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Abstract

In the present study, the physicochemical, mechanical, and functional properties of
biodegradable pectin/cudlan gum polysaccharide films with CBG oil were evaluated.
In these studies, the TS values for the films ranged from 8.50 MPa to 14.80 MPa. The EB
values ranged from 33.06% to 39.07%. The WVTR ranged from 13.7 to 9.51 g/m? d. In
all the films tested, the change in the L* parameter did not change significantly statisti-
cally (p > 0.05). In films with low CBG content (0.125F, 0.25F, 0.35F), L* remained stable,
which indicated their resistance to darkening. However, film 0.5F was an exception, as
it showed a decrease in L*, suggesting darkening or photodegradation processes. CBG
films reduced mold growth, water loss, color degradation, and anthocyanin content in
stored fruit, especially films with a content of 0.125F-0.35F, while higher concentrations
(0.5F-0.75F) could cause pro-oxidative effects. Soil application of the film showed that mod-
erate CBG concentrations (0.25F-0.35F) increased the content of chlorophyll, carotenoids,
and phenols, indicating biostimulating potential, while the highest concentrations could
cause oxidative stress. At the highest CBG concentration (0.75F), the carotenoid content
decreased to 0.054-0.113 mg-g~! FW. At higher concentrations of active substances in the
film (0.5F and 0.75F), stabilization or a decrease in O~ levels was observed, which may
indicate the effective activation of protective mechanisms leading to the neutralization of
excess free radicals.
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phenolic compounds, including anthocyanins, flavonols, chlorogenic acid, and procyani-
dins, which are characterized by high biological activity and may provide health benefits
as antioxidants in the diet [2]. Blackberries are a valuable source of ellagitannins. Ellagi-
tannins are esters of 3,4,5,3' 4',5'-hexahydroxydiphenyl acid (HHDP acid) and polyhydric
alcohol (monosaccharide), usually (3-D-glucose (or its oligomers). It is believed that some
of the health-promoting properties of ellagitannins are related to their ability to release
free ellagic acid from their molecules and its further metabolism in humans and animals.
The metabolism of ellagitannins by the bacterial flora of the gastrointestinal tract results
in the prolonged release of ellagic acid into the blood [3]. Their delicate texture and high
water activity make them highly perishable, leading to rapid microbial proliferation and
deterioration in quality during storage. This poses a significant challenge in extending their
shelf life while maintaining their nutritional and organoleptic qualities [4]. Nowadays, with
the growth of the world’s population and the need to provide sufficient food for consumers
around the world, maintaining the quality of fresh food products and extending their
freshness is extremely important [5]. Their appropriate packaging will also play a huge
role. The vast majority of food packaging on the market is made from synthetic materials
derived from non-renewable sources. Despite having the right barrier and mechanical
properties, they cause huge amounts of non-degradable solid waste to be released into the
environment, causing environmental problems [6]. In response to rising environmental
concerns and the demand for eco-friendly solutions, the use of biopolymer-based packaging
has expanded rapidly as a substitute for traditional plastics [7]. A forthcoming regula-
tion on packaging materials represents a crucial step toward reducing the environmental
challenges posed by petrochemical-based alternatives [8,9]. Today, the European Union
is undertaking a series of measures to fight plastic pollution and accelerate the transition
to a circular plastics economy. Some proposed measures specifically target plastics and
packaging waste, with the ultimate goal of achieving climate neutrality by 2050 [10,11].

Scientists have been conducting research for years to develop packaging materials
that meet increasingly stringent requirements. The emergence of biopolymers has initiated
this transformation, offering properties comparable to their fossil fuel-based counterparts,
while coming from renewable sources. Biopolymer-based materials are very interesting
from the point of view of sustainability and consumer safety [12-15]. The importance
of these materials lies in their biodegradability, compostability, and renewability, which
contributes to reducing the environmental footprint associated with packaging waste. They
are expected to become price-competitive in the future, given the limited supply of fossil
resources and advances in production technologies [16]. Researchers are investigating the
possibility of producing biodegradable packaging from biomass materials such as polysac-
charides and proteins [17]. Polysaccharides, one of the most abundant biopolymers in
nature, are long-chain macromolecules formed by the combination of monosaccharides via
glycosidic bonds [18]. In order to gain active functions, such as antibacterial or antioxidant
properties, they often require the addition of additives to the polymer matrix [19-21]. These
are most often plant extracts, nanofillers, or essential oils.

This study developed films based on selected polysaccharides: pectin and curdlan
gum. These are polysaccharides with gelling and stabilizing properties, recognized as food
additives by the WHO/FAO Expert Committee. Pectin (E440) is an inexpensive anionic
polysaccharide used in the production of agricultural, agri-food, and food waste approved
by the FAO and the EU, such as apple pomace, orange fiber, and plant cell walls [22]. On
the other hand, pectin can also be extracted from plant cell walls by isolation, as the main
component comes from (~35%) dicotyledonous and monocotyledonous plants other than
grasses [23]. It consists of (3-(1-4)-D-galacturonic acid linked by molecular bonds to galac-
tose and rhamnose [24]. In the pectin structure, the carboxyl group of the sugar molecule
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can be partially esterified with a methyl group and partially or completely neutralized with
one or more bases. The presence of electron-donating groups, such as carboxyl, hydroxyl,
and methoxyl groups (especially in galacturonic acid), is responsible for the antioxidant
activity of pectin [25]. Curdlan gum (E424) is a linear glucose polymer, an exopolysac-
charide, specifically a homopolysaccharide, consisting exclusively of glucose monomers
linked by (3-1,3-glycosidic bonds [26]. It is a microbial extracellular polysaccharide (EPS),
typically produced by Agrobacterium sp., Rhizobium sp., A. faecalis, Gluconacetobacter xylinus,
Bacillus cereus, and other microorganisms. Bacteria usually produce curdlan in response
to stress factors in the external environment [27]. It is a commonly used thickener and
stabilizer in the food and pharmaceutical industries. Curdlan has anticancer, antibacterial,
and antiviral properties. The intramolecular and intermolecular hydrogen bonds of curdlan
provide excellent film-forming properties, making it a suitable component of biodegradable
film matrices [28].

