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Abstract

This study investigates the antimicrobial and water vapor barrier properties of biodegradable films made from potato
(Solanum tuberosum) waste starch and the natural additives glycerol, propolis, and montmorillonite ("chaco"). Films
were produced using the casting method, and their physical, antimicrobial, and barrier properties were analyzed. Film
compositions were established using an experimental design of mixtures. The water vapor permeability values ranged
from 0.44x 107'° to 8.55x 107'° g/(m-s-Pa). The permeation energy was lower than that of polyvinyl chloride and poly-
propylene films but higher than that of cellophane films. The solubility values ranged from 58 to 66%, and the tensile
modulus ranged from 2.15 to 5.15 MPa. The largest inhibition halo diameter obtained for Staphylococcus aureus was
17 mm.The developed packages completely biodegrade within 30 days under composting conditions at ambient tem-
peratures. These findings suggest the potential application of these biodegradable packages for fresh products such as
fruits and vegetables.

Highlights

e Biodegradable films containing potato waste starch, e Peruvian clay “chaco” and propolis affected the barrier
glycerol, and natural additives were developed and and antimicrobial properties of biodegradable packag-
studied. ing.

e All developed films completely biodegraded in com-
post within 30 days at ambient conditions.
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1 Introduction

Packaging made from natural polymers is commonly
used for agricultural products because of its flexibil-
ity, durability, and other beneficial characteristics that
ensure the quality of the packaged product. Active
packaging systems aim to prevent the growth of harm-
ful microorganisms, maintain product quality, and meet
safety requirements during transportation [1]. One of
the main concerns for food safety and quality is lipid
oxidation and microbial contamination, which can be
reduced by incorporating natural substances with anti-
microbial and antioxidant properties into packaging.
Recently, Bertotto et al. [2] developed biodegradable
cassava starch films with a Brazilian propolis by-product,
showing potential for protective packaging systems that
resist pathogens, such as Staphylococcus aureus and Sal-
monella typhimurium. To preserve and distribute fresh
fruits and vegetables, low temperatures such as 2 to 4°C
and 95% relative humidity are recommended for green
asparagus [3]. Films can reduce moisture transfer, which
is an important barrier property affecting food quality
and safety [4, 5].

Environmental storage conditions can cause physical,
chemical, and biological changes in the films. To address
this issue, natural compounds with suitable properties
may be added to enhance the mechanical, barrier, and
antimicrobial properties of the films. In the design of active
packaging, incorporating substances with antioxidant and
antibiotic capacities, such as essential oils and natural
resins, is of great interest. Natural resins like propolis are
effective in preserving various foods, extending their shelf
life up to three times and displaying effectiveness against
Gram-positive bacteria at low concentrations and against
Gram-negative bacteria at high concentrations.

Potato starch and its residues are commonly used as
raw materials to produce biodegradable packaging, but
they have deficient functional properties. Incorporating
Peruvian clay called "chaco" into the polymeric matrix
can enhance the barrier properties to water vapor owing
to its hydrophilic nature and sensitivity to moisture con-
tent [6-10].

The characteristics of packaging are determined by its
ability to adsorb water vapor molecules and gases, which
is known as barrier property. These properties are related
to mass transfer and the interaction between solutes and
polymers in packaging [11, 12]. The permeation process
involves several stages, such as the adsorption of water
on the surface, dissolution of gaseous molecules inside
the film, dissolution equilibrium, transport of the mol-
ecule due to a concentration gradient, and finally, the
release of molecules into the atmosphere [13].
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Packaging is crucial to preserve the quality and shelf life
of products, and temperature is a critical factor affecting
the barrier properties of packaging and the oxygen uptake
rate of food [14]. To understand this behavior, it is essen-
tial to study the impact of temperature on the permeation
of films and establish a correlation between temperature
and the activation energy of the permeation process [15].
The activation energy of water vapor permeation refers
to the energy barrier that molecules must overcome to
pass through a film membrane [16]. However, research on
the effects of temperature on the barrier characteristics of
biodegradable films remains limited.

Chinma et al. [16] reported an increase in the water
vapor permeability in soy protein concentrate and cas-
sava starch films with an increase in temperature and rela-
tive humidity, following the Arrhenius equation. Othman
et al. [17] also observed an increase in the water vapor
transmission rate and permeability with increasing rela-
tive humidity and temperature. Wang et al. [18] noticed a
direct relationship between increasing temperature and
relative humidity with water vapor permeability in films.

