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ABSTRACT: Films were produced from babassu mesocarp flour (BM) and from a composite with BM cake (BMC), a by-product
of oil extraction; both were subjected to alkaline and hydrothermal treatments. The films were tested as sachets for packaging an
artisanal ora-pro-nóbis pesto. BMC films exhibited higher mechanical strength, with a tensile strength of 2.20 MPa and a Young’s
modulus of 4.29MPa. In contrast, BM films reached an elongation of 38.3%. Both films were uniform, dark black in color, provided
approximately 98% ultraviolet (UV) shielding, completely biodegraded in soil within 90 days, and were non-toxic to bean seeds.
BMC, in particular, acted as a more effective biofertilizer and promoted germination by 93% with a germination rate index of
13.39 seeds/day. In an aqueous environment, both films decomposed similarly in freshwater (∼6.3% after 14 days), although BMC
decomposed more in seawater (5.95%) than BM (0.13%). Antimicrobial testing showed that BM inhibited Listeria monocytogenes
and Pseudomonas aeruginosa at a minimum inhibitory concentration of 6.25 µL/mL, whereas BMC was also effective against
Campylobacter jejuni, requiring only 3.125 µL/mL to inhibit L. monocytogenes. As pesto sachets, the BMC films maintained their
microbiological safety and consumer acceptability for 4 days at 4◦C and 25◦C and showed a high puncture resistance of 27.5 N
despite minor pH and color changes. Overall, the BMC sachets proved to be a biocompostable alternative for single-use packaging
of oily sauces, adding value to by-products in the context of a circular bioeconomy.

1 Introduction

The growing global popularity of sachets, single-use fossil fuel-
based packaging, usually consisting of multilayer structures, is
due to their convenience and wide range of applications in
various sectors such as cosmetics, food, and pharmaceuticals
(Rangel-Buitrago et al. 2024). One of the main advantages of
this packaging system is the provision of pre-measured portions,
which ensure standardized quantities of the product. These
applications increase the convenience of packaged food for the

consumer and improve the efficiency of food companies and
large-scale food production (Demircan and Velioglu 2025).

However, the environmental impact of single-use petrochemical
plastics, derived from non-renewable resources, is a critical
problem, especially in marine ecosystems. Their fragmentation
into micro- and nanoplastics allows them to spread throughout
the food chain, ultimately reaching humans and threatening
both ecosystem integrity and public health (Abrokwah et al.
2022; Bugatti et al. 2023; Petkoska et al. 2021). In response to
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these challenges, the search for more sustainable food sachets
has intensified. Research is focusing on biodegradable polymers
to reduce microplastic pollution and on bio-based polymers to
facilitate the transition to renewable raw materials (Velasquez
et al. 2025).

In this context, the babassu (Attalea speciosa) is a reference
for plant extractivism in Brazil. Oil extraction generates large
amounts of by-products (Raposo et al. 2021), such as the meso-
carp, an alternative source of starch (∼85%) with notable fiber
content (11%), and the cake, a fibrous fraction composed of ∼42%
carbohydrates, 29% lipids, 19% proteins, and ∼29% fibers (Ferrari
and Soler 2015; Maniglia et al. 2017; Rodrigues et al. 2020). The
mesocarp also contains 98.3 mg phenolic compounds per 100 g
(Maniglia et al. 2017), and a similar composition is expected for
the cake. These properties highlight the ability of the mesocarp
to form bio-based films (Maniglia et al. 2017) and the potential of
the cake as a polymer matrix or reinforcing agent (De Farias et al.
2021; Jagadeesh et al. 2021). However, the high fiber content can
impair the adhesion of the polymers and prevent the formation
of homogeneous films (Jagadeesh et al. 2021). To overcome
this limitation, alkaline and thermal treatments are applied to
improve fiber–matrix interactions, facilitating the extraction of
carbohydrates, lipids, and proteins into the supernatant and
resulting in more stable film-forming solutions (Samir et al. 2022;
Ying et al. 2018; Maniglia et al. 2017).

Despite its potential, BM cake (BMC) remains underexplored,
and, to the best of our knowledge, there are no studies reporting
on its use in the packaging sector, highlighting a clear research
gap. Considering its unique composition, the socio-economic
importance of babassu in Brazil, and the urgent need to replace
single-use plastics, the valorization of BMC as a polymer matrix
proves to be an innovative strategy in line with the 2030 Agenda.

For the application side, pesto was selected as a model product.
Originally from Italy, pesto is the second most popular pasta
sauce after tomato sauce. Its greenish color, taste, and texture
are determined by the mixture of extra virgin olive oil, Parmesan
or Pecorino cheese, oilseeds, garlic, and basil (De Bruno et al.
2022; Zardetto and Barbanti 2020). As a substitute for basil,
Pereskia aculeata, known as ora-pro-nóbis, is an unconventional
food plant (UFP) native to Brazil and widespread throughout the
country, with a high content of protein (∼25%) andminerals such
as calcium, magnesium, manganese, iron and zinc (Lira et al.
2023; Silva et al. 2019).

Therefore, this study develops and characterizes compostable,
ultraviolet (UV)-protective sachets from babassu mesocarp flour
(BM) and BMC supernatant for artisanal ora-pro-nóbis pesto
packaging.

2 Methodology

2.1 Materials

BM (A. speciosa) (moisture: 12.08%; protein: 1.76%; ash: 0.90%;
lipid: 0.33%; carbohydrate: 84.57%, of which 56.40% is starch) was
supplied byVemdoXingu (Altamira, PA, Brazil). BMC (moisture:
7.07%; protein: 24.73%; ash: 4.16%; lipid: 15.24%; carbohydrate:

48.81%; multi-elements [µg/g], as Al: 19.3; Ca: 905; Cu: 30.5;
Fe: 170; K: 9707; Mg: 4060; Mn: 322; Na: 50.7; P: 19,859; and
Zn: 78.1) was kindly provided by Florestas Brasileiras Ltda
(Itapecuru Mirim, Maranhão, Brazil). Glycerol was provided
by Chepplier (Rio de Janeiro, Brazil). NaOH was supplied by
Dinâmica Química Contemporânea Ltda (São Paulo, Brazil). The
extra virgin olive oil, cashew nuts, aged cheese, and ora pro nóbis
leaves (P. aculeata) were purchased at a local market in Rio de
Janeiro.