Pectin film in pure form has poor mechanical properties and high viscosity, which
makes it unsuitable for packaging fruit and vegetables. However, pectin exhibits high
hydrophilicity, and its combination with other substrates can significantly improve the
properties of the film. In addition, pectin has become a carrier of antioxidants and an-
tibacterial agents due to its biocompatibility, widespread availability, low cost, and low
toxicity [29]. There are many examples in the world literature of the production of pectin-
based packaging materials, as it is highly compatible with other biopolymers such as
proteins, polysaccharides, and synthetic biopolymers. An example is the work of Bhatia
et al. [30], who developed an edible film composed of pectin and xanthan gum with the
addition of grapefruit essential oil. The results showed that the film had beneficial proper-
ties, increasing antioxidant properties. Biratu et al. [31] investigated the presence of honey
and propolis in different concentrations of pectin. Pectin-based films with the addition
of propolis showed better antioxidant properties than honey and inhibited the growth of
Gram-positive bacteria. Pectin was also used as a matrix in the production of films using
wine pomace extracts as biocomponents with antioxidant activity.

Additionally, citrus pectin and guar gum with the addition of Rumex hydrolapathum
extract were used to develop active films against E. coli [32]. With an increase in the con-
centration of the extract in the tested film, an increase in the effectiveness of inhibiting the
growth of this microorganism was observed. A combination of apple pectin and citrus
pectin in a ratio of 80:20 was also combined with extract from unhusked Cannabis sativa L.
seeds. Tests showed that the prepared films exhibited inhibitory activity against all tested
microorganisms. All prepared films showed antibacterial activity against Salmonella ty-
phimurium and L. monocytogenes strains [33]. Pectin films with antioxidant activity were
also obtained with the addition of Cannabis sativa L. herb extract [14]. To date, there have
been no reports on packaging materials with the addition of CBG oil. Cannabigerol (CBG)
is a non-psychotropic cannabinoid obtained in 1964 by Gaoni and Mechoulam, which
does not produce effects similar to A9-THC in vivo. To date, CBG has been shown to have
antiproliferative, antibacterial, and anti-glaucoma effects, as well as antagonistic effects on
the antiemetic action of CBD [34]. From an industrial perspective, the growing interest in
CBG stems from its lack of psychoactive effects and its wide range of potential applications.
Since CBG has a unique pharmacological profile and high translational potential, clinical
research is expected to intensify in the coming years, along with dynamic growth in its use
in many industrial segments. There are no data in the literature on the use of CBG oil as an
active ingredient in polysaccharide films. Therefore, the packaging materials developed in
this study, which show great application potential, are a novelty.

Therefore, the aim of this study was to develop and characterize biodegradable
polysaccharide-based films composed of pectin and curdlan, enriched with CBG oil, and
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to evaluate their potential as active packaging materials with antioxidant and antibacte-
rial properties for extending the shelf life and quality of perishable food products such
as blackberries.

2. Materials and Methods
2.1. Preparation of Polysaccharide Films

CBG oil (analyzed by GC-MS) was incorporated into a polysaccharide matrix. Citrus
pectin (PC) and curdlan gum (CG) were combined in a 2:1 weight ratio and dissolved in
water containing 0.5% (w/w) glycerin. The mixture was stirred magnetically at 600 rpm for
85 min at 100 °C. CBG oil was then added at different weight percentages: 0.125F, 0.25F,
0.35EF, 0.5F, and 0.75F. Each resulting film-forming solution was cast and dried at 22 °C
for 48 h to obtain thin films. The films were labeled according to their CBG content as OF,
0.125F, 0.25F, 0.35F, 0.5F, and 0.75F.

2.2. Research of Prepared of Polysaccharide Films

All bio-based packaging films obtained were conditioned at a relative humidity of
50 + 5% and a temperature of 22 °C prior to analysis. The films were subsequently
characterized using a range of analytical techniques, including Fourier Transform In-
frared Spectroscopy (FTIR), determination of total polyphenol content (TPC), antioxi-
dant activity assays based on 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2'-azino-bis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), mechanical testing performed on a Zwick
testing machine (model BDO-FBO 0.5TH), measurement of water vapor transmission rate
(WVTR), and color analysis using an EnviSense NR60CP colorimeter in accordance with
the Commission Internationale de 1'Eclairage (CIE) color system. Microscopic examina-
tions were carried out using an Evo 40 scanning electron microscope (Zeiss, Oberkochen,
Germany) and a Zeiss SteREO Discovery.V8 stereo microscope [14,32,33].

2.3. Storage of Packaged Blackberries (Black Satin)

Fresh Black Satin blackberries were packed in bags made from the obtained bio-
based film, which were sealed using an FKR 200/12 jaw sealer (Kegel Machines, Venray,
The Netherlands). The packaged fruits were placed in a chamber covered with black mate-
rial to prevent exposure to external light. Illumination inside the chamber was provided
by a Nature 895 mm /45 W High Lite lamp, ensuring uniform lighting of the packaged
samples. The internal conditions of the chamber (temperature, humidity, and dew point)
were monitored using a thermohygrometer (Figure 1).
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Figure 1. Environmental conditions during the storage of packaged blackberries.