This study aimed to evaluate the effect of incorporating
natural additives such as propolis, “chaco”and glycerol, on
the barrier and antimicrobial properties of biodegradable
packaging made from potato (Solanum tuberosum) waste
starch.

2 Materials and methods

2.1 Materials

Potato starch residues (Solanum tuberosum) of the “unica”
variety were obtained from a local market in Arequipa
(Peru). It had an amylose content of 18.10+0.83%, 11.25%
moisture content, 0.13% proteins, and 0.15% ash. Glycerol
(used as a plasticizer), sodium metabisulfite (99% purity),
ethanol, and potassium nitrate were obtained from
Sigma-Aldrich. All the reagents were of analytical grade.
The “chaco” (kind of montmorillonite) was acquired from
the Azangaro community in Puno, Peru. Propolis extract
was obtained from beekeepers in Arequipa, Peru.

2.2 Methods
2.2.1 Potato starch extraction

To prepare the potato starch, the potatoes were first
weighed, washed, peeled, and cut into pieces. Then, they
were blended with a solution containing 0.075% sodium
metabisulfite in a 1:1 ratio using an Oster BLSTBH465505
blender. The resulting mixture was filtered through nylon
mesh to remove any fibrous debris. The material retained
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on the mesh was placed back into the blender, and water
was added at a 1:1 ratio. The mixture was then filtered
twice. The filtrates were left to settle for 2 h at room tem-
perature until a firm layer of starch had settled at the bot-
tom of the container. The supernatant was then removed,
and the sediment was mixed with distilled water in a 1:1
ratio. This procedure was repeated thrice until the starch
was free of impurities. The resulting moist starch was dried
in an oven at 40 °C for 24 h. The dried starch was ground,
passed through a sieve with a Tyler No. 100 mesh size, and
stored in dry, sealed airtight bottles.

2.2.2 Ethanolic extraction of propolis

Propolis was mixed with an 80% ethanol solution and
heated in an ultrasonic bath at 65 °C for 25 min. The mix-
ture was then partially separated by centrifugation using
an Ohaus Frontier 5000 series centrifuge at 4000 rpm for
10 min, to remove the wax. The remaining solution was
filtered through Whatman No. 1 filter paper using an Isolab
vacuum pump. The solution was then concentrated using
a rotary evaporator model RS 100-PRO at 40 °C and finally
dried in a Memmert SN-55 oven at 40 °C for 24 h. The
resulting propolis was used to prepare an ethanolic extract
solution at a concentration of 1:30 g/mL (propolis:ethanol),
which was stored in an amber bottle at 4 °C [19-23].

2.2.3 Preparation of “chaco” for blending

A specified amount of the “chaco” (following the mixture
design) was dispersed in 15 mL of distilled water and
placed in a TE-BU3L single-frequency ultrasonic bath for
30 min [24]. This method enhances the surface area of the
"chaco" through its interaction with water, thereby increas-
ing the contact with gelatinized starch and other associ-
ated components.

2.2.4 Experiments using mixture design

The Extreme Vertex Design was used to address the con-
straints of the components. This design includes the upper
and lower bounds of components at the centroid simplex.
The mixture for the active films, which consists of the basic
filmogenic solution and the additives, was prepared using
the optimal proportions of propolis and “chaco” as estab-
lished from preliminary tests. The components were coded
as glycerol (G), propolis (P), and “chaco” (C).

2.2.5 Film preparation
The film-forming solution was prepared by mixing 2.5%

(w/v) starch in distilled water with 50.4% (w/w) glycerol
(based on the dry mass of the starch). Starch was dispersed

at 60 °C for 20 min before adding glycerol at 70 °C for
10 min. The solution was heated to 80 °C and stirred con-
tinuously while the ethanolic propolis extract was added,
followed by the activated "chaco" which was stirred for
10 min. All films were prepared using the casting method
and dried in a Memmert SN-55 oven with air circulation at
40 °C for 16 h. Finally, the films were removed and stored
for further characterization.