2.2 Preparation of Babassu Films

2.2.1 Preparation and Alkaline Treatment of Babassu
Cake

In order to define the methodology of the film-forming suspen-
sions (FFSs), some preliminary tests were carried out: (i) babassu
cake flour (unsieved and sieved with different mesh sizes) in
combination with water and glycerol, heated in an autoclave
and water bath; (ii) BMC supernatant at different pH values in
combination with glycerol, heated in an autoclave and water
bath; and (iii) BMC supernatant in combination with BM flour,
at different pH values, heated in an autoclave and water bath.
This third method was the only one with which homogeneous,
crack-free films could be formed. The alkaline autoclave–heated
treatment (pH 12) was chosen due to the aspects of the films
obtained in the preliminary testing phase, the results of De Farias
et al. (2023) and the ability to bring more polymers into the
supernatant (Maniglia et al. 2017).

The BMC was triturated in a blender (Philips Walita, Brazil)
and then sieved through a 100-mesh sieve. A 5% (w/w) BMC
suspension was prepared with NaOH solution (1 N) to increase
the native pH (∼6) to pH 12 (by adding 1 mL of NaOH solution
per 20 g of supernatant). The suspension was allowed to stand
for 12 h under refrigeration and then filtered using a fabric filter.
The supernatant of BMC filtered at pH 12 (cake supernatant)
(moisture: 31.71%; protein: 19.19%; ash: 0.64%; lipid: 3.08%; carbo-
hydrate: 45.39%; and 10 g/L soluble solids) was obtained for the
preparation of the film suspension according to the method of De
Farias et al. (2023). In contrast to the BMC, the supernatant was
selected for its ability to form a film, which is determined by its
lower fiber content.

2.2.2 Preparation of Film-Forming Suspension by
Hydrothermal Treatment

The FFSswere based on a polymericmatrix of BM flour (Maniglia
et al. 2017). Two FFSs were prepared as follows: (FFS 1) 4 g BM
flour in 96 g water adjusted to pH 12 with NaOH and (FFS 2)
4 g BM flour in 96 g cake supernatant. In both cases, a 30-min
hydrothermal treatment in an autoclave at 121◦C was performed.
Glycerol (30 g/100 g BM flour) was then added according to the
method of Santos et al. (2023). The FFS was poured onto acrylic
sheets (0.28 g/cm2) and dried in an oven (Marconi, Brazil) at 35◦C
for 18 h or until completely dry. The dried films were conditioned
in a desiccator at 25◦C and 53% relative humidity (RH) for 48 h
before analysis. FFS 1 and 2 yielded a BM film and a BM filmwith
cake (BMC film).
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FIGURE 1 Mechanical properties (A), light transmission (B), and colorimetric stability (C) and (D) of BM and BMC films. BM, babassu mesocarp
film; BMC, babassu mesocarp film with cake.

2.3 Characterization of Babassu-Based Films

2.3.1 Mechanical Properties

The mechanical properties were determined according to Amer-
ican Society for Testing and Materials (ASTM) method D882-12
(ASTM 2012), whereby each sample (70 × 25 mm2) was tested in
quintuplicate on a TX-700 texturometer (LamyRheology, France)
(Matheus et al. 2021).

2.3.2 Visual Aspect, Light Transmission, and Color
Stability

The visual aspect of the films was recorded with the camera
of an Iphone 11 (Apple, USA, 4000 × 3000 pixels). The light
transmittance of the films was analyzed in the UV and visible
range (200–800nm)using aUV–Vis spectrophotometer (UV-2700
Shimadzu, Japan) (Nouraddini et al. 2018). The percentages ofUV
blockage (SUV) and visible light (SVis) were determined according
to following equations adopted from Silva et al. (2024):

𝑆UV (%) = 1 − 𝑇UV = 1 −

∑ 400

200
𝑇𝜆 × Δ𝜆

∑ 400

200
Δ𝜆

× 100 (1)

𝑆Vis (%) = 1 − 𝑇Vis = 1 −

∑ 800

400
𝑇𝜆 × Δ𝜆

∑ 800

400
Δ𝜆

× 100 (2)

where TUV and TVis represent the average percentage transmit-
tance of UV and visible light, respectively, calculated using the
spectral transmittance (Tλ) and the wavelength interval (Δλ).

The color stability of the films was examined using a colorimeter
(3nh, Colorimeter Spectrometer Y53020, China) in triplicate
under two different conditions: refrigeration (4◦C ± 2◦C) and
room temperature (25◦C ± 2◦C). The samples were exposed to
light and darkness after 0, 3, 7, 14, 21, and 28 days. The method
was adopted from Mohammadalinejhad et al. (2020). The color
coordinates L*, a*, and b* of the CIE color scale were analyzed
with a colorimeter using a D65 reference illuminant, 10◦ observer
and calibrated with a standard white reflector plate (L* 94.98,
a* −0.22, and b* 0.37). The colorimetric changes were compared
to the samples at baseline to calculate the whiteness index
(Equation 3):

Whiteness index ∶ 100 −
√
(100 − 𝐿)

2 + 𝑎2 + 𝑏2 (3)

where L, a, and b are the parameters at the checkpoint.

2.3.3 Bio-Disintegration and Phytotoxicity Tests

The bio-disintegration of the films in the soil under home
composting conditions was tested according to the method of
Aldas et al. (2021). Twenty-one samples measuring 3 cm × 3 cm
were prepared from each film, the control film (cellulose) and the
PVC. The sampleswerewrapped in a fine plastic net and buried in
a glass container with 2.5 kg of garden soil (2:1 soil, humus), with
200 mL of water poured into each container daily. Samples were
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collected onDays 7, 15, 30, 45, 60, 75, and 90 for visual assessment.
Each samplewas collected in triplicate at the seven control points.
The bio-disintegration of the films in freshwater (pH = 8.2) and
seawater (pH = 7.1) was also studied over 2 weeks using adapted
methods according to Pereira et al. (2021) and Filipini et al. (2020).