2.4. Analysis of Packaged Blackberries (Black Satin)

The anthocyanin content of the packaged fruits was quantified, and the color properties
of the fruits were evaluated following the methodology described by Dobrucka et al. [11].
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To the weighed (£0.001 g) homogenized blackberries, 10 mL (7.764 g) of methanol
was added, thoroughly mixed, and left for 24 h. The extract was then filtered. 0.5 mL
of the resulting extract was transferred to a 2 mL Eppendorf tube and 1.5 mL of 0.1%
hydrochloric acid in methanol was added. The absorbance of the solution was measured
at A = 528 nm, using a 0.1% solution of hydrochloric acid in methanol as a reference. The
anthocyanin content (calculated as mg C3G/100 g fresh fruit, where: “mg C3G” means “mg
of cyanidin-3-glucoside equivalents”) was calculated using the following formula:

A—absorbance at 528 nm;

m—mmass of the tested plant substance, g

718—specific absorbance of cyanidin 3-O-glucoside chloride at 528 nm

W-—conversion factor taking into account sample dilutions

2.5. Research on the Application of the Films to the Soil Included the Following Measurements

The vegetation experiment was performed in a climate-controlled chamber at the
Faculty of Agriculture, Horticulture, and Bioengineering, Poznan University of Life Sci-
ences. The environmental conditions were maintained at 17 & 1 °C with 75-80% relative
humidity and a 16 h light/8 h dark photoperiod provided by LED lighting at an intensity
of 150 umol-m~2-s~ . Lettuce seeds (Lactuca sativa L. cv. Zeralda; Vilmorin) were sown
individually in standard peat substrate. After two weeks, seedlings at the 34 leaf stage
were transplanted into polyethylene containers with a volume of 1000 cm?.

The aim of the study was simply to assess the effect of the films received on the growth
of the selected plant and to identify any potential phytotoxicity.

2.6. Statistical Analyses

Results are expressed as mean + standard deviation (SD). Statistical comparisons were
carried out via one-way ANOVA using Statistica 13, with significance defined at a 95%
confidence interval.

3. Results and Discussion
3.1. GC-MS of CBG Oil

Table 1 shows the presence of a number of compounds in CBG oil. Cannabigerol
(CBG) (96.70%) and Cannabidiol (CBD) (2.50%) are the compounds (Figure 2) that occur in
the highest amounts in the tested oil. For a long time, CBD has been attracting the interest
of many scientists due to its high therapeutic potential. CBD, or 2-(6R)-6-isopropenyl-3-
methyl-2-cyclohexen-1-yl-5-pentyl-1,3-benzenediol, interacts with specific cannabinoid
receptors such as CB1, CB2, and vanilloid receptors, but it is also known to bind non-
specifically to more than fifty macromolecular targets in humans, including many enzymes,
receptors, ion channels, and transporters [35].

CHs OH
™
HO CHs
HsC~ CHs
(A)

Figure 2. Chemical structure of (A) CBG and (B) CBD.
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Table 1. Chemical compounds of CBG oil.
P?;l;nI:T Area Qu(?;)hty Compound Name Formula mlz
(1)
Pregna-20-0l-3-on-19-oic acid 72.9; 82.9; 242.8;
6 g 7 7 /4
21,518 2.86 x 10 0.18 lactone C21H3003 258.5; 259.3
21,995 1.86 x 10° 0.12 B-Ionone C13H200 555316 36'290;6730;
22,044 1.58 x 10° 0.10 Trilinolein Cs7HogOg 545'382; 8722();673.2;
Olean-12-ene- 55.0; 69.2; 83.9;
6 7 7 7
22107 429x10 027 38,15a,16a,218,22a28-hexol  30H5006 207.0; 280.0
7,10,13-Eicosatrienoic acid 55.1;67.0; 78.9;
6 7+Yy 7 7 7 7
23,469 231 x 10 0.14 methyl ester C21Hz60z 81.1; 207.0
23,735 4.03 x 107 2.50 Cannabidiol Cp1H300, 762;3} 70455),;0269,
25,213 1.56 x 10° 96.70 Cannabigerol Co1H302 68%41212%1190301

CBD exhibits anti-inflammatory, analgesic, neuroprotective, and anticonvulsant prop-
erties, making it a promising therapeutic agent for the treatment of various conditions [36].
CBG, which accounts for as much as 96.70% of the oil used, has many therapeutic, antibacte-
rial, antifungal, and anti-inflammatory properties, and also prevents cell proliferation [37].
Similar to cannabinoids, the complex biological effects of CBG are believed to result from
modifications of redox-dependent and inflammatory processes, which in turn modulate
cellular metabolism [38]. Due to its broad spectrum of biological activity, CBG appears to
be a very promising compound for the treatment of diseases requiring multidirectional
pharmacotherapy, which is why we are witnessing its increasingly widespread use due to
its beneficial effects on health and lack of psychoactivity.

3.2. FTIR of Polysaccharide Films

Figure 3 shows FTIR spectra for the developed functional polysaccharide films with
CBG oil. The following peaks are clearly visible in the spectra: 3315 cm~!, 2887 cm ™!,
1342 cm™!, 1105 em ™, 1023 cm ™!, 962 cm ™!, 842 cm ™!, The broad band at 3315 cm ™!
indicates the presence of hydroxyl groups in both the pectin structure and the CBG molecule,
which contains at least two -OH groups [39,40]. Hydroxyl groups are present in both pectin
chains and the CBG molecule, indicating the possibility of new hydrogen bonding between
these components. The sharp peak at 2887 cm ! is associated with the presence of a long
alkyl chain in the cannabigerol (CBG) molecule, confirming the incorporation of oil into
the pectin matrix. This is the most pronounced peak for the 0.75F film, which contains the
highest amount of CBG oil in the polymer matrix. The signal at 1342 cm ! corresponds
to -C-H and ~O-H vibrations, while the peaks at 1105 cm ! and 1023 cm~! are typical for
glycosidic pectin units. The observed changes in their intensity after the introduction of
CBG oil may indicate interfacial interactions that disrupt the ordered network of hydrogen
bonds within the polysaccharide. The peaks at 962 cm~! and 842 cm ! are attributed to the
vibration of the C—C skeleton, confirming the preservation of the typical pectin structure.
The fact that these bands did not undergo significant shifts suggests that there was no
degradation of the basic structure of the polysaccharide during oil incorporation [41].
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Figure 3. FTIR spectra for polysaccharide films with CBG oil.

