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A B S T R A C T

Biopolymer films (biofilms) were evaluated for suitability in meat packaging applications. Polyesters, proteins, 
and carbohydrates are among the most commonly utilized materials for producing bioplastics due to their me-
chanical properties, which closely resemble those of conventional plastics. However, these properties are 
significantly influenced by the film’s composition, molecular weight, solvent type, pH, component concentration, 
and processing temperature. Conventional plastic films, including microplastics, are non-bioactive and 
contribute to persistent pollution. This underscores the importance of developing novel materials that incor-
porate bioactive plant compounds to endow plastic films with antimicrobial and antioxidant functionalities. In 
this study, two gelatin-chitosan films were fabricated: one without any extract and another incorporating guava 
leaf extract. These films were characterized to determine their optical, mechanical, morphological, and thermal 
properties. Additionally, a microbiological analysis was conducted to assess the impact of polymeric biofilm 
packaging on the shelf life of beef. Both films exhibited favorable tensile strength values (24.74–27.12 MPa), 
high transparency (0.79–1.18), and effective barrier properties against water vapor (8.95–9.29 × 10⁻⁸ g⋅mm⋅Pa⁻1 

h⁻1 m⁻2) and oxygen (9.7–9.10 × 10⁻1⁸ m³⋅m⁻2 s⁻1 Pa⁻1). During storage, the biofilm containing guava leaf extract 
demonstrated a reduction in microbial growth, and this enhanced the beef’s color stability. In conclusion, bio-
polymeric films incorporating guava leaf extract demonstrated notable antioxidants and antimicrobial proper-
ties, effectively inhibiting microbial growth, preserving the physical quality of beef, and significantly extending 
its shelf life under refrigerated conditions.

1. Introduction

Bovine meat is a nutritionally complete food for human consump-
tion. In addition to being a source of proteins and fats, it contains vi-
tamins and minerals, including all essential amino acids, making it an 
excellent food with high biological value [1]. However, beef and meat, 
in general, are highly susceptible to degradation caused by oxygen and 
microorganisms, compromising their quality and safety. To mitigate 

this, meat is typically packaged in plastic containers designed to store, 
display, and preserve the product. These containers extend the shelf life 
of meat by providing structural and mechanical integrity, imperme-
ability to water and oxygen, and acting as a barrier against microor-
ganisms [2].

Despite its advantages, the extensive use of plastic packaging has led 
to severe environmental challenges due to its limited or nonexistent 
biodegradability. This has resulted in significant ecological concerns, 
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including threats to marine and terrestrial biodiversity, as well as con-
tributions to atmospheric pollution [3]. These issues arise from plastic 
waste accumulating in natural environments and the proliferation of 
micro- and nanoplastics. Moreover, plastic packaging poses potential 
health risks. Harmful substances such as monomers, oligomers, plasti-
cizers, synthetic antioxidants, additives, colorants, and nano- or 
microplastics can migrate from the packaging material into food, espe-
cially when exposed to heat. This migration can compromise the aroma, 
flavor, and safety of the packaged product, raising concerns about its 
overall quality and health implications [4].

To address these challenges, there is growing market demand for 
eco-friendly food packaging solutions that offer the same or even better 
functionality as conventional plastics while reducing environmental 
impact, particularly concerning carbon emissions. Currently, food 
packaging options include flexible films, rigid films, and coatings [5]. 
Biodegradable packaging has emerged as a promising alternative due to 
its ability to decompose into carbon dioxide, biomass, methane, and 
water during mineralization after disposal. This process can occur under 
aerobic (oxygen-rich) or anaerobic (oxygen-free) conditions, rendering 
such biobased and biodegradable packaging compostable [6].

The physicochemical properties of bioplastics are influenced by 
numerous factors, including the composition and molecular weight of 
the raw materials (e.g., proteins, carbohydrates, and polyesters), the 
type of solvent, pH, component concentration, processing temperature, 
and the concentration of plasticizers or other additives [7,8]. These 
factors significantly impact the final packaging material’s mechanical 
and optical properties, gas retention/barrier properties (e.g., oxygen and 
carbon dioxide), and structural resistance to water and microbial 
degradation [9].

Chitosan (β-(1–4)-2-acetamido-d-glucose and β-(1–4)-2-amino-d- 
glucose) [10] and gelatin are widely used polymeric base materials for 
producing bio-based films due to their favorable physicochemical 
properties. Chitosan, a carbohydrate soluble in acidic solutions, is 
derived from chitin, extracted from the exoskeletons of crustaceans or 
fungal cell walls through deacetylation in an alkaline medium [11,12]. It 
is an abundant and cost-effective polysaccharide with a semi-crystalline 
structure. Chitosan exhibits antimicrobial and properties and is biode-
gradable and safe for consumption [13,14]. Gelatin, on the other hand, 
is a partially hydrolyzed derivative of collagen that is obtained from 
animal connective tissues, bones or fish and insect byproducts [15]. 
Biopolymeric films made from gelatin and chitosan exhibit excellent 
optical properties (e.g., transparency) and mechanical flexibility. They 
also provide effective barriers against oxygen and water and serve as a 
suitable base for incorporating bioactive compounds [16]. The proper-
ties of gelatin depend on its source, the type of collagen, amino acid 
composition, and the presence of lower-molecular-weight proteins [17].