Phytotoxicity analysis was continued with the final soil from the
bio-disintegration test samples and for the virgin mixed soil. One
hundred bean seeds were planted in each soil type, irrigated
once a day with 200 mL of water and kept at 25◦C ± 2◦C. Their
growth was visually assessed for 14 days and the number of
germinated seeds, initial germination time and maximum leaf of
each seedling were quantified according to Díaz-Díaz et al. (2023)
with modifications. Germination rate (%G), mean germination
time (MGT), and germination speed index (GSI) were calculated
(Equations 4–6) as described by Rêgo et al. (2017):

%𝐺 =
number of germinated seeds

total seeds
× 100 (4)

MGT

=
∑
number of germinated seeds × incubation time in days∑

germinated seeds per day

(5)

GSI

(
seed

day

)

=
∑
number of seeds germinated per day

number of days elapsed since sowing and germination

(6)

2.3.4 Antimicrobial Activity, Minimum Inhibitory
Concentration (MIC), and Minimum Bactericidal
Concentration (MBC)

The antimicrobial properties of the films were evaluated in
triplicate using the agar diffusion method (Li et al. 2022). The
microorganisms used in this testwereEscherichia coli, Salmonella
sp., Staphylococcus aureus, Bacillus cereus, Pseudomonas aerugi-
nosa, Campylobacter jejuni, and Listeria monocytogenes.

MICs were determined in 96-well microplates by diluting 100 µL
of each film solution in 100 µL of brain–heart infusion broth
(BHI) containing the respective bacteria against which each film
showed antimicrobial activity. Bacteria were diluted in BHI with
McFarland turbidity standard and used for growth monitoring.
The sterility control was performed with BHI broth and 0.85%
saline, whereas the toxicity control was performed with NaOH
solution (5%), the medium used to prepare BM and BMC. BM
and BMC at native pH were used as controls (C-BM and C-BMC,
respectively) without pH adjustment. Themicroplates were incu-
bated at 37◦C for 24 h. MBCs were determined by culturing 20 µL
of all inhibitory concentrations on Mueller–Hinton agar and
incubating the plates at 37◦C for 24 h (Santos-Filho et al. 2019).

2.3.5 Screening Assays of Migration Compounds

Theprotocols of EU2016/1416were applied to a screening analysis
to identify potential migrant compounds by immersing each
30 mm × 20 mm film in 10 mL of two simulants: Ethanol 95%
(v/v) as a fatty medium and acetic acid 3% (v/v) as an aqueous
medium. The samples immersed in the simulants were stored in a
temperature-controlled environment (20◦C) and after 10 days the
supernatant of each film in each type of simulant was analyzed
in a spectrophotometer at wavelengths from 200 to 800 nm
(Matheus et al. 2024).

2.3.6 Thermal Properties and Heat Seal Strength

A TA 2010 DSC instrument controlled by a TA5000 module (TA
Instruments, USA) coupled with a cryoscopy cooling accessory
was used to determine the thermal properties of the films (De
Farias et al. 2023). Each 5-mg dry sample was placed in the
aluminum containers and then sealed. All measurements were
performed under a nitrogen atmosphere (45 mL/min). Universal
Analysis 2000 software (TA Instruments, New Castle, DE) was
used with a heating rate of 10◦C/min from −150◦C to 150◦C.

In addition, a TGA-Q500 thermogravimetric analyzer (TA Instru-
ments, EUA) was used. For this purpose, approximately 10 mg
of each sample was carefully measured and placed in platinum
dishes. The investigated temperature range was 10–700◦C; the
heating rate was 10◦C/min under a nitrogen atmosphere. The
continuous change in mass with temperature was recorded (De
Farias et al. 2021).

The seal strength of the films was tested with a texturometer by
placing two 45 × 10 mm2 pieces of film on top of each other and
sealing them at a temperature of approximately 70◦C for 5 s (RG-
300L Registron, Brazil). For the test, all sealed films were stored
in triplicate at 53% RH in a chamber with controlled RH for at
least 48 h. The strength of the seal was determined by placing the
ends of the sealed film perpendicular to the test direction with
a distance of 50 mm between the clamps and a loading speed of
1.5 mm/s (Alves et al. 2022). The resistance of the sealed material
was calculated using the following equation:

Seal strength =
Peak force (N)

Film width (mm)
(7)

2.4 Film Application as Food Packaging

2.4.1 Preparation of Pesto SauceWith UFP

The pesto sauce developed was prepared with the following
ingredients: 130 g extra virgin olive oil, 54 g roasted and salted
cashew nuts, 37 g ora pro nóbis leaves, 4 g garlic, and 50 g mature
cheese. In the first steps, the ora pro nóbis leaveswere cleaned and
disinfected with a chlorine solution and the cheese was grated.
All ingredients, except the UFP leaves, were blended in a food
processor for about 1 min. Then the UFP was added and blended
for about 30 s, resulting in 250 g of pesto sauce.

4 of 17 Journal of Food Science, 2025
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FIGURE 2 The visual appearance of BM and BMC films. Different superscript letters indicate statistical significance (p < 0.05). Lowercase letters
are used to compare parameters of the same film, and uppercase letters are used to compare parameters of different films. BM, babassu mesocarp film;
BMC, babassu mesocarp film with cake.

TABLE 1 Germination rate (%G), mean germination time (MGT), and germination speed index (GSI) of bean seeds in different soils.