3.3. The Study of Polysaccharide Films

The study determined the swelling coefficient, density, tensile strength, elongation
at break, and WVTR for functional polysaccharide films with CBG oil (Figure 4). It was
observed that the swelling coefficient increased with the amount of active ingredient used.
The OF film without additives had an SI60 value of 2175 % 211. With the amount of CBG oil
in the matrices, a linear decrease in the SI60 value was observed: 1820 (0.125F), 1328 (0.25F),
1222 (0.35F), 1206 (0.5F), and 1014 (0.75F). This is the effect of the polysaccharide matrix used:
pectin/curdlan gum. Curdlan gum forms $3-helical bonds and strong hydrogen bonds,
which causes the film to thicken. Both polysaccharides formed a compact, synergistic
polysaccharide network, which consequently causes a decrease in the swelling index and,
as a result, greater stability of the film in water. The addition of CBG to the matrix resulted
in greater hydrophobicity of the film, which also contributed to a decrease in the swelling
index. Therefore, the films obtained, together with the amount of CBG added, became
more cross-linked, i.e., they contained less free space for liquid absorption, which is a
desirable feature in food films. There were similar results from Tian et al. [42], who studied
konjac glucomannan/curdlan films and saw that as the zein content went up, the swelling
ratio of the film gradually went down, showing that the hydrophobicity of the additive
played a big role. This meant that even if the hydrophobic additive was applied in small
amounts, it significantly improved the water resistance of the film. The density of the film
is fundamental to understanding the relationship between the molecular structure and
the physical properties of the film [43]. For the films obtained, it ranged from 1.308 to
1.151 g/cm3. A decrease in density was observed with the amount of CBG added to the
matrix. This is the effect of introducing a hydrophobic filler such as CBG oil, which probably
not only reduced the hydrophilicity of the film, but most likely caused disturbances in the
homogeneity of the structure, including microvoids and small oil bubbles. This relationship,
i.e., a lower swelling coefficient and lower density, is consistent with the Flory-Rehner
theory of polymer networks, which states that the degree of cross-linking, the size of
the network meshes, and the hydrophobic nature of the molecules determine the water
absorption capacity and density of the material [44]. With increasing amounts of CBG in
the polysaccharide matrix, swelling was reduced and density decreased, indicating less
filled and structurally lighter matrices, but with better hydrophobic stability.
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Figure 4. Results of tests on films (A) swelling coefficient, (B) density, (C) tensile strength,
(D) elongation at break (E) WVTR of polysaccharide films.

In the evaluation of the quality of the manufactured materials, it was necessary to
analyze their mechanical and barrier properties to determine whether they are able to
withstand external stresses and maintain their integrity as a barrier for the environment
and packaged food [45]. The packaging materials must have sufficient mechanical strength
and flexibility to withstand the stresses encountered during production and consumer
use. Important mechanical properties of packaging films include tensile strength and
elongation at break [46—48]. TS and EB are two basic properties that are correlated with
the chemical structure of the film material [49]. Mechanical properties are related to the
structure of the film, where a compact film structure provided relatively better fracture
resistance [50]. The issue of additives to the polymer matrix is also important. In this
study, it was observed that the addition of CBG oil caused an increase in TS and EB. In
these tests, the TS values for the films ranged from 8.50 MPa to 14.80 MPa (for films from
OF to 0.75F). The EB values ranged from 33.06% to 39.07% (for films from OF to 0.75F).
Statistically significant differences (p < 0.05) for the tested parameters were observed after
the use of higher concentrations of CBG oil, i.e., 0.35F, 0.5F, and 0.75F. This is due to the
fact that the resulting pectin/curdlan gum matrix forms a compact network, as confirmed
by the SI60 density results. The observed increase in TS caused by the addition of CBG
can be attributed to its homogeneous dispersion in the film matrix, which strengthened
the network structure of the film through the presence of hydrogen bonds, improving
stress transfer throughout the entire volume of the film [51]. The increase in EB is due
to the fact that CBG oil can act as a filler/plasticizer, which improves the elasticity of the
material without disturbing the integrity of the network. Similar studies were conducted by
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Meerasri et al. [52], who studied sericin-pectin films with different concentrations of mixed
thyme-oregano oil. They obtained TS values ranging from 4.14 £ 0.33 to 5.93 & 1.01 (at the
highest concentration). The barrier properties of food packaging materials are crucial for
protecting food from moisture and oxygen, which can cause deterioration and spoilage. The
diffusion of gas molecules in films is largely determined by the size of the gas molecules in
relation to the available free space in the film and their ability to move through the polymer
network [53]. In this study, WVTR values ranged from 13.7 to 9.51 g/m? d for films from
OF to 0.75F. Thus, an increase in CBG oil content improved the barrier properties of the
films obtained. This confirms previous studies which confirm that the interaction and
compatibility between the polysaccharides used—pectin/ curdlan gum and CBG—lead to
denser and more compact films, as well as greater water barrier properties [43].

3.4. Study of the Color of Polysaccharide Films

Color plays a critical role in the shelf life of both the packaged product and the
packaging material. Moreover, the visual and perceptual attributes of the packaging
contribute to the overall evaluation of the product, creating a growing need for packaging
designs that effectively stand out among competing items [54]. Because, as we know,
packaging is also a silent-seller, the color of the polysaccharide films obtained therefore has
a marketing function. Colored films can also play a protective role, as the reduced light
permeability of the film can additionally protect packaged food from photo-oxidation [55].
The color of biodegradable/edible films depends on the type, concentration, and size of
essential oil droplets, oils, and the transparency of film-forming solutions [56]. In this study,
the color parameters of the obtained films were determined: L* (lightness), a* (contribution
of red color), and b* (contribution of yellow color). The present study showed that in
all tested films, the change in the L* parameter did not change significantly statistically
(p > 0.05) (Figure 5). In films with low CBG content (0.125F, 0.25F, 0.35F), L* remained
stable, indicating their resistance to darkening. The exception was the 0.5F film, in which
there was a decrease in L*, suggesting darkening or photodegradation processes. In test
0, the brightness value for the film was 92.80 = 0.46. After 3 and 6 days, the L value was
88.95 £ 0.34 and 90.95 £ 1.34, respectively. The higher CBG content in the tested films
increased the number of potential oxidation sites, resulting in more noticeable darkening of
the film over time. L* changes are also related to light diffusion in the polymer structure,
modified by CBG. In the case of parameter a*, for OF film (without CBG), a sudden drop
from 4.38 to 0.07 was observed, indicating a loss of red coloration. In the case of films
containing CBG, an increase in the proportion of red color was observed during the test.
This applied to sample 0.75F, which had the highest content of this component, and the
value of a* changed from —0.26 to 1.24, which may indicate the oxidation of CBG in this
film. The most dynamic changes in all films concerned the b* parameter. In the case of the
0.75F film, the b* value changed from 17.13 to 9.37, which means a loss of over 45% of the
original yellowness, and may result from the decomposition of chromophores in CBG. The
high b* value (17.13 4= 2.27) in the 0.75F film in test 0 suggests that CBG oil contributes a
strong yellowish coloration, probably related to carotenoids, flavonoids, or cannabigerol
isomerization products. Over time, these compounds degraded, reducing the intensity of
the yellow color. The observed changes in b* are greatest in films with a high CBG content,
confirming its role in color modification.