Although chitosan and gelatin are not naturally occurring mixtures, 
they can be combined to produce composite films for food packaging. 
These films are of particular interest due to their inherent properties, 
including biodegradability, edibility, film-forming capability, mechan-
ical strength, hydrophobicity, color stability, barrier efficiency, and 
thermal performance, all aligning with food industry requirements [18]. 
Furthermore, the functional properties of these films can be enhanced by 
incorporating plant extracts or essential oils with antimicrobial or 
antioxidant properties, resulting in "active biopolymer films (biofilms)". 
Active packaging represents a novel category of materials that incor-
porate and integrate active compounds to release or absorb substances 
into or from the packaged food or its environment. Active compounds 
are classified into two categories: scavengers, which remove undesirable 
substances from the food environment, and emitters, which release 
beneficial substances into the food or its headspace, providing long-term 
antioxidant and/or antimicrobial protection [19]. Commonly used 
bioactive compounds include extracts from spices such as black pepper, 
rosemary, garlic, clove, cinnamon, thyme, oregano, and lavender [20]. 
However, the high demand for these spices in the food, pharmaceutical, 
and chemical industries makes their use as bioactive components 

cost-prohibitive. A more economical alternative is the agro-industrial 
side and waste streams, which often possess similar bioactive properties.

In a study conducted in 2019, various agro-industrial residues were 
analyzed, and different hydroalcoholic concentrations were evaluated. 
The findings revealed that guava leaf extract exhibited remarkable 
antimicrobial and antioxidant properties at a hydroalcoholic ratio of 50/ 
50 (v/v). The extract showed broad-spectrum efficacy by effectively 
inhibiting Gram-positive bacteria (Listeria monocytogenes ATCC 19115, 
Bacillus subtilis ATCC 662, Enterococcus sp., Staphylococcus sp.) as well as 
Gram-negative bacteria (Escherichia coli ATCC 25922, Salmonella enter-
ica serotype Enteritidis ATCC 13076, Klebsiella sp., Pseudomonas sp.) 
[21]. Based on these findings, the present study aimed to develop and 
characterize a bioactive film composed of a chitosan-gelatin mixture 
with guava leaf extract. This film is intended as a bio-based, bioactive 
packaging material to extend the shelf life of meat.

2. Materials and methods

2.1. Plant materials and extracts

The guava (Psidium guajava L.) variety Calvillo was collected from 
the Mexican city of Uruapan (19◦25’16’’N, 102◦3’47’’W). During sum-
mertime, the arboreal leaves of Guava were harvested from trees of 
different ages in the countryside. Only intact leaves were sampled.

Plant extracts were made according to Archundia et al. [2019] 
Hydroalcoholic plant extracts were made. Hydroalcoholic extractions 
were produced with 1 g of guava leaves per 8 mL of ethanol-water 
mixture (50/50 vol/vol). Ethanol was sourced from Fermont (Mon-
terrey, Mexico). Leaves were ground, stored (72 h, room temperature) in 
amber flasks (50 mL screw-capped glass bottles), then placed in a water 
bath (39 ◦C, 30 min), followed by filtration using Whatman N45 filter 
paper. Before using it, the extract was stored in the amber flasks at 4 ◦C.

2.2. Development of gelatin–chitosan biopolymeric films without extract 
and with guava extract

The following reagents were used in this study: Bloom 290 Type A 
gelatin from beef and pork skin and hide (Coloidales Duché, Mexico 
City, Mexico), chitosan from shrimp exoskeleton (Sigma-Aldrich, USA), 
purified glycerol (99.0 %; Sigma-Aldrich, USA), Tween 80™ (Sigma- 
Aldrich, USA), and acetic acid (99 %, analytic grade; Fermont, Mon-
terrey, Mexico).

For the formulation of the polymeric base, a factorial experimental 
design of 3 × 3 random mixtures is used: glycerol (0, 5, 10 mL), chitosan 
(0, 2 and 4 g), and gelatin (0, 8 and 16 g), evaluating the formation of 
biofilms by the casting method and obtaining the best results with the 
combination of chitosan (2 g), gelatin (8 g), and glycerol (5 mL), which 
were used to make the biofilms as described below.