Soil condition %G MGT GSI (seeds/day)

Virgin soil 83.0b 8.84c 8.51d

Soil with cellulose
disintegrated

73.0c 9.04a 9.75c

Soil with BM film
disintegrated

83.0b 8.93b 9.86b

Soil with BMC
film disintegrated

93.0a 7.45d 13.39a

Note: Values with different letters are significantly different according to Tukey’s test (p < 0.05).
Abbreviations: BM, babassu mesocarp film; BMC, babassu mesocarp film with cake.

2.4.2 Packaged Pesto Sauce as a Real SystemModel

The BMC film was used to produce sachets for packaging the
pesto sauce. Each sachet, measuring 50 × 60 mm2, contained
5 g of pesto. The sachets with the sauce were stored in the
refrigerator (4◦C ± 2◦C) and at room temperature (25◦C ± 2◦C)
and microbiologically tested for Salmonella sp., thermotolerant
coliforms, molds, and yeasts (Brasil, Agência Nacional de Vig-
ilância Sanitária (ANVISA) 2022). In addition, the peroxide index,
pH and colorimetric parameters were determined according to
the method described by Glicerina et al. (2023). All analyzes were
carried out in triplicate on Days 0, 2, and 4.

2.4.3 Sensory Analysis of Packaged Pesto Sauce

The study was reviewed and approved by the Research Ethics
Committee of the Hospital Universitário Pedro Ernesto of the Rio
de Janeiro State University (CAAE 79549917.4.0000.5259, report
2.694.935), and informed consent was obtained from each subject

before participation in the study. Subsequently, 124 untrained
panelists were asked to evaluate the sensory parameters of the
sauce 2 days after the sachets were filled. The evaluation was
based on a 9-point hedonic scale and tests to predict purchase
intention (InstitutoAdolf Lutz [IAL] 2008). Theword cloudswere
created with WordArt.

2.4.4 Puncture Test of the Sachets With Packaged
Pesto

All analyzes were performed in triplicate on Days 0, 2, and 4
of the packaged pesto. To determine the puncture force, the
texturometer was used, in which the packages were fixed with an
opening of 30 mm diameter. The force to be transmitted through
a 7 mm spherical probe at a speed of 0.8 mm/s was determined
using a method adopted from Aparicio-Fernández et al. (2018).
Themechanical test was performed in triplicate at each test point
for both samples.

Journal of Food Science, 2025 5 of 17
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FIGURE 3 Disintegration rate of BM and BMC films, and controls (PVC and cellulose) buried in soil for 90 days. BM, babassu mesocarp film;
BMC, babassu mesocarp film with cake.

2.5 Statistical Analysis

The test data were processed using analysis of variance and
Tukey’s test, with statistical significance set at the 95% level. The
analyzes were performed using the statistical software package
Statistica 7.0.

3 Results and Discussion

3.1 Mechanical Properties, Visual Appearance,
Light Transmission, and Color Stability

Themechanical properties of the films are shown in Figure 1. The
BMC film showed a higher tensile strength (TS: 2.20 ± 0.14 MPa)
and a higher Young’s modulus (YM: 4.29 ± 0.32 MPa) compared
to the BM film (TS: 0.59 ± 0.23 MPa and YM: 0.43 ± 0.12 MPa,
respectively). Conversely, the BM film showed greater elongation
(38.38% ± 5.99%) than the BMC film (26.37% ± 2.28%). These
differences can be attributed to the different compositions of the
polymers, especially the fibers that act as fillers in the matrix,

resulting in lower mobility and elasticity of the polymer chains
and a simultaneous increase in YM and TS (Guo et al. 2018).

The alkaline treatment effectively removes and dissolves some of
the hemicellulose and lignin (Guo et al. 2018). However, residual
fibers remain attached to the matrix, as can be seen in the
BMC film, which contains a significant proportion of untreated
fibers (Gasparini et al. 2015). In contrast, this phenomenon is
less pronounced in the BM film, which consists mainly of starch
(Maniglia et al. 2017).

Both films had a uniform, non-cracking surface and a dark
black color (Figure 2). However, BMC had a slightly rougher
surface than BM due to its fibrous content and the pronounced
granulometry of BMC compared to mesocarp flour, which can
form tiny air pores during the production process.

The light transmission of BM and BMC films is shown in
Figure 1. The combination of cake supernatant and BM flour,
which contains vivid pigments, results in a darker film solu-
tion. In addition, the presence of carbohydrates and proteins,

6 of 17 Journal of Food Science, 2025
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in these matrices, combined with alkaline and hydrothermal
treatments, may possible trigger caramelization and Maillard
reactions (Nogueira and Martins 2019; Tan et al. 2021; Sioriki
et al. 2021), resulting in darkening of the film and reduced light
transmission.

In the UV range, no significant differences were found between
the films, with BM and BMC blocking 98.42% and 98.59%
respectively. However, at 750 and 800 nm, BMC had lower light
transmittance (4.05 ± 0.01 and 8.74 ± 0.02, respectively) than
BM (14.14 ± 0.04 and 23.02 ± 0.05, respectively), corresponding
to visible light blockage of 98.36% and 94.37%, respectively.
One hypothesis is that the anti-UV properties are due to the
presence of lignin in the mesocarp and, possibly, in the cake
supernatant (Silva et al. 2008, 2023). This property is related to
phenolic hydroxyl chromophores, stacked aromatic π–π rings,
and conjugated double bonds, that can absorb UV radiation
(Zhang and Jiang 2023). Hemicellulose, which may be dissolved
in the supernatant under alkaline conditions (Silva et al. 2008),
is formed by the expansion of biomass and the dissolution of
lignin binding (Lima et al. 2014). This increases the accessibility,
of carbohydrates and promotes caramelization reactions, which
are expected to affect the color of the film and UV blocking
ability (Worku et al. 2024). In addition, heat treatment is thought
to contribute to darkening by producing colored compounds
from the degradation and oxidation of hemicellulose, lignin, and
other polysaccharides, that release quinones andmethylquinones
(Akkus and Budakçı 2020).

The dark coloration, low light transmission, and blocking prop-
erties of the films indicate an excellent barrier potential for UV
light. This could be beneficial for foods that are normally already
packaged in darkmaterial, such as thosewith volatile compounds
or rich in fats, and favor more sustainable practices.