The observed changes in film color (Figure 6) are proportional to the CBG oil content,
confirming its significant impact on film color stability. Changes in the L*, a*, and b* color
parameters are correlated with the CBG content in the tested samples. Films containing low
concentrations of CBG (0.125F-0.25F) showed the highest color stability. They can therefore
be used in products requiring long-term transparency and color stability of the packaging.
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Figure 6. Images of polysaccharide films (OF, 0.125F, 0.25F, 0.35F, 0.5F, 0.75F) made with a stereoscopic
microscope.

3.5. Color Testing of Packaged and Unpackaged Fruit

The color of blueberries and other berries is one of the key attributes affecting perceived
quality, freshness, and consumer acceptance [57]. The aim of this study was to determine
the effect of films with different concentrations of cannabigerol (CBG) on the color stability
of blackberries during storage for 0, 2, 3, and 6 days. Figure 7 shows the L*, a*, and b* values
for fruit stored on days 0, 2 (A), 3 (B), and 6 (C) days of the study. The results obtained
idicate that storage time significantly affects changes in fruit color, which manifests itself
in a decrease in brightness (L*) and shifts in the color scale (a*, b*). The a* parameter,
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which characterizes the red hue, showed a significant downward trend with storage time.
The decrease in a* values indicates a loss of red pigments. The b* values were negative
and indicated a predominance of blue-violet hues typical of blackberries. During storage,
there was a gradual increase in b* values (i.e., a shift towards less negative values), which
indicates a decrease in the intensity of blue-violet colors and lightening of the fruit. This
development is also associated with the degradation of anthocyanins and changes in pH in
fruit cells. As in the case of a*, the use of film with a higher CBG content had an effect on
reducing the loss of b* color intensity, which confirms the stabilizing effect of these bioactive
compounds. These changes are further illustrated by pictures (Figure 8) of fruit without
packaging and after packaging in films and stored for 2, 3, and 6 days. Mold was observed in
fruit without film and packaged in film O after 6 days. This phenomenon was not observed
in the other films. Films with lower CBG concentrations (0.125F-0.35F) showed the ability
to limit these changes, especially in the initial days of storage (up to 3 days), suggesting a
protective effect of CBG on fruit color (Figure 9). However, at higher concentrations (0.5F
and 0.75F) and longer storage times, increased color changes were observed, which may
indicate the pro-oxidative effects of cannabigerol. Higher concentrations of CBG in the films
applied to blackberry packaging may have caused pro-oxidative effects, which is consistent
with previous reports that some antioxidants may promote the formation of reactive oxygen
species under certain conditions and concentrations. In addition, interactions between
CBG and other fruit components may lead to pigment destabilization and accelerated color
loss. In all variants, especially at higher CBG concentrations in the film, a clear decrease in
brightness (L*) is observed. The fruit loses its original intense color, becoming increasingly
darker. This effect was probably caused by the significant concentration of anthocyanins in
the dry matter of the fruit associated with water removal [58]. It was observed that films
containing CBG in concentrations (0.35 F-0.5F) exhibited optimal protective properties.

N 2L4e102 21026122 7,a

" 21.09:0.76
2084083 20.60+1.01

438069 4712059

20662043

|

2022:079

|

s 3.99:0.59
2554153

: |

gy

bulk oF 0125F  0250F  0350F  OS00F  OJSO0F reference

4352167
6 | 4.60:1.00 416:126
ancrzoss { l

[

[ 2w

1
3162065

1

I 3200070
4172074 4352058

)

I aosioss w070z
1.a1:059

T S T T T

4514166

bulk oF 0125F  0250F  035F  0500F  O750F reference bulk oF 0125F  0250F  0350F  O0500F  0750F reference

21024122
1964037 471059
2008:0.80 4.0641.00

106si078 1060021
1865073 iz % 1794209 s |

2594158
2984100

a 2514120 2394126 [

2104136

11

|
L
1534115 |
-204:0.80

1

28120,
[ -3.0820.57 2812051

3552045 3372066 328063
-4.0620.59

F N S

4514166

2
1 r
0 bulk oF 0125F  0250F  0350F  OS00F  O7JSOF reference

bulk oF 0125F  0250F  0350F  0SO00F  OJSOF reference

bulk oF 0125F  0250F  0350F  OS00F  O750F reference

L 8 3

10712092 1921:006 200EI2 19820060 18774132 1 3941196 4712059

T
2220154
4 0224338 100 0254338
0141252
2 { 0124099
o : } =

bulk oF 0125F  0.250F  0350F  0S00F  OJS0F  reference bulk oF 0125F  0250F  0350F  OS00F  O750F  reference

l

067:095

2964121 g3:120

307:038 ‘

L
| 3382053
i 153:282

381084

astates )

L O O S

bulk oF 0125F  0250F  O350F  OS00F  OJS0F  reference

Figure 7. Results L, a, b for stored fruit on days 0, 2 (A), 3 (B), and 6 (C) of the study.
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Figure 8. Images of fruit stored without packaging and after packaging in films and stored for 2, 3,
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Figure 9. Images of fruit packaged in OF, 0.125F, 0.25F, 0.35F, 0.5F, and 0.75F film stored for 2, 3, and
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3.6. Research on the Anthocyanin Content of Packaged and Unpackaged Fruit

This study evaluated the effect of the developed films (OF, 0.125F, 0.25F, 0.35F, 0.5F,
0.75F) on the stability of anthocyanins in fruits stored for 2, 3, and 6 days (Figure 10). Fruit
stored without film (0.], 2.J, 3.]) had a lower anthocyanin content compared to most of the
fruit packed in film. The use of film without CBG (OF) slowed down the degradation of
anthocyanins, which confirms the use of the developed polysaccharide film as an effective
barrier against factors causing their degradation (including light). The use of film with
added CBG oil produced varying effects depending on the concentration and storage time.
In the first days of storage, films with lower CBG concentrations (0.125F and 0.25F) showed
similar or slightly higher effectiveness in protecting anthocyanins compared to the classic
film. At higher concentrations (>0.5F), an increase in anthocyanin content was observed
over a longer period. The anthocyanin content for 0.5F was 0.648%, while for 0.75F it was
0.934%. The opposite effects were observed in studies on the effect of essential oils and
natural extracts in active films. Siracusa et al. [59] showed that adding phenolic plant
oils to packaging can improve its antioxidant properties, but at higher concentrations, it
can destabilize the matrix and accelerate the degradation of bioactive food components.
Similar results were also presented by Kosovi¢ et al. [60] also presented similar results
when studying the stability of CBD in sunflower oil, where darkening of the samples
and a decrease in the active substance content due to oxidation were observed. Films
without CBG (0F) show greater color degradation, which confirms the benefits of its use
in the polymer matrix. The protective effect of the film against anthocyanins strongly
depends on the CBG content in the polysaccharide matrix. The best protective effects
and the highest anthocyanin content were observed at CBG concentrations of 0.125F-0.25.
They ensured the stabilization of anthocyanins thanks to the antioxidant properties of CBG.
Higher CBG concentrations (0.5, 0.75F) in the film matrix after two days of incubation
caused a decrease in the anthocyanin content in the fruit, and after 3 and 6 days, an increase
compared to other films. The anthocyanin content results correlate with the film color
results. Films with higher CBG concentrations (0.5F, 0.75F) also showed a greater increase
in anthocyanin content.
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Figure 10. The anthocyanin content of unpacked and packaged fruit after 0, 2, 3, and 6 days of storage.

3.7. SEM Analysis of Polysaccharide Films

For evaluation of the film morphology and distribution of CBG oil in the film matrix, a
scanning electron microscope (Figure 11) was used, which allowed us to better understand
the mechanical properties and water vapor transmission mechanisms of the obtained films.
SEM and associated EDX images confirm that the films obtained are free of contaminants or
toxic metals, which confirms their suitability for use in food packaging. The surface of the
OF sample appears smooth, without cracks or signs of phase separation, which indicates
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consistent and strong interactions within the polymer matrix. The addition of CBG oil
at lower concentrations (0.125F, 0.25F) did not affect the surface of the film. However, a
higher oil content in the tested films resulted in visible changes on the film surface, such
as indentations and roughness. The roughness of the film surface can be attributed to
emulsification, flocculation, and coalescence during the drying process, which leads to the
formation of droplets and the volatilization of CBG [61]. Ji et al. [38] obtained composite
chitosan films based on tea tree oil nano-microcapsules and observed agglomeration and
coalescence of TSO, as well as a rough surface of the C5/PC/TSO layers, which affected the
properties of the obtained films. The observations obtained in this study (visible defects)
correspond to the physicochemical results, i.e., the observed decrease in density (empty
spaces) and decrease in swelling (less surface area for water).
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Figure 11. SEM and EDX analysis of functional polysaccharide films with CBG oil.

3.8. Results of Vegetation Experiment

A clear differentiation was observed among the experimental variants in terms of
lettuce head dry matter content, which serves as an indicator of yield. The lowest dry
matter value was recorded in the 0.25F, 1 g treatment, whereas the highest was observed in
the 0.75F, 2 g variant. In all combinations except one (0.25F, 1 g), the addition of the foil
to the substrate resulted in an increase in lettuce yield compared with the control plants.
In the variant where foil without the active substance (OF, 1 g) was applied, a higher dry
matter content was also noted compared with the control. The obtained results indicate a
complex influence of both the concentration of the extract incorporated into the foil and the
amount of foil added to the substrate on the productivity of lettuce plants.

The leaf water content of lettuce, expressed as Relative Water Content (RWC), varied
depending on the applied foil treatment. The lowest RWC value was recorded in the 0.75F,
1 g combination, reaching 85.61%. In contrast, the highest RWC value was observed in the
0.5F, 2 g variant, amounting to 96.95%, which indicates a high level of leaf hydration. In
all treatments except one (0.75E, 1 g), higher RWC values were observed in lettuce grown
in substrates supplemented with foil compared with the control plants. Across all tested
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concentrations except 0.35F, higher RWC values were recorded for the 2 g application rate
compared with the 1 g variants.

The total chlorophyll content in lettuce leaves varied depending on the concentration
of the active substance in the substrate. In the control samples, the values ranged from
0.301 to 0.456 mg-g~! fresh weight (FW). At a low concentration of the active substance
(0.125F), the total chlorophyll level was comparable to or slightly higher than the control
(0.330-0.552 mg-g~! FW). In the case of foil applications at concentrations of 0.25 and
0.350, a marked increase in chlorophyll a and b content was observed, particularly in the
variants where 2 g of foil was applied (up to 0.682 mg-g~! FW). As a result of substrate
treatment with the highest concentration of the active substance (0.75F), the chlorophyll
content decreased to 0.260-0.590 mg-g~! FW. When comparing treatments where 1 g and
2 g of foil were applied within the same concentration of active substances released from
the foil, noticeable differences were found mainly in the 0.25 and 0.35 variants, where an
increase in the applied foil mass resulted in higher total chlorophyll concentration.