Two types of films were prepared: a gelatin-chitosan film without 
extract (BF) and a gelatin-chitosan film with hydroalcoholic guava leaf 
extract (BFGE), using the “casting” method with some modifications 
[22]. To prepare the chitosan solution, 2 g of chitosan whereas dissolved 
in 100 mL of distilled water, 2 mL of acetic acid were dissolved in 100 
mL of distilled water, and 2 mL of acetic acid was added to create an 
acidified medium (pH 3.5). The solution was heated to 75 ◦C and 
combined with 8 g of gelatin, followed by stirring for 10 min at a tem-
perature of 75 ◦C. Subsequently, the temperature was reduced to 30 ◦C, 
and 5 mL of glycerol and 0.6 mL of Tween 80 were added. The mixture 
stirred for an additional 10 min at 30 ◦C.

Half of the prepared mixture was then activated with 4 mL of 
hydroalcoholic guava leaf extract (50/50 v/v). Both mixtures (with and 
without extract) were degassed under vacuum for 1 h at 30 ◦C. 
Approximately 20 mL of each mixture was poured into 10 × 15 cm2 

tempered glass molds. The films were dried in a forced-air chamber for 
24 h at 30 ◦C (Figs. 1 and 2.)
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2.3. Characterization biopolymers films gelatin–chitosan biopolymeric 
films without extract and with guava extract

2.3.1. Thickness of the biofilms
Biofilm thickness was measured using a digital hand micrometer 

(Mitutoyo IP 65, Model 293-348-30 Mituyoto Corp., Kawasaki-shi, 
Japan) with a 0. 5–1 μm precision. For this analysis, three replicates 
of measurements from 10 randomly placed locations on the film were 
taken [23].

2.3.2. Mechanical properties
The tensile strength (TS), elongation at break (EAB), and Young’s 

modulus (E) were measured using a texture analyzer TA.XT2 plus 
(Stable Micro Systems, United Kingdom) with a load of 49.3 N, cells 
equipped with traction grips (model A/TG). Grip separation was 
established at 30 mm, and the cross-speed was 2 mm/s. TS and E were 
evaluated for 10 assay samples (20 mm × 150 mm strip) for each film 
[24].

2.3.3. Optical properties

2.3.3.1. Color (L*, a*, and b*). Color measurement was carried out 
using a Chromameter CR-400 colorimeter (Konica Minolta, Osaka, 
Japan), which uses a D65 illuminator and a diffuse illumination system 
and 0◦ angle of vision deploying the CIELAB color system, which is based 
on lightness (L*, lightness), redness (a*, red-green), and yellowness (b*, 
yellow-blue). The total difference in color (ΔE) was calculated using the 
following equation [25]: 

ΔE=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ΔL*)2
+ (Δa*2

) +
(
Δb*2)

√

(1) 

where ΔL*, Δa*, and Δb* stand for the differences between the pa-
rameters corresponding to each sample color and the white paper used 
as the background to take measurements, which presented the following 
values: L* = 89.99, a* = − 0.23, b* = − 8.94. For this analysis, mea-
surements were taken from 10 randomly placed spots on the film for 
each replicate [25].

2.3.3.2. Transparency. Transparency was calculated using spectropho-
tometry. Absorbance was measured at 600 nm using a UV–Vis spectro-
photometer (model G10s UV–Vis, Genesys, Madison, USA) and the 
following equation [26]: 

T=
A600

M
(2) 

Where A600 stands for the absorbance at 600 nm and M for the thickness 
of the film (mm). Higher T numbers, therefore, describe films with lower 
transparency [25]. For this analysis, 10 randomly placed measurements 
were made for each replicate [27].

2.3.4. The barrier properties

2.3.4.1. Permeability to water vapor. Water vapor permeability (WVP) 
was determined using the gravimetric method. A total of 5 mL of 
distilled water was placed into an aluminum dish (6 cm in diameter), 
which was then sealed with the biofilm. The dish was maintained at a 
constant temperature of 25 ◦C, assuming a relative humidity (RH) of 100 
% inside and approximately 0 % outside the dish. The ambient humidity 
was not directly measured; however, the experiment was conducted in a 
chamber containing a desiccant, ensuring nearly zero relative humidity 
on the outer side of the film [27].

The weight loss of the dish was measured hourly for 8 h, and the 
results were expressed in units of g⋅mm⋅Pa⁻1 h⁻1 m⁻2. The WVP was 
calculated using the following equation: 

Fig. 1. Biopolymeric films without extract (BF). Size 10 cm × 15 cm.

Fig. 2. Biopolymeric film with guava extract (BFGE). Size 10 cm × 15 cm.
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WVP=
GL

AtΔp
(3) 

• G represents the weight loss of the dish (g) during the test,
• L is the film thickness (mm),
• A is the total test area (m2),
• t is the test duration (s)
• Δp is the pressure difference between the inside and outside of the 

dish (Pa).

2.3.4.2. Oxygen permeability. An M8001 oxygen permeability analyzer 
was used (Systech Illinois, Thame, United Kingdom) at 60 % relative 
humidity and 23 ◦C. A 5-cm2 sample of each film was placed in each cell 
of the test. The samples had previously been purged with nitrogen and 
humidity-balanced before exposure to an oxygen flow of 10 mL/min 
[28,29].

2.3.5. Scanning electron microscopy
A scanning electron microscope was used (Model 6510LV, JEOL, 

Japan) to obtain surface images from 4 mm2 pieces of film at a 13 mm 
working distance using secondary electron signals [30,31].

2.3.6. Thermogravimetric analysis and differential scanning colorimetric 
analysis

For thermogravimetric analysis (TGA) and differential scanning 
colorimetry (DSC), an SDT Q600 analyzer (TA instruments, USA) was 
used with a 25 ◦C–600 ◦C temperature ramp at 10 ◦C/min, using ni-
trogen as the purge gas [26,32].

2.4. Shelf life of bovine meat covered gelatin–chitosan biopolymeric films 
without extract and with guava extract

Microbiological analysis and color analysis were performed using a 
4 × 5 bi-factorial experimental design. Treatment was considered the 
first factor: meat without film (Meat-Control); meat with commercial 

plastic film [Ziploc®] (Meat-CPF)) meat with biopolymeric film (Meat- 
BF); and meat with biopolymeric film and guava leaf extract (Meat- 
BFGE). The second factor was shelf life: 0, 3, 6, 9, 12, or 15- days (Fig. 3).

2.4.1. Microbiological analysis
To determine shelf life, 100 g of meat samples (Longissimus dorsi) 

were obtained from the municipal slaughterhouse of Toluca, Mexico 
State. The samples were placed in sterilized 10 × 15 × 5 cm³ aluminum 
trays, which were covered as per the experimental design described.

A destructive method was used, where samples of meat were ground 
using an immersion blender (model MXC/250, Oster), and filtered with 
sterile gauze. Relevant dilutions were performed as described in NOM- 
110-SSA1-1994 [33].

2.4.1.1. Aerobic mesophilic and psychrophilic bacteria. To evaluate the 
total count of aerobic mesophilic (AM) and psychrophilic (PS) bacteria, 
a counting plating technique was used. All dilutions were inoculated in 
triplicate on standard counting agar. Plates were incubated at 35 ◦C ±
2 ◦C for 48 ± 1 h for AM bacteria and at 4 ◦C for 5–10 days for PS 
bacteria [34].

2.4.1.2. Total coliforms. All samples were seeded in duplicate on violet 
and red bile agar. Plates were incubated at 35 ◦C ± 2 ◦C for 24 ± 1 h 
[35] before visual colony counting.

2.4.1.3. Fecal coliforms. The French Association norm was used for the 
total count of fecal coliform (FC), seeding in triplicate on violet, red bile 
agar at 45 ◦C ± 2 ◦C for 48 ± 1 h [36].

2.5. Statistic analysis

All analyses were performed in triplicate, and the data were analyzed 
using the statistical program SAS (SAS Institute, USA)- [37]. Statistically 
significant results obtained for the different samples were assessed via 
the analysis of variance (ANOVA) with a 95 % significance level (P ≤

Fig. 3. Shelf-life treatment (commercial plastic film (Meat-CPF), chitosan-gelatin biopolymers film (Meat-BF), chitosan-gelatin biopolymers film with guava leaf 
extract (Meat-BFGE)).
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0.05) and a multiple comparison test (Tukey).

3. Results and discussion

3.1. Thickness and mechanical properties (tensile strength, Young’s 
modulus

The thickness of both films was measured to be less than 0.1 mm, 
with no statistically significant differences observed between BF and 
BFGE (P < 0.05) (Table 1). These measurements align with the specifi-
cations for plastic films as defined by the ASTM D88-02 standard [38]. 
The tensile strength (TS) test revealed values ranging from 24.74 to 
27.12 MPa, with a significant reduction in TS observed in BFGE films 
compared to BF (P < 0.05). This reduction can be attributed to the 
distribution of extracted micelles within the material, which disrupts the 
interactions between gelatin and chitosan molecules in the film matrix. 
This disruption weakens the structural network, resulting in fewer stable 
bonds and causing the films to fracture under lower applied forces [39]. 
Despite this, the tensile strength values obtained in this study were 
higher than those reported by Wang et al. [40], which ranged from 3.10 
to 24.88 MPa in films made from unmixed proteins or carbohydrates. 
However, the values were lower than those reported by Wang et al. [26] 
for starch–gelatin films (54.53–63.01 MPa), and those found in 
biopolymer mixtures containing cellulose, chitosan, and polyvinyl 
alcohol (27.75–78.48 MPa), as well as in chitosan–gelatin and chito