mechanical integrity, even outperforming K. UC
consistently leads to better resistance compared to BC, for all formula-
tions tested. Although UC chitosan has lower crystallinity than BC, this
seems to favor the mechanical properties in the context of TS, suggesting
that the molecular weight or the amorphous regions in UC chitosan
allow for better flexibility and stress distribution. Bleaching process
could reduce the mechanical performance of the films, potentially due to
structural alterations or reduced molecular weight. The XRD data
further corroborates this, as the characteristic chitosan peaks are still
visible in the diffractograms of BC films containing clay, suggesting
insufficient intercalation of the clay into the chitosan matrix or a lower
degree of interaction (Fig. 6). Interestingly, UC films with PS9 perform
relatively better than those with VHS. This suggests that PS9, despite
being less effective in the BC films, may form a more favorable inter-
action with UC. It is possible that the molecular structure and higher
molecular weight of UC facilitate better dispersion or bonding with PS9
particles. The improved dispersion of PS9 in UC films could explain the
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Fig. 6. X-ray diffractograms of C-C NFs and their individual components. The diffractograms provide insights into the crystalline structures of the films, highlighting
differences in crystallinity and phase behavior among the chitosan types and their respective components. The red, black, and yellow lines correspond to the
substances used for the production of the films analyzed as-is, specifically PS9, VHS, and chitosan from the various biomasses, respectively. The blue, green, and
purple lines correspond to the biofilms, specifically chitosan-only films from the analyzed biomass (K, L, PE, A), films with VHS, and films with PS9, respectively. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

10



D. Ianniciello et al.

100

®©
(=]

60

N
=1

Contact angle (°)

D
(=1

BC-L UC-L

International Journal of Biological Macromolecules 311 (2025) 143496

d dd
b
b c
b
a
T

UC-PE BC-A UC-A

H =

BC-PE

C mVHS mPS9

Fig. 7. Contact angle results expressed in degree (°) for each of the film formulations (mean =+ s.d.; n = 5). The film samples are grouped into seven groups according
to the type of chitosan used for film production (K, BC-L, UC-L, BC-PE, UC-PE, BC-A, UC-A). Within each group, the yellow bar (C) corresponds to the film produced
with only chitosan, the blue bar (VHS) to the films containing montmorillonite, and the red bar (PS9) to those containing sepiolite. The statistical analysis presented
in the graph was conducted separately for each biomass (K, L, PE, A). For the analysis comparing the results across all samples, please refer to the “Supporting
Information” section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1.6

1.4 d

1.2

0

[ee]

0

(o)}

Tensile Strength (MPa)

0

=~

0

[\

BC-PE UC-PE BC-A UC-A

C mVHS mPS9

Fig. 8. TS results expressed in MPa for each of the film formulations (mean + s.d.; n = 5). The film samples are grouped into seven groups according to the type of
chitosan used for film production (K, BC-L, UC-L, BC-PE, UC-PE, BC-A, UC-A). Within each group, the yellow bar (C) corresponds to the film produced with only
chitosan, the blue bar (VHS) to the films containing montmorillonite, and the red bar (PS9) to those containing sepiolite. The statistical analysis presented in the
graph was conducted separately for each biomass (K, L, PE, A). For the analysis comparing the results across all samples, please refer to the “Supporting Information”
section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

enhanced puncture resistance, as homogeneously dispersed clay parti-
cles within the polymer matrix are known to provide better stress
transfer during mechanical loading [74]. The superior mechanical
properties of UC could offer an advantage since the decolorization step
would not be required in the chitosan production process, thus saving
both time and resources.

Addition of VHS and PS9 clays generally reduced the tensile strength
of the films, except for UC-A and UC-PE samples, where an increase in
strength was found upon addition of both clays. With these types of
chitosan, clay-containing films appear to exhibit improved TS probably
due to a homogeneous dispersion of rigid clay particles within the
polymer matrix, forming strong ionic and interfacial adhesion bonds
[84]. For UC-PE and A, a stronger clay-polymer interaction is also
evident in the X-ray analysis, as the chitosan peak disappears (Fig. 6).
For the other formulations, the results indicate that the incorporation of
clay might not reinforce the chitosan matrix. Previous studies have
highlighted that poorly dispersed clay nanoparticles can act as points of

11

stress concentration, leading to reduced resistance of the material [84].
For instance, VHS K shows a tensile strength of 0.59 MPa, while PS9 K
shows 0.75 MPa, both of which are lower than K. In the case of L chi-
tosan, the combination with clays leads a reduction in resistance for both
types, BC-L and UC-L. Notably, the UC-L that showed the highest tensile
strength among all formulations (1.21 MPa), when combined with PS9
shows a moderate tensile strength of 0.81 MPa, slightly better than VHS
UC-L (0.67 MPa). For PE-derived chitosan, when combined with PS9
clay, BC-PE film shows a reduction in tensile strength to 0.24 MPa,
suggesting a significant weakening effect from the clay, but the PS9 UC-
PE film maintains a relatively high tensile strength (1.0 MPa). Overall, it
can be deduced that PS9 clay tends to perform better than VHS in terms
of maintaining or improving the tensile strength of C-C NFs, especially if
we look at the best results obtained with chitosan from H. illucens,
namely those using UC.