Color stability is a decisive factor in the selection of suitable
packaging films. As shown in Figure 1, no statistically significant
differences were found between BM and BMC films under the
same storage conditions at different times or between films stored
under different conditions at the same time.

In contrast to the results of Zhang et al. (2019), who reported color
changes in indicator films under different storage conditions, the
films in this study showed no statistically significant differences
between refrigerated and non-refrigerated storage. This suggests
that both BM and BMC films have high colorimetric stability and
effectively retain their dark pigments, which may contribute to
their observed anti-UV properties.

3.2 Bio-Disintegration and Phytotoxicity Tests

Figure 3 illustrates the bio-disintegration of the films in the
soil as a function of the incubation time. On Day 7, the first
signs of disintegration, including color change, cracking and/or
roughness, were observed in the BM and BMC films. However,
a noticeable difference in cellulose was not observed until Day
15. After 15 days, BM was found to have the fastest overall
disintegration after cellulose.

During irrigation, the films in the soil gradually disintegrate
due to water infiltration and microbial activity causing swelling
and progressive mass loss (Dirpan et al. 2023). Chemical and
thermal treatments significantly accelerate disintegration. These
processes can hydrolyze the bonds and change the chemical
structures of the polymers, transforming them into simpler, more
hydrophilic compounds that are more susceptible to microbial
activity and proliferation (Maniglia et al. 2017; Momen et al. 2021;
Zborowska et al. 2022).

Films of arrowroot starch were completely disintegrated in 7 days
(Abdillah and Charles 2021). Pure starch degrades faster due to its
high affinity for water, which promotes swelling and hydrolysis of
the polymer and improves microbial accessibility (Sanyang et al.
2015).

The presence of additional polymers besides carbohydrates
increases the structural complexity of films and can delay their
disintegration. Medina-Jaramillo et al. (2017) found that films
made from cassava starch in combination with plant extract
already showed signs of disintegration on Day 6. This was also
observed in the films in this study, as the films containing only
BM flour (consisting of 84.93% carbohydrates) showed faster signs
of disintegration than the films with cake supernatant.

The disintegration of BM and BMC films was investigated in
seawater and freshwater. In seawater, BMC showed a signif-
icantly higher disintegration rate (5.95% ± 0.10%) than BM
(0.13% ± 0.04%), probably due to Na+- and Cl− ions interacting
with heterogeneous regions in the BMC structure and causing
local cracking (Weisbrich et al. 2024). However, no significant
difference between the two types of films was observed in
freshwater (BM: 6.35%; BMC: 6.84%).

No significant difference was found between the BMC film in
seawater and in freshwater. However, the BMC film disinte-
grated more in freshwater (6.35% ± 1.56%) than in seawater
(0.13% ± 0.04%). These results indicate that the formulation of
the film directly influences its disintegration behavior depending
on the medium. This contradicts the general expectation that all
films degrade faster in freshwater, which usually has a higher pH
and a higher microbial load (Dirpan et al. 2023).

Although the films gave off color in both types of water, this does
not necessarily indicate decay, as the dark hydrophilic pigments
readily dissolve on contact with water (Tan et al. 2021). However,
the presence of odor and turbidity indicates increased microbial
activity and progression of the disintegration process. Overall,
disintegration occurred faster in soil than in water, probably due
to highermicrobial density andhigher temperatures (Dirpan et al.
2023).

After the BM and BMC films had disintegrated in the soil, the
phytotoxicity parameters were evaluated (Table 1).

The results show that the disintegrated films and the cellulose as
a control are not toxic to the soil and have a positive effect on
seed germination and seedling development. The soil with the
disintegrated BMC film showed the most favorable parameters,
including the highest germination rate (93%), lower MGT (7.45),
and faster GSI (13.39 seeds/day) compared to the virgin and
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TABLE 2 Visual appearance and sizes of roots, stems, and leaves of seedlings grown in different soils.

Soil condition Root (cm) Stem (cm) Leaf (cm) Total (cm) Visual aspect

Virgin soil 3.00 ± 0.70b 13.74 ± 0.54b 2.04 ± 0.34a,b 19.38 ± 0.73c

Cellulose 10.52 ± 1.98a,b 13.92 ± 1.60b 1.30 ± 0.33b,c 25.74 ± 2.98a,b

BM film 14.06 ± 4.09a 15.58 ± 1.16b 1.08 ± 0.17b,c 30.72 ± 4.13a

BMC film 5.68 ± 1.76b 18.58 ± 0.98a 1.50 ± 0.42b 26.72 ± 2.69a,b

Note: Values with different letters in the same column are significantly different according to Tukey’s test (p < 0.05).
Abbreviations: BM film, babassu mesocarp film; BMC film, babassu mesocarp film with cake.

other soils. These results emphasize the positive and stimulating
effect of the cake supernatant. The soil with BM film provided
the second most significant results, as its germination rate (9.86
seeds/day) was also faster than that of the unaltered soil.

The good performance of seeds in soils containing BMC and
BM films was attributed to the enrichment of the soil by the
disintegration of the biopolymers. This effect can be attributed to
the starch content in the buried materials, which is an optimal
carbon source that supports seed germination and seedling
growth (Reichert et al. 2022). In addition to carbohydrates,
micronutrients, such as phosphorus, potassium, calcium,magne-
sium, and iron, also play an important role in seed development
(Tripathi et al. 2014).

In addition to micronutrients, BMC contains a considerable
amount of proteins (Gasparini et al. 2015), which is also reflected
in the BMC film (19.19%), which serves as a source of nitrogen and
supports improved germination and accelerated seedling growth
(Tripathi et al. 2014), as shown in Tables 1 and 2.

Variations in soil nutrient profiles led to different developmental
responses in seedling components, including roots, stems, and
leaves. Increased root growth was observed in soils containing a
dissolved BM film or cellulose, whereas stem development was
more pronounced in soils with a residual BMC film. These results
are consistent with Song et al. (2017), who reported that higher
nutrient availability promotes seedling germination and growth.