The carotenoid content in lettuce leaves ranged from 0.054 to 0.132 mg-g~! fresh
weight (FW), while in the control variants it was between 0.059 and 0.093 mg-g~! FW. A low
concentration of active compounds in the foil (0.125F) did not significantly affect carotenoid
levels. At moderate concentrations (0.25, 0.35F, and 0.5F), an increase in carotenoid pigment
content was observed, with the most pronounced rise recorded in variants where 2 g of
foil were applied. At the highest concentration of active compounds in the foil (0.75F), the
carotenoid content decreased to 0.054-0.113 mg-g~! FW, and the differences between 1 g
and 2 g applications were less distinct.

The level of superoxide anion radical in the control samples ranged from 1.103 to
1.463 A-g~! fresh weight (FW). Low and moderate concentrations of active substances in
the foil (0.125F, 0.25, 0.35F) led to an increase in this parameter. This trend was particularly
evident in the variants where 1 g of foil was applied. In the treatments where 2 g of foil
were used at the same concentration, the O,e™ values were generally lower than those
observed for the 1 g applications. The highest superoxide anion level was recorded in
the 0.25 variant.

The phenolic content in lettuce leaves ranged from 1546.96 to 5214.10 ug-g~! fresh
weight (FW). In the control samples, the values were between 1793 and 3990 pg- g’1 FW.
Low concentrations of the active substance in the foil (0.125F) caused a slight increase in
phenolic compound content, whereas at moderate concentrations (0.25-0.35F), the accumu-
lation of these compounds in lettuce leaf blades was markedly higher. A greater amount of
foil (2 g) within the same concentration level led to enhanced phenolic accumulation. At the
highest concentration of the active substance in the foil (0.75F) applied at 2 g, a substantial
increase in phenolic compound levels was recorded.

The flavonol content in control lettuce plants ranged from 0.45 to 0.59 ug-g~! fresh
weight (FW). Low concentrations of the active substance in the foil did not significantly
affect the levels of these compounds. The application of moderate concentrations of active
substances (0.25-0.35F) resulted in an increase in flavonol content, and a higher amount
of foil (2 g) within the same concentration led to elevated flavonol levels in leaf blades,
reaching up to 0.71 ug-g~! FW. At the highest concentration of active substances in the
foil (0.75F), the flavonol content was lower, and the differences between the 1 gand 2 g
treatments were not substantial.increased.

The application of low concentrations of active substances resulted in only minor
changes in the level of free amino acids, whereas the use of moderate and high concen-
trations of the active compounds incorporated into the foils led to an increase in the
accumulation of free amino acids in lettuce leaf tissues, particularly in the 2 g treatments
within the same concentration range. The lowest content of free amino acids was recorded
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in the 0.125F variant, while the highest levels were observed in the OF (1 g and 2 g) and
0.35F (2 g) variants.

In the control variants, the carbohydrate content ranged from 335 to 612 ug-g~! FW.
Low concentrations of the foil caused a moderate increase in carbohydrate accumulation.
In the 0.25F, 0.35F, and 0.5F variants, a pronounced increase in carbohydrate levels was
observed, particularly in treatments where 2 g of foil was applied. At the highest concen-
tration (0.75F), carbohydrate content was lower in the 2 g treatments but higher in the 1 g
treatments, indicating a complex, dose-dependent response of the plants.

Figure 12 shows salad plants planted with 1 g of foil at concentrations ranging from
OF to 0.75F, from left to right. Observed changes in relative water content (RWC), dry
matter, and photosynthetic pigments in lettuce heads indicate a complex physiological
and biochemical response of plants to soil-applied films containing bioactive substances.
Variants with low and moderate concentrations of active compounds promoted higher
RWC, chlorophyll, and carotenoid levels, suggesting a positive effect on water status and
photosynthetic processes. This phenomenon may result from the stimulation of enzymes
involved in chlorophyll biosynthesis and enhanced electron transport efficiency in the light
phase of photosynthesis. Similar trends were observed in Lactuca sativa treated with humic
substances as biostimulants mitigating drought stress, where plants treated with humic
substances showed improved net photosynthetic rate, carboxylation efficiency, electron
transport flux, and water use efficiency [62]. Likewise, application of microalgae as a
source of growth-promoting bioactive compounds increased chlorophyll content by 10%

compared to controls [63].

Figure 12. The salad plants planted with 1 g of foil at concentrations ranging from OF to 0.75F, from
left to right.

The lowest RWC and reduced chlorophyll content in the variant with the highest
concentration (0.75F, 1 g) may indicate oxidative stress and reduced photosynthetic activity.
Excess active substances could disrupt chloroplast membrane integrity or limit the expres-
sion of genes involved in pigment biosynthesis. This phenomenon resembles the typical
plant response to excessive doses of growth regulators or soil-applied biostimulants, where
beneficial effects observed at low doses are reversed due to the toxic action of excessive
active compounds. Similar phytotoxic effects caused by high biostimulant doses in lettuce
were reported by Velasco-Clares et al. [64].
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The variant with moderate active substance concentration (0.5F, 2 g) exhibited the
highest RWC (Figure 13) and elevated chlorophyll and carotenoid content (Table 2), sug-
gesting effective regulation of water balance and photosynthetic activity. Higher carotenoid
levels may reflect an antioxidant adaptation, as these compounds scavenge reactive oxygen
species (ROS) and protect membrane structures from oxidative damage [65,66]. Tempera-
ture reports indicate that mild metabolic stress can trigger increased carotenoid synthesis,
stabilizing photosynthetic processes [67].
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Figure 13. The relative water content (RWC).

High phenolic and flavonol content (Figure 14) in lettuce leaves at moderate film
concentrations confirms the activation of phenylpropanoid pathways. These compounds
act as potent antioxidants, protecting cell membranes from lipid peroxidation and neu-
tralizing free radicals [68]. Their increase may be interpreted as a mild stress effect act-
ing as a priming factor, preparing plants for potential stress conditions. Similar effects
were reported in lettuce treated with soil-applied extracts, where enhanced phenolic and
flavonoid synthesis was associated with activation of defense mechanisms and improved
photosynthetic performance [69].

Table 2. Chlorophyll and carotenoid content in salad leaves after application of the tested films to
the soil.

Sample Chl a (mg/g FW) Chl b (mg/g FW) Chl tot (mg/g FW) Car (mg/g FW)
control 0.287 £ 0.065 0.115 £ 0.024 0.401 £ 0.087 0.079 £ 0.018
OF1g 0.267 + 0.022 0.106 + 0.009 0.373 + 0.026 0.075 £+ 0.004
OF2g 0.343 £ 0.023 0.140 + 0.015 0.482 + 0.036 0.093 + 0.011
0.125F1g 0.324 + 0.083 0.134 + 0.032 0.459 + 0.115 0.090 £ 0.019
0.125F2 g 0.342 £+ 0.046 0.142 + 0.019 0.485 £ 0.065 0.091 £ 0.009
025F1¢g 0.350 + 0.057 0.135 £+ 0.033 0.485 £ 0.089 0.092 + 0.018
025F2¢g 0.347 + 0.093 0.139 + 0.040 0.486 = 0.134 0.093 = 0.023
035F1g 0.401 + 0.036 0.154 + 0.014 0.555 + 0.050 0.102 + 0.011
035F2¢g 0.312 + 0.081 0.120 £ 0.025 0.432 + 0.105 0.087 £ 0.021
05F1g 0.386 + 0.128 0.153 4+ 0.062 0.539 + 0.190 0.104 £+ 0.038
05F2¢g 0.287 + 0.034 0.115 4+ 0.015 0.402 £+ 0.048 0.082 + 0.004
075F1¢g 0.335 = 0.104 0.118 = 0.035 0.453 = 0.139 0.081 £ 0.019
0.75F2¢g 0.318 + 0.119 0.126 + 0.050 0.443 + 0.168 0.087 + 0.030
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Figure 14. Contents of phenols (A) and flavonols (B).

Changes in primary metabolism, including increased free amino acids and soluble
carbohydrates (Figure 15), indicate activation of osmoregulatory mechanisms. Under mild
metabolic stress, plants accumulate osmoprotectants such as proline, glycine, and soluble
sugars, which stabilize protein and membrane structures and help maintain cellular water
potential [70]. In the present study, the increase of these metabolites coincided with higher
phenolic and carotenoid content, suggesting a coordinated metabolic response typical for
the action of mild soil-applied biostimulants.
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Figure 15. Carbohydrate content (A) and free amino acid content (B).

The highest dry matter of lettuce heads, observed in the 0.75F 2 g variant, may
result from enhanced photosynthetic activity and increased carbohydrate synthesis under
moderate stress conditions. This hormetic effect—stimulation of growth and metabolism
at low stressor doses and inhibition at high doses—has been repeatedly reported in the
context of biostimulants [71,72]. Figure 16 presents the content superoxide anion radical.

——— 1.45+0.53
1.45+0.97

0.94+0.25
1.21+0.30

————— 151+0.52
* [ . .
=3 0.99+0.28
| —

—-1.24+0.34
—— 1.11+0.24
*1.25+0.09

<
<
=)
b
o~
e
i

= 1.00+0.21

o [
o 3+ 1.25+0.22

b A Ab A% N A b D b b
WP PP PR
o 0\?0@«5’@ PE P

%,

Figure 16. Content superoxide anion radical.
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Overall, the soil-applied bioactive films induced a complex physiological and
metabolic response in lettuce, including activation of antioxidant, osmoregulatory, and pho-
tosynthetic pathways. Applied doses differentially influenced the intensity of responses,
with low and moderate doses stimulating secondary metabolism and photosynthetic pro-
cesses, whereas the highest concentrations had inhibitory effects. These results confirm that
the effect of biostimulants or bioactive compound-containing materials is strongly dose-
and composition-dependent, which has important implications for cultivation practices
and the development of novel plant bioproducts.

4. Conclusions

In this study, polysaccharide films based on a pectin/gum curdlan matrix with the
addition of (CBG) were developed. Detailed physicochemical, mechanical, and barrier
characteristics were determined, and the effect of the films on the color and anthocyanin
stability in stored Black Satin blackberries was evaluated. A comprehensive assessment of
the morphology, physicochemical properties, and effect of bioactive films containing CBG
oil on plant physiology was also performed. SEM/EDX analysis showed that the films had
a homogeneous structure. It was noted that an increase in CBG oil content caused a signifi-
cant increase in the hydrophobicity of the films, which manifested itself in a decrease in the
swelling coefficient and density, as well as an improvement in mechanical properties and
moisture vapor transmission rate (WVTR). Films with lower CBG concentrations showed
more stable color and better protection of anthocyanins in fruit during short-term storage,
while higher CBG concentrations led to intensification of processes causing color changes
and an increase in anthocyanin content. Optimal protective properties and color and an-
thocyanin stability in fruit were achieved at moderate CBG concentrations (0.125F-0.35%),
indicating their potential for use in the short-term storage of products with high sensory
value. The higher concentrations of CBG oil can cause a pro-oxidative effect, limiting the
durability of natural dyes and reducing the visual appeal of packaging. The study of the
biological impact of the film on lettuce plants showed that the effect depended mainly
on the concentration of the active substance. Moderate doses (0.25F-0.35F) stimulated
the accumulation of chlorophylls, carotenoids, phenols, flavonols, free amino acids, and
carbohydrates, indicating the activation of photosynthetic processes and defense mech-
anisms. In contrast, the highest concentration (0.75F) resulted in a decrease in pigment
and metabolite levels, suggesting mild oxidative stress. Changes in O~ levels confirm a
short-term stress response, the intensity and course of which depended on the dose and
weight of the applied film. The results obtained indicate a complex relationship between the
structure and composition of the films and their biological activity. A properly optimized
concentration of CBG oil allows for the production of films with beneficial mechanical
properties and potential biostimulating effects, which opens up prospects for their use not
only in food packaging, but also in agriculture and plant protection.
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