At first glance, this result contradicts expectations, as the combina-
tion of clays and polymers is often intended to enhance the mechanical
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strength of the resulting nanocomposite [85]. However, the mere com-
bination of clay and polymer is not sufficient to guarantee improved
mechanical properties, as this largely depends on the interaction be-
tween the two components and the homogeneous dispersion of clay
nanoparticles [64]. Similar studies have reported a deterioration in the
mechanical strength of polymers following the addition of clays,
attributing this to the presence of small clay agglomerates within the
polymer matrix, which create points of fragility in the polymer network,
concentrating mechanical stress in these areas and facilitating the film
rupture [84].

3.8.2. Elongation at break

The results from the EAB test, reported in Fig. 9, provide key insights
into the elasticity of films. These results indicate how much the films can
stretch before breaking, offering a clear measure of their flexibility.
Among the different chitosan formulations, the K consistently demon-
strates superior elasticity, as evidenced by its high EAB values under all
conditions. When no clay is present (C), K achieves an elongation of
107.86 %, and this value increases significantly when VHS is introduced,
reaching 138.15 %, the highest value among all samples. Even when PS9
is added, K film remains highly elastic, with an elongation of 114.10 %.
For H. illucens chitosan, films made from BC generally show lower
elasticity compared to those made from UC. In this case, the addition of
clay results in a marked decline in elasticity. For instance, BC-L has an
EAB of 90.65 %, but this drops drastically when VHS is added, reaching
only 62.56 %. A similar trend is observed for BC-PE and BC-A films. On
the other hand, films made from UC exhibit much better performance in
terms of elasticity: UC-L film shows an EAB of 104.40 %, while UC-PE
and UC-A display similar values of 98.94 % and 95.50 %, respectively.
In C-C NFs, the addition of PS9 to the UC performs better results: PS9
UC-PE achieves an elongation at break of 107.81 %, and PS9 UC-A
reaches 106.04 %, values that are comparable to the performance of
K. The PS9 clay, therefore, appears to act as a more effective plasticizer
in UC films, enhancing their mechanical properties [86]. In terms of clay
influence, there are clear differences between VHS and PS9. VHS
generally tends to reduce the elasticity of the films, particularly in BC
samples. For instance, BC-PE and BC-A films experience a significant
drop in elongation at break when VHS is added, falling to 77.51 % and
73 %, respectively. Conversely, PS9 seems to have a more favorable
effect on elasticity, particularly in UC-based films.
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3.8.3. Adhesion test

In the adhesion test, the force required to separate the film from the
gelatin substrate, which simulates skin, reveals the adhesive potential of
the formulations intended for biomedical applications. The data, rep-
resented in Fig. 10, clearly show that films made from H. illucens chi-
tosan have, in most cases, superior adhesive properties compared to
commercial chitosan (K). The UC-L sample shows high adhesion prop-
erties (0.398 N), which is considerably better than that of K (0.146 N).
This suggests that UC-L has a more flexible and perhaps better-
interacting polymer structure, allowing it to form stronger bonds with
the gelatin substrate. When considering the effect of clay, both VHS and
PS9 show notable differences in how they influence the adhesion
properties. In particular, the addition of VHS tends to reduce the ad-
hesive strength of the films. For example, the adhesion of UC-L drops
from 0.398 N (no clay) to 0.327 N when VHS is added. This trend is
consistent across other chitosan sources (UC-PE and UC-A). The reduc-
tion in adhesion can be attributed to the interaction between VHS and
the chitosan matrix, which likely stiffens the polymer and reduces its
ability to interact effectively with the substrate. This phenomenon is
consistent with the results found in other studies on nanocomposites,
where clay particles can reduce the polymer’s mobility and thus its
ability to adhere to a surface [32].

PS9, on the other hand, seems to have a more favorable effect on
adhesion, particularly in UC films. For instance, PS9 UC-PE shows a
significant increase in adhesion, reaching 0.445 N, the highest adhesive
value across all tested formulations. Similarly, PS9 UC-A also exhibits
high adhesion (0.410 N). These results suggest that PS9 not only re-
inforces the polymer matrix but also enhances the film’s ability to
adhere to the surface. In contrast, BC films show lower adhesion overall,
especially when VHS is added. For example, BC-A with VHS has a
notably low adhesion of 0.092 N, indicating that the combination of
bleaching and the addition of VHS creates a much stiffer and less
interactive film. Even without clay, BC films tend to show lower adhe-
sion values compared to UC, suggesting that the bleaching process itself
affects the chitosan adhesive ability. Interestingly, the K performs poorly
in adhesion tests relative to the other formulations. Its best result is
observed when combined with VHS (0.207 N), but even this is signifi-
cantly lower than the adhesive performance of the H. illucens chitosan
formulations. This reinforces the idea that H. illucens chitosan, especially
when used in combination with PS9, offers a superior alternative for
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Fig. 9. EAB results expressed in % for each of the film formulations (mean + s.d.; n = 5). The film samples are grouped into seven groups according to the type of
chitosan used for film production (K, BC-L, UC-L, BC-PE, UC-PE, BC-A, UC-A). Within each group, the yellow bar (C) corresponds to the film produced with only
chitosan, the blue bar (VHS) to the films containing montmorillonite, and the red bar (PS9) to those containing sepiolite. The statistical analysis presented in the
graph was conducted separately for each biomass (K, L, PE, A). For the analysis comparing the results across all samples, please refer to the “Supporting Information”
section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 10. Adhesion Test results expressed in N for each of the film formulations (mean + s.d.; n = 5). The film samples are grouped into seven groups according to the
type of chitosan used for film production (K, BC-L, UC-L, BC-PE, UC-PE, BC-A, UC-A). Within each group, the yellow bar (C) corresponds to the film produced with
only chitosan, the blue bar (VHS) to the films containing montmorillonite, and the red bar (PS9) to those containing sepiolite. The statistical analysis presented in the
graph was conducted separately for each biomass (K, L, PE, A). For the analysis comparing the results across all samples, please refer to the “Supporting Information”
section. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

applications that require strong bioadhesion, such as wound dressings or
drug delivery films.

4. Conclusions

This study demonstrates that some of the films made with chitosan
from H. illucens biomasses, especially UC-L, UC-PE, and UC-A, exhibit
superior mechanical and thermal properties compared to K films.
Among the tested films, the unbleached chitosan (UC) variants generally
outperformed the bleached (BC) ones, suggesting that bleaching process
is unnecessary to achieve optimal film properties and potentially detri-
mental for this type of formulation, simplifying production and reducing
environmental impact. The addition of clay, especially sepiolite (PS9),
improved the thermal stability and, in most cases, the mechanical
properties as well, particularly in UC films. The enhancement of thermal
stability is a critical parameter in both medical and cosmetic fields. The
majority of commercially available biopolymers are not heat-resistant
and tend to undergo thermal degradation. This inherent sensitivity
significantly limits their suitability for essential processes such as ster-
ilization, thereby restricting their practical applications in these fields.
The films containing PS9 demonstrated better clay dispersion compared
to VHS, likely due to stronger interactions between the clay particles and
the polymer matrix. The wettability analysis indicated increased hy-
drophobicity upon clay addition, particularly with VHS, which could
make the films more suitable for applications requiring moisture resis-
tance, such as packaging, wound dressing, and drug delivery. Among the
different types of chitosan tested, the one derived from A demonstrated
the highest resistance to water, exhibiting the most hydrophobic
behavior. In contrast, K was found to be the most hydrophilic, making it
more susceptible to solubilization in aqueous environments. The films
produced from BSF chitosan demonstrated superior hydrophobicity and,
most notably, enhanced adhesiveness compared to those derived from K.
The properties exhibited by these films are particularly well-suited for
applications in the development of advanced wound and burn healing
systems tailored for exudative conditions. Hydrophobicity represents a
pivotal characteristic in such formulations, as hydrophilic films, when
exposed to exudate, may undergo premature dissolution. This can
compromise their functional integrity, reduce therapeutic efficacy, and
alter the controlled release profile of incorporated active compounds.
Moreover, the superior adhesiveness observed in these films facilitates
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prolonged retention at the application site, thereby enhancing patient
adherence to treatment protocols and supporting sustained therapeutic
outcomes. In conclusion, this research highlights the potential of
H. illucens as a sustainable source of chitosan for producing advanced
biomaterials. Indeed, it has shown to be suitable for combination with
other compounds, such as clays, allowing its properties to be modified as
needed. In this case, the addition of clays led to changes in mechanical
strength, thermal stability, and hydrophobicity of the chitosan films.
Future research should focus on evaluating this formulation through in
vitro and in vivo assays to comprehensively assess its potential for drug
delivery, wound healing, antibacterial, and antioxidant activities.
Additionally, it would be valuable to investigate its anti-inflammatory
effects, biocompatibility with human tissues, and capacity to enhance
cell regeneration. The synergistic interaction between chitosan and clay
may further amplify these biological functions, positioning this formu-
lation as a promising candidate for advanced biomedical applications.
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