3.3 Antimicrobial Activity by Halo Inhibition
Assay, MIC andMBC

The results of antimicrobial efficacy are shown in Table 3
and Figure 4. C-BMC showed antimicrobial activity against C.
jejuni (12 ± 0.35 mm) and S. aureus (6 ± 0.04 mm), whereas
C-BM showed antimicrobial properties only against S. aureus
(7 ± 0.08 mm). According to Mirres et al. (2024), BM exhibits
antimicrobial activity probably due to its content of bioactive
compounds, especially polyphenols and phenols. On the basis
of this assumption, this could be the case for both the control
samples and the films, as they were produced with BM. The
BMC film could have enhanced antimicrobial activity compared
to BM, possibly due to a synergistic effect between the mesocarp
and the cake supernatant, which could also contain bioactive
compounds.

The BMC film showed antimicrobial activity against a broader
spectrum of microorganisms, including P. aeruginosa, L. monocy-
togenes, and C. jejuni, compared to the BM film. This could possi-
bly be due to the presence ofmelanoidins, which enhance antimi-
crobial activity (Diaz-Morales et al. 2022; Lobiuc et al. 2023).

Microbial susceptibility is assessed using the following parame-
ters: not sensitive for diameters <8 mm, sensitive for diameters
9–14 mm, very sensitive for diameters 15–19 mm, and extremely
sensitive for diameters >20 mm (Matheus et al. 2021). Therefore,
C. jejuni (12 ± 0.16 mm), L. monocytogenes (13 ± 0.08 mm), and P.
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FIGURE 4 Antimicrobial effect of controls, BM and BMC films against Pseudomonas aeruginosa (A), Listeria monocytogenes (B), Campylobacter
jejuni (C), and Staphylococcus aureus (D). Values with different letters for the same microorganism are significantly different according to Tukey’s test
(p < 0.05). BM, babassu mesocarp film; BMC, babassu mesocarp film with cake; C-BM, control of babassu mesocarp film; C-BMC, control of babassu
mesocarp film with cake.

aeruginosa (14 ± 0.08 mm) were sensitive to BMC films, whereas
L.monocytogenes (15± 0.14mm) and P. aeruginosa (12± 0.04mm)
were highly sensitive and sensitive to BM films, respectively.
None of the films showed antimicrobial activity against the other
microorganisms tested (E. coli, Salmonella sp., S. aureus, and
B. cereus). In another study, the ethanolic extract of BM flour
showed antimicrobial activity against S. aureus (15–18.5 mm),
methicillin-resistant S. aureus (MRSA) (15.3–17.4 mm), and E.
faecalis (12.4–14.4 mm). However, no inhibitory effect against P.
aeruginosa and E. coli was observed (Barroqueiro et al. 2016).

The shift in the microbial inhibition profile of the BM film com-
pared to the C-BM film could be due to the chemical modification
of the compounds in an alkaline environment, which affects
the molecular structure and antimicrobial mechanisms of the
compounds. Furthermore, the BMC film could contain additional
antimicrobial agents, such asmelanoidins, which couldmaintain
activity against the microorganisms inhibited by C-BMC films
and thus broaden the antimicrobial spectrum (Diaz-Morales et al.
2022; Lobiuc et al. 2023; Pasquet et al. 2024).

The MIC and MBC of the films were described in Table 3. C-BM
and C-BMC had an MIC of 25 and 50 µL/mL against S. aureus. C-
BMC presented an MIC of 25 µL/mL against C. jejuni. Inhibition
of L. monocytogenes was achieved with the BMC film at a lower
MIC compared to the other microorganisms. At a concentration
of 50 µL/mL, no bacterial growth was observed with either film.
The positive control (5% NaOH) showed bactericidal activity
against all microorganisms tested, which may have contributed

to the superior inhibitory and bactericidal activities observedwith
the BMC and BM films.

A study conducted with Juçara bark extract showed that concen-
trations of 10 and 20 µL/mLwere able to inhibit L. monocytogenes
andP. aeruginosa, respectively (Garcia et al. 2019). However, these
concentrations were less effective against these microorganisms
than BM and BMC films. In contrast, the ethanolic extract
of Camu-camu bark had an MIC of 5 µL/mL against both L.
monocytogenes and P. aeruginosa (Conceição et al. 2020). It
showed a lower sensitivity to L. monocytogenes compared to
the BMC film and a higher sensitivity to P. aeruginosa, also
within the same formulation. As observed in the two studies, the
extracts showed bactericidal effects at concentrations higher than
20 µL/mL, a finding that was also evident in the case of the BM
and BMC films.

3.4 Screening Assays of Migration Compounds

The screening revealed distinct migration patterns for BM and
BMC films (Figure 5). In 95% (v/v) ethanol, both films released
compounds in the UV range (250–400 nm), with BMC showing
clearer peaks, which typically correspond to low-molecular-
weight migrants (Matheus et al. 2024; Zhu et al. 2022). In 3%
(v/v) acetic acid, BM showed a more pronounced loss of dark
color in the UV region, suggesting increased migration and
lower stability in acidic conditions. The stronger migration often
observed in acidic simulants has been related to hydrolysis-driven
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FIGURE 5 Screening of migration assays in simulating aqueous (3% acetic acid solution) (A) and fatty foods (95% ethanol solution) (B) of BM and
BMC films. BM, babassu mesocarp film; BMC, babassu mesocarp film with cake.

degradation and partial disintegration of biopolymer matrices,
particularly in hydrophilic films obtained by casting, which are
prone to swelling and structural relaxation (Franco dos Santos
et al. 2023).

Migration behavior depends on polymer and migrant chemistry,
matrix morphology (e.g., free volume, crystallinity, cross-link
density), and medium characteristics (e.g., polarity, pH, and fat
content), as well as water-driven plasticization and the coupled
kinetics of molecular diffusion and matrix relaxation in the
dilated polymeric network (Gupta et al. 2024; Franco dos Santos
et al. 2023; Tang et al. 2020). Incorporating BMC served as both a
reinforcing and diffusional barrier agent, increasingYMandTS at
breakwhile decreasing elongation, likely by restricting segmental
mobility and increasing diffusional tortuosity (Tang et al. 2020).
In 3% (v/v) acetic acid, BMC exhibited lower overall migration,
attributable to reduced sorption/swelling and to intermolecular
interactions between BMC constituents and the starch-rich BM
matrix. In ethanol, a slight increase in migration was observed,
consistent with extraction of lipophilic fractions present in the
BMC and ethanol’s higher affinity for less polar microdomains.
These findings indicate that BMC simultaneously enhances the
mechanical performance and barrier diffusional properties of the
film under acidic conditions.

Overall migration tests measure the total amount of substances
that can transfer from polymer films into food or food simulants;
however, additional analyses are needed to identify the specific
migrants in both films. Nevertheless, the present results indicate
that BMC maintained structural integrity in contact with both
simulants, supporting its potential application in non-acidic,
acidic, fatty, and fatty aqueous foods (Foong et al. 2025; Franco
dos Santos et al. 2023).

3.5 Thermal Properties and Heat Seal Strength

The DSC results are described in Figure 6 and Table 4. The incor-
poration of cake into the BM matrix increased the compositional
complexity of the BMC films and introduced additional lignocel-
lulosic components that altered the molecular interactions and
thermal behavior. DSC analysis revealed a lower ΔH (∼126 J/g) for
BMC, indicating a lower energy requirement for phase transition,
and a higher Tg (∼84◦C), suggesting greater resistance to thermal
softening compared to BM (∼325.5 J/g, ∼76◦C). These thermal

results are consistent with the TGA data (Figure 6 and Table 5),
which according to De Farias et al. (2021) and Rojas-Lema et al.
(2023) show glycerol degradation at around 237–242◦C, whereas
saccharide degradation begins in the 200–250◦C range (San-
tana and Bonomo 2024), highlighting hemicellulose degradation,
which occurs between 200◦C and 350◦C (El-Sayed et al. 2024).
This is related to the last BM film event at 237◦C, where mass
loss is highest. Cellulose degradation occurs between 280◦C and
400◦C (Khotsaeng et al. 2023), and starch degradation occurs
between 270◦C and 450◦C (Santana and Bonomo 2024), which
explains the second event at 281◦C and the greater mass loss of
the BMC film. In addition, the decomposition of lignocellulosic
compounds is associated with the third event at 467◦C (De Farias
et al. 2021; Khotsaeng et al. 2023; El-Sayed et al. 2024), resulting in
a high mass loss. Mechanically, the BMC films exhibited higher
stiffness and breaking strength but lower elongation than BM
films, reflecting the reinforcing effect of the added lignocellulose
fraction. Overall, the integration of BMC improved the thermal
resistance and structural robustness of the films, albeit at the
expense of flexibility.

Both films can be sealed, but the sealing strength was found
to be weak (BM film = 0.009 ± 0.02 N/mm and BMC
film = 0.008 ± 0.02 N/mm), possibly due to the untangling
of the polymer molecules caused by the low temperature and
time in the sealing process, as the films cannot withstand
higher temperatures and heating times as they burn quickly
(Das and Chowdhury 2016). The films had a relatively low
seal strength, which is generally considered a limitation for
conventional food packaging due to the risk of leakage and
reduced protection of the product. In certain contexts, however,
this property can be reinterpreted as a functional advantage.
For single-use sachets containing products such as sauces,
sugar, or oil, the reduced seal strength makes them easier
to open, improving convenience and accessibility for the con-
sumer. This property is particularly advantageous for older
people, children, and people with limited mobility. Although
the films are not universally applicable, they show practical
relevance for niche applications where quick and effortless access
is desirable. Future studies could explore strategies such as
multilayer configurations, surface coatings, or blending with
complementary biopolymers to improve sealability and extend
the potential of the films to a wider range of food packaging
applications.
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FIGURE 6 DSC (A) and TGA (B) analysis of BM and BMC films. BM, babassu mesocarp film; BMC, babassu mesocarp film with cake.

FIGURE 7 Pesto sauce made with ora-pro-nóbis that was packaged in the BMC films.

3.6 Packaged Pesto Sauce as a Real System
Model, Sensory Analysis, and Puncture Test of the
Sachets With Packaged Pesto

The physicochemical and microbiological characterization of the
pesto (Figure 7) packaged in BMC sachets and stored under differ-
ent conditions is shown in Table 6. Throughout the experimental
period, variations in pH were observed in the range of 5.06–
5.48, close to the pH values of commercial pesto (pH 4.00–5.64)
(Nicosia et al. 2021).

Regarding the L* value, the unrefrigerated pesto was darker
on the first and second day, possibly due to the increased
storage temperature and chlorophyll degradation (Glicerina et al.
2023). On the fourth day, the pesto stored at room temperature
showed a delayed darkening process, whereas the refrigerated
pesto showed the same luminosity. These two samples showed
similar brightness values, which were comparable to those of the
refrigerated pesto on the second day.

Thea* value showed a reduction depending on the type of storage,
with the refrigerated pesto consistently showing greener. From
the second day onward, the green coloration of the sauce stored
at room temperature decreased noticeably and also reached
a pronounced level in the refrigerated sample on the fourth
day. This observation is consistent with the results of Zardetto
and Barbanti (2020). The b* value indicates that the yellowish

pigments from the sauce ingredients predominate. Finally, the
discrepancy in color was less pronounced in the pesto stored at
room temperature (25◦C ± 2◦C).

Throughout the analysis, peroxide levels remained within the
parameters established by Brazilian legislation (Brasil, Ministério
da Agricultura, Pecuária e Abastecimento 2012) and showed no
statistically significant difference from the values observed on
Day 0, regardless of the type of storage. Likewise, microbiological
analysis showed that the pesto sauces were free of Salmonella
and not positive for thermotolerant coliforms (<3.0 MPN/g),
indicating good hygiene and manufacturing practices (Hammad
et al. 2022). In addition, the differences in storage had no effect
on the growth of molds and yeasts, which were found at all check
points <102 CFU/g.

As for the sachets during storage, no significant differences in
thicknesswere observed on the different days and types of storage.
The same result was observed in the puncture test, where the
maximum puncture force remained constant, except for Day
2, when the sachets required less force than the others. This
discrepancy in the force required is not due to the storagemethod
or checkpoint, but rather the inherent variability of the films
produced by the casting process, as previously observed by Paiva
et al. (2024). Overall, the sachets showed excellent puncture
resistance at 25◦C ± 2◦C (∼28.10 N) and under refrigeration,
4◦C ± 2◦C (∼26.97 N). This result contrasts with previous studies
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reporting lower puncture forces, such as films of Cipó-titica and
andiroba oil (6.70 N; Paiva et al. 2024), corn starch in combination
with chitosan (10.81 N; Bof et al. 2021) and red prickly pear bark
powder and its extract (17.7 N; Aparicio-Fernández et al. 2018).
The short test period for the sachets complies with the Brazilian
Health Regulatory Agency (ANVISA) (RDC 216/2004; “Guide for
Determining Food Shelf Life”), and the FDA Food Code (2022).
This is therefore an initial assessment. To achieve a longer shelf
life for commercial purposes, further reformulations of the sauce
(e.g., with natural additives, processing technologies, or other
packaging strategies) and additional shelf-life studies would be
required.

The free comments on the impressions of the pestos are shown in
Figure 8. The attributes evaluated were appearance, aroma, tex-
ture, taste and overall acceptability as well as purchase intention.
Panelists were between 18 and 69 years old, and 35% stated that
they had never eaten pesto before.

According to the open comments of the panelists, flavor was the
attribute that showed the greatest difference between the two
pesto samples when stored at 25◦C and 4◦C. However, on the
acceptability scale, aroma was the deciding factor between the
two sauces. The refrigerated pesto showed higher acceptability,
with all attributes scoring 8 (I liked it very much) on the
acceptability scale and 4 (I would probably buy it) in terms of
purchase intention. The room temperature pesto, on the other
hand, received the same scores for acceptability and purchase
intention as the other sauce, except for aroma, which was rated
7 (I liked it moderately). Although most respondents were not
familiar with this type of sauce, there was generally a high level
of acceptability for both types of storage.

4 Conclusion

The present study shows the potential of BM in combination
with the supernatant of BMC as promising raw materials for
the development of bio-based films. Incorporation of the BMC
into the mesocarp matrix significantly improved TS and stiffness,
with BMC films exhibiting higher TS and YM than BM films,
but lower flexibility, reflecting the classical trade-off between
stiffness and elongation in composite biomaterials. Both BM
and BMC films exhibited a distinct dark coloration, likely due
to residual lignin and hemicellulose as well as Maillard and
caramelization reactions during alkaline and thermal treatment.
Apart from visual appeal, this feature reduced light transmis-
sion and gave the BMC films excellent UV blocking ability,
providing better protection in the visible spectrum. The films
maintained their pigment stability both under refrigeration and
at room temperature (25◦C). This contrasts with the fading
that normally occurs with pigment-based films and highlights
their potential for consistent performance. The films showed a
strong biodisintegration capacity, with the rate of degradation
dependent on formulation and environment. In soil, higher
microbial activity, moisture and temperature accelerated the
degradation of the carbohydrate-rich BM films, whereas protein-
and polymer-enriched BMC films degraded more slowly but
released more nutrients. In aquatic systems, seawater promoted
faster BMC degradation probably through ionic interactions
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TABLE 4 Extracted data of babassu mesocarp film with cake (BMC) and babassu mesocarp film (BM) from differential scanning calorimetry
(DSC).

Film To (◦C) Tg (◦C) ∆H (J/g) To (◦C) Tg (◦C) ∆H (J/g) To (◦C) Tg (◦C) ∆H (J/g)

BMC 13.54 21.0 0.767 33.94 84.48 126.1 154.97 155.56 0.639
BM 14.98 — — — 76.28 325.5 — — —

Note: To: initial temperature; Tg: glass transition temperature; ∆H: transition enthalpy.

TABLE 5 Extracted data of babassu mesocarp film with cake (BMC) and babassu mesocarp film (BM) from thermogravimetric analysis (TGA).

Film T1 (◦C) M1 (%) T2 (◦C) M2 (%) T3 (◦C) M3 (%) T4 (◦C) M4 (%) T5 (◦C) M5 (%)

BMC 71.25 9.53 — — 281.04 51.62 — — 467.27 33.13
BM 71.25 10.50 — — 236.93 51.49 — — — —

Note: T: temperature at which the event occurred;M: percentage of mass lost.

FIGURE 8 Word cloud of tasters’ comments on refrigerated pesto (A) (4◦C ± 2◦C) and pesto at room temperature (B) (25◦C ± 2◦C).

and structural heterogeneity, whereas freshwater showed no
formulation-dependent differences. Importantly, no phytotoxic
effects were observed, confirming compatibility with soil ecosys-
tems and supporting nutrient cycling in line with circular
bioeconomy principles. Both films showed antimicrobial activity
against foodborne pathogens, with the BMC films exhibiting a
broader spectrum of inhibition. The practical advantages of the
BMC films were confirmed by their conversion into sachets for
packaging pesto, which remained physicochemically stable and
microbiologically safe both when stored at 4◦C and at 25◦C.
The sachets themselves also retained high puncture resistance
throughout storage. The sensory evaluation revealed general

acceptance, with the refrigerated samples being preferred in
terms of flavor retention. Purchase intent was also positive, sug-
gesting that consumers are receptive to the product despite their
limited familiarity with pesto. Overall, BM and cake films prove
to be multifunctional biocompostable materials that are well
suited for single-use sachets designed to protect light-sensitive
foods.
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