2.2.6 Film characterization

2.2.6.1 Water vapor permeability (WVP) Water vapor per-
meability (WVP) was measured using the ASTM-E96-00
method at both room and low temperature [25]. To deter-
mine the WVP at room temperature, a circular film with
a diameter of 8 mm was used (thickness was measured
with a Mitutoyo IP65 digital micrometer). The films were
placed on top of a 2 mL vial containing 1 mL of supersatu-
rated potassium nitrate solution in a desiccator with silica
gel. The temperature and humidity were recorded using
a thermohygrometer (BOECO SH-11 0), and the weight of
each vial was measured at 1 h intervals for 8 h using an
analytical balance (Radwag AS 60/220.R2 plus). All meas-
urements were performed in triplicates. The WVP of the
films was calculated using the slope of the time-weight
relationship, according to Eq. (1).

(£)xz
WVP = (1M
Psat x (RH, — RH,) X A

wherein WVP is the water vapor permeability (g/(s-m-Pa),
(G/1) is the slope of the relationship time versus weight
(g/h), zis the film thickness (m), A is exposed area of the
film (m?), Ps% is the saturation pressure at the working tem-
perature (Pa), and RH, — RH, is the difference in relative
humidity.

The relationship between the temperature and water
vapor permeability of the films is given by an Arrhenius-
type equation [11]:

E
WVP = WVP, exp (—R—;> Q)

wherein WVP,, is the pre-exponential factor of water vapor
permeability, £, is the permeability activation energy (kJ/
mol), R is the gas constant and T is the absolute tempera-
ture (K).

To determine the permeability of the films at low tem-
peratures, a modified version of the ASTM-96-0 method
was used. This procedure involved placing the desicca-
tor inside a 50 L cooler and monitoring the temperature
and humidity using a thermohygrometer (Boeco SH-110).
The weight of each vial was recorded and processed, as
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previously described. The relationship between tempera-
ture and water vapor permeability was evaluated using
Eg. (2) in the logarithmic form.

2.2.6.2 Solubility in water The water solubility of the films
was measured following the ASTM D570-98 standard
method [26]. Samples of each film were cut into 2x2 cm
pieces and placed in vials containing 30 mL distilled water
at room temperature for 24 h. The remaining film pieces
were dried in a Memmert UF55 oven at 100 °C for 24 h.The
solubility percentage of the films was calculated using
Eq. (3):

) W, — W;
Solubility (%) = x 100 (3)
W

wherein W; and W, are the initial and final weights of the
film samples, respectively.

2.2.6.3 Mechanical properties The tensile strength and
elongation at break of the films were measured using a
universal test machine (Model 4500, Instron, Canton, MA),
according to the ASTM D882-02 standard method [27].
Rectangular samples (10x 1 ¢cm) were cut and placed in
a desiccator at a relative humidity of 50+5% for 48 h.
The machine was operated at a speed of 0.5 mm/s, with
a 50 mm gap between the jaws. The evaluation was per-
formed in triplicate, and linear regression was used to
determine Young’s modulus value from the slope in the
elastic zone of the mechanical behavior graph.

2.2.6.4 Morphological analysis The morphology and sur-
face of the films were analyzed using a scanning electron
microscope (JEOL, Japan) at an accelerating voltage of
10 kV and magnifications of 100X, 500X, and 1000X.

2.2.6.5 Disk diffusion method The ability of the films to
inhibit the growth of Staphylococcus aureus (ATCC 25923)
and Escherichia coli (ATCC 25922) was tested using the disk
diffusion method [28]. In this test, 0.1 mL of S. aureus and
E. coli cultures were inoculated (1.5x 108 CFU/mL). Cir-
cular Sects. (6 mm) were exposed to UV light and placed
on the surface of each plate, which was then incubated
at 37 °C for 24 h. The diameter of the inhibition zone was
measured in mm using a Vernier instrument. Tests were
performed in triplicate for each film [29].

In this study, the disk diffusion method was also
performed using the procedure described in a cold
environment.

2.2.6.6 Biodegradability in compost Film samples meas-
uring 2x2 cm were weighed and placed in rectangular
cells measuring 10x20x5 cm, which contained 1 cm of
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compost spread across the entire surface and were then
covered with an additional 4 cm of compost, which con-
sists primarily of common decomposed organic materials
such as fruit and vegetable peels, garden waste (leaves,
grass clippings), animal manure, and other biodegrad-
able materials. The system was maintained at room tem-
perature and sprayed with water twice daily to maintain
a humidity of 58 +5%. The samples were checked at 0, 7,
15, and 30 days. For each check, the samples were washed
with distilled water, dried at room temperature (22-25 °C)
for 24 h, and then weighed. This analysis was conducted
in triplicate and followed the methodology of Medina-Jar-
amillo et al. [30] and Mendes et al. [31], with some modi-
fications. The degradation percentage was determined
using the following equation:

M
Degradation (%) = 100 x (1 - ﬁ) ()
i
wherein M, is the weight of films at separate times (1st,
15th, and 30th day). Before weighing, the films were
washed with distilled water and dried at room tempera-
ture for 24 h.

2.2.6.7 Statistical analysis To evaluate the results of all
stages, an analysis of variance (ANOVA) was performed
with a significance level of 0.05. Means were compared
using Tukey'’s test to determine the specific locations of
any statistical differences. All statistical analyses were con-
ducted using the Minitab 19 and R software.

3 Results and discussion
3.1 Water vapor permeability

Water vapor permeability (WVP) is a crucial factor in food
packaging applications because it accounts for the diffu-
sion capacity of the polymeric matrix and the solubility
of water vapor through the film membrane. In this study,
we investigated the effect of adding glycerol, "chaco," and
propolis on the WVP of films. Our findings indicated that
the addition of glycerol increased the WVP values and that
the film composed of G 0.938 P 0.869 C 0.044 had the high-
est permeability value, with 8.55x 107'° g/(m-s-Pa).
Pérez-Vergara et al. [32] developed films based on native
cassava starch (2%), beeswax (0.9%), and propolis (2.5%).
The lowest value of water vapor permeability obtained
by those authors was 3.27 x 1072 g/(m-s-Pa). In a study by
Caicedo et al. [33], the effect of the plasticizer on the per-
meability of corn starch/PVOH/chitosan films was investi-
gated, and the WVP increased from 8.3x 107" g/(m-s-Pa)
to 194.4x107'% g/(m-s-Pa) at glycerol concentrations of
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15% and 45%, respectively. These studies on the develop-
ment of films indicate that additives such as propolis and
glycerol significantly modify the polymeric matrix and its
barrier properties.

Selecting the appropriate type of food packaging is
crucial to extending the shelf life of a product by evalu-
ating water vapor permeability. Physiological respiration
and product maturation mechanisms are relevant factors
in this regard. Our study identified the film G 0.813 P 1.608
C 0.081 with the minimum WVP value of 0.44 x107'° g/
(m-s-Pa), which can be attributed to the presence of dif-
ferent polyphenolic compounds in propolis. The ability of
propolis to be introduced into the polymer matrix and to
generate hydrogen bond interactions limits the availability
of these bonds, making the film less permeable and less
hydrophilic. This behavior of propolis could be attributed
to its ability to affect water vapor interactions in the poly-
mer matrix structure owing to the presence of different
hydrophobic compounds, which were not entirely sepa-
rated [34].

Figure 1 displays the average permeability of all films
at different temperatures. The permeability to water
vapor increased consistently with higher temperatures of
exposure for all films. These findings are similar to those
reported by Chinma et al. [16], who observed an increase
in the water vapor permeability of cassava starch films
with increasing temperature and relative humidity.

Fig. 1 Effect of temperature

To conduct a comprehensive evaluation of the water
vapor permeability of the films to replicate the conditions
required for food preservation, two distinct environments
were considered: a cold environment, with an average
temperature of 6 °C, and a room-temperature environ-
ment, with an average temperature of 22 °C. Figure 2 illus-
trates the logarithm of the water vapor permeability as a
function of the inverse of the absolute temperature for
each film component employed. The results indicate that
the permeation energy depends on the characteristics of
each component, but all of them exhibit a similar effect
on the permeation energy, as demonstrated by the nega-
tive slope observed, which is consistent with the findings
reported by Chinma et al. [16].

The permeation energy (in kJ/mol) for each film with
different component concentrations is presented in
Table 1. The obtained values range from 1.09 to 43.08 kJ/
mol. Film 10, which contained 0.875 g of glycerol, 0.063 g
of "chaco," and 1.238 g of propolis, exhibited the highest
permeation energy (43.08 kJ/mol). This formulation con-
tained intermediate concentrations of all components,
representing the midpoint of the mixture design. These
results suggest that lower permeation energies can be
achieved at values either lower or higher than the mid-
point of the mixture design. While the dispersion shown
by the results using the same formulation is quite high (the
experimental points in Fig. 2 are approximately a straight

(°C) on the average WVP
(g/m-s-Pax 1071 of all films

x1071%
msPa
L ]

WVP (

Tempe rature‘fC )
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Fig.2 Change of In(WVP) as a function of 1 /T for films containing: A propolis, B “chaco” and C glycerol

Table 1 Permeation energy (Ep) calculated for each film

Film Composition Ep (kJ/mol)
1 G1.26P 1.70C0.025 33.32
2 G1.02P0.75 C0.081 14.78
3 G1.26P 0.43 C0.025 18.05
4 G1.26P 0.43C0.100 4.90
5 G0.95P 1.70C0.100 245
6 G 1.02P 1.38 C0.081 12.56
7 G1.18P 1.38 C0.081 5.24
8 G0.95P 0.43C0.025 11.31
9 G1.02P 1.38C0.044 28.11
10 G1.10P 1.07 C0.063 43.08
1 G1.18P 0.75C0.081 40.15
12 G0.95P0.43C0.100 13.94
13 G1.26P 1.70C0.100 10.37
14 G1.02P0.75C0.044 11.98
15 G1.18P 0.75 C0.044 8.03
16 G0.95P 1.70 C0.025 1.54
17 G1.18P 1.38 C0.044 1.09

line), the overall behavior concerning the dependence of

WVP on temperature is captured by the values of Ep).
Chinma et al. [16] stated that the permeation energy of

cassava films increased with the addition of soy protein
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concentrate, ranging from 1.9 to 5.3 kJ/mol. This increase
could be attributed to a reduction in the hydrophilic effect
of starch. Additionally, an increase in temperature was
found to cause a decrease in permeation energy.

The permeation energy values obtained in this study
were lower than those of polyvinyl chloride and polypro-
pylene (62 and 42.2-65 kJ/mol, respectively) but higher
than the permeation energy of cellophane (1.67 kJ/mol)
[13]. Some authors have reported permeation energies of
5-10 kJ/mol for starch films [11]. However, in this study,
the hydrophilic presence of propolis affected this energy,
probably because its components, such as polyphenols
and alcohols, interact with the polymeric matrix.

According to the ANOVA results, there was no signifi-
cant effect of the components or their interactions on the
permeation energy change. Table 2 shows the effect of
each component on permeation energy with a 95% con-
fidence level. Notably, glycerol had a positive effect on
the permeation energy, whereas the "chaco" and etha-
nolic extract of propolis had a negative effect, implying
an increase in the WVP.

The interaction between the components Glycerol
and Propolis (G:P) had a positive effect on the multiple
linear regression coefficient, which indicates that the
decrease in water vapor permeability is related to an
increase in the permeation energy of the film. However,
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Table2 Multiple linear regression analysis for the permeation
energy

Intercept Coefficients Std. dev T-value p-value
12,859.46 30,708.73 0.419 0.686
G 156.30 8672.28 0.018 0.986
C 1936.81 8672.28 0.223 0.829
P —2642.09 8672.28 —0.305 0.768
G:.C -337.33 2433.76 -0.139 0.893
G:P 1293.96 2433.76 0.532 0.609
CP -580.44 2433.76 —0.238 0.817
G:C.P —-94.61 679.63 -0.139 0.893

the p-values obtained were higher than the significance
level (0.05). Therefore, the obtained coefficients did not
show a significant effect on the permeation energy.
Likewise, the R2 value was 0.26, which indicates that the
model has limited predictive potential. However, it can
still be used only as a descriptive tool for the phenom-
enon, indicating that the components may not exhibit

synergy.

3.2 Solubility

The water solubility of the films ranged from 58.02 to
66.07%. The presence of hydrophobic compounds, such
as residual waxes, in the ethanolic extract of propolis
affected the solubility of the films in water, resulting in
a reduction of up to 20% when 30% ethanolic extract of
propolis was incorporated [35]. This behavior is consist-
ent with the results obtained for cationic starch films,
which have a solubility of 29.61%; the addition of 3%
and 5% "chaco" to the matrix decreased the solubility
t0 26.22% and 23.12%, respectively. This is due to the
strong hydrogen bonds between the hydroxyl groups of
"chaco" and starch, which improve cohesion and reduce
solubility in water, as observed in cationic starch films
[36]. The differences in solubility between potato starch
films offer advantages for different applications, such as
maintaining the integrity of water-insoluble films and
using high-water-solubility films for edible coatings on
fresh and minimally processed products [37, 38].

3.3 Mechanical properties

Evaluating mechanical tests on films is necessary to deter-
mine their applications [39]. For this evaluation, the five
best films were selected based on their permeability to
water vapor, texture, and appearance. The corresponding
mechanical tests were carried out as described in Table 3.

The effects of these components are shown in Fig. 3.
Film 1 (G 1.26 P 1.70 C 0.025) showed the lowest tensile
strength (2.15 MPa), which was related to the higher glyc-
erol content, which reduced intermolecular hydrogen
bonds and increased intermolecular space, decreasing
film resistance [40].

“Chaco” had a positive effect, increasing the values of
tensile strength and Young's modulus, which corroborates
the results by Cyras et al. [41], who reported an increase
in Young's modulus and elongation with the addition of 3
and 5% by weight of “chaco’, and a decrease in elongation
due to the intercalated layered structure of “chaco”, which
acts as a mechanical reinforcer, reducing the flexibility
of the starch structure. Similar studies have reported the
same behavior [24, 36].

Figure 4 displays the tension plot box, indicating that
the film G 1.26 P 1.70 C 0.025 had the lowest tension value
compared with all other tests. Conversely, film G 1.02 P
0.75 € 0.081 showed the highest tension value with large
dispersion in values between 25 and 50% of the data com-
pared to those between 50 and 75%.

The effect of each component was analyzed by per-
forming linear regression with the tension values. The
results shown in Fig. 5 suggest that both glycerol and
propolis have a negative effect on tension, while “chaco”
has a slightly positive effect. Additionally, ANOVA results
indicated that glycerol and propolis were significant at the
95% significance level (p-values less than 0.05), whereas
“chaco”was slightly above this confidence level (p =0.092).
The interaction between glycerol and “chaco” was not
found to be significant. Table 3 shows the results of the
Tukey test, revealing that film 1 (G 1.26 P 1.70 C 0.025) was
significantly different from the others, whereas the remain-
ing films showed no significant difference between them.

Figure 6 presents the elongation box plots for each
evaluated film, where film 1 (G 1.26 P 1.70 C 0.025), film 5
(G0.95P 1.70 C0.100), and film 6 (G 1.02 P 1.38 C 0.081)

Table 3 Results of mechanical

. . Film Composition
properties with Tukey results

Tensile strength (MPa)

Elongation (%) Young’'s modulus (MPa)

1 G1.26P1.70C0.025 2.15°+0.56 47.65%+10.42 11.80°+2.24
2 G1.02P0.75C0.081  5.15%+1.25 55.212+7.23 26.202°+7.59
5 G095P1.70C0.100  4.19%+0.42 49.742+8.51 26.2122+8.09
6 G1.02P1.38C0.081  3.772+0.77 28.62°+14.37 74.422+70.39
16 G095P1.70C0.025 4.87°+1.00 42.662°+658  40.21%+16.34
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Fig. 3 Effect of components (C, chaco, G, glyceroal, and P, propolis) on the mechanical properties A tensile strength, B elongation, and C

Young's modulus

Fig.4 Tension box plot for 7
each selected film
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exhibited greater data dispersion, with larger interquartile
ranges compared to films 2 (G 1.02 P 0.75 C0.081) and film
16 (G 0.95P 1.70 C0.025). Film 2 (G 1.02 P 0.75 C 0.081) had
the highest elongation value and the lowest interquartile
range, indicating a higher concentration of data between
25 and 75%, showing less dispersion in the tests. Film 6 (G
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Film

1.02 P 1.38 C0.081) had the lowest value in all tests. Apply-
ing a linear regression to the elongation results as a func-
tion of the amount of the components, it was observed
that glycerol had a positive effect on elongation, while
propolis still had a negative effect, and “chaco” positively
affected film elongation. The ANOVA results showed that
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there was only one interaction between the components,
specifically between glycerol and “chaco,” which was sig-
nificant at a 95% confidence level (p <0.05). Furthermore,
when comparing the results between the films, a signifi-
cant difference was observed (p=0.0012<0.05). Table 3
shows that there were two groupings, and film 16 (G 0.95
P 1.70 C 0.025) shared the letters (ab) of each grouping.
Film 6 (G 1.02 P 1.38 C 0.081) was significantly different
from the other films.

The Tukey test in Table 3 shows different groupings of
the means. Films 2 (G 1.02 P 0.75C0.081),5(G0.95P 1.70

Film

C0.100),and 16 (G0.95 P 1.70 C 0.025) were in the same
grouping, indicating that they were not significantly dif-
ferent from each other. However, films 1 (G1.26 P 1.70 C
0.025) and 6 (G 1.02 P 1.38 C 0.081) belonged to differ-
ent groups and were significantly different, with film 1
(G 1.26 P 1.70 C 0.025) having a significantly lower value
and film 6 (G 1.02 P 1.38 C 0.081) having a significantly
higher value.
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3.4 Film microstructure

of 100x, 500x%, and 1000x, as shown in Table 4. Slight mor-
phological differences were observed between the film

The microstructure of the films has a significantimpacton  surfaces.
their barrier, physical, and mechanical properties [42]. To Film 1, with a composition of 1.26 g of glycerol, 1.70 g
examine the films, we used SEM analysis at magnifications  of propolis, and 0.025 g of "chaco," exhibited an almost

Table 4 Scanning electron microscopy (SEM) of the films at (a) 100X, (b) 500X and (c) 1000X

Film 100X 500X 1000X
Film 1

SEl 10KV WDGmm SS548 x4 100ym S— SEI 10kY WDOmm S54E ) - SEI 10kV WDGmm 5548 x1.000 10punm  —

Mar 28, 2022 > Mar 28,2022

Film 2

SEI 10kV WODGmm SS48 SEI 10KV ANDOmm 5548 x! . SEl 10kV WDGmm 5548 x1,000 10 - Ne—
Film 5

SEl 10kV WDGmm 53548 SEI 10kV WDGmm 5548 x! SEl 10kV WDGmm 5548
Film 6

SEI 10kV. WDGmm SS48 SEI 10kV WDImm SS48 2! SEI 10KV WOOmm SS48
Film 16

SEl 10KV WDOmm SS48 SEI 10KV WDSmm 5848 x! Oparm SEl 10KV WDGmm SS48 x1.000 10pm  e—
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uniform surface with small protuberances. Film 2 had a
composition of 1.02 g of glycerol, 0.75 g of propolis, and
0.081 g of "chaco," and its surface showed small particles
and roughness. Film 5, made with 0.945 g of glycerol, 1.7 g
of propolis, and 0.100 g of "chaco," had a smooth and uni-
form surface without cracks or holes. Film 6, with a com-
position of 1.02 g of glycerol, 1.38 g of propolis, and 0.081
g of "chaco," presented an almost homogeneous surface.
Finally, Film 16 exhibited a smoother surface with fewer
particles than the other films.

The presence of additives in the starch-glycerol matrix
resulted in a greater interaction between the components,
leading to the development of more compact and uni-
form films. As the concentration of propolis in the matrix
increased, the surfaces of the films became smoother
with fewer particles. This was likely due to the properties
of propolis.

3.5 Antimicrobial activity analysis

The antimicrobial activity of the films was evaluated by
measuring the inhibition halo in each film using the agar
diffusion method against two types of bacteria, the Gram-
positive S. aureus and the Gram-negative E. coli. The results
are presented in Table 5. Film 1, composed of G 1.26 P 1.70
C0.025, showed the largest inhibition diameter (17.7 mm
against S. aureus), which may be attributed to the higher
concentration of propolis in the film. While none of the
films showed an inhibitory halo against E. coli, there was

Table 5 Antimicrobial activity of the films: inhibition diameters for
S. aureus and E. coli

Inhibition diam-
eter, E. coli (mm)

Inhibition diam-
eter, S. aureus

Film Composition

no bacterial growth below the films, indicating that the
films had an inhibitory effect on contact, probably because
of the ethanolic extract of propolis.

In a cold environment, there was no microbial growth
for either E.coli or S.aureus, these results are consistent
with findings reported by Siripatrawan and Vitchayakitti
[43], who studied chitosan-based films with the addition
of propolis ethanolic extract and found that the extract
was more effective against Gram-positive bacteria (S.
aureus) than Gram-negative bacteria (E. coli, S. enteritidis,
and P. aeruginosa). Other studies have reported a syner-
gistic antimicrobial effect against E. coli with the addition
of the essential oil of Thymus vulgaris and the ethanolic
extract of propolis [44]. Moreover, Marqués De Farias
et al. [45] found that even low concentrations of propolis
improved the antioxidant capacity of films compared with
lignin-added films. Higher concentrations of propolis etha-
nolic extract led to higher antimicrobial activity, which is
directly related to the inhibitory diameter, as reported by
Bodini et al. [34].

The antimicrobial properties of biodegradable films can
be enhanced by incorporating propolis ethanolic extract,
which contains flavonoids, phenolic acids, and aromatic
compounds that can hinder food spoilage agents, such
as bacteria and molds. Even at low proportions, propolis
extract inhibited bacterial cultures and prevented bacte-
rial growth beneath the film. These results suggest that
propolis extract has potential for use in active packaging
applications owing to its ability to inhibit bacterial growth,
especially when combined with other film components.

3.6 Biodegradability

Biodegradation was measured as the weight loss over

(mm) time (Table 6). Film 1, with a high glycerol content
(G1P1.70C0.025), had the highest weight loss at 7 days
! G1.26P170C0025 177 0.0 owing to the ability of glycerol to accelerate biodegra-
2 G1.02P075C0081 7.7 0.0 dation [46, 47]. In contrast, films with higher "chaco"
3 G126P043C0025 33 0.0 content had a lower degradation rate owing to clay
4 G1.26P043C0100 3.0 0.0 cross-linking, which makes them more resistant to
> G0.95P1.70C0.100 157 0.0 microbial attack [48, 49]. The presence of propolis did
6 G102P1.38C0081 80 0.0 not significantly affect biodegradation, but its hydro-
/ G1.18P1.38C0.081 17.0 0.0 phobic compounds, such as residual waxes, reduced the
8 G095P043€0.025 63 0.0 affinity of the films for water and slowed down microbial
9 G1.02P1.38C0.044 53 0.0
10 G1.10P 1.07 C0.063 5.0 0.0
1 G1.18P0.75C0.081 0.0 0.0 Table 6 Results of % weight loss of the films over time
12 G095P043C0100 0.0 0.0 Film  Composition Day0 Day7 Day15 Day30
13 G1.26P1.70C0.100 16.7 0.0
14 G 1.02P0.75C0.044 7.0 0.0 G1.26P1.70C0.025 0 26.6 50.3 97.9
15 G1.18P0.75C0.044 83 0.0 5 G095P1.70C0.100 O 19.3 74.1 100.0
16 G0.95P1.70C0.025 11.7 0.0 G1.02P1.38C0.081 0 17.8 75.0 100.0
17 G1.18P1.38C0.044 133 0.0 16 G095P1.70C0.025 0 19.2 76.2 100.0
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degradation [35]. All the films were completely biode-
graded within 30 days (Table 6).

4 Conclusions

Glycerol, ethanolic extract of propolis, and Peruvian
clay “chaco” were incorporated to produce biodegrad-
able films from potato starch residues. These natural
additives interact with the polymeric matrix to increase
the antimicrobial effect and plasticity of the films. The
addition of propolis to the composition increased the
antimicrobial capacity of the films, whereas glycerol
acted as an effective plasticizer. The importance of evalu-
ating barriers and microbiological properties at different
temperatures has been demonstrated, as these charac-
teristics are crucial during the storage and handling of
certain plant products. Propolis was found to be a key
component in regulating the permeation energy of the
films, potentially reducing the energy required to initiate
the permeation process. The complex chemical compo-
sition of propolis makes it an interesting component to
study. The results indicated that the maximum permea-
tion energy was reached with a composition that consid-
ered the average of all components used in the mixture
design. Increasing or decreasing the mass of the compo-
nents compared with this average resulted in a decrease
in the permeation energy. Overall, these findings dem-
onstrate the potential of natural additives in the produc-
tion of biodegradable films with improved antimicrobial
properties and plasticity. Towards the potential large-
scale use of the mixture of starch with propolis, Peruvian
clay "chaco" and glycerol, future research shall address
the study of mechanical properties of films obtained
through extrusion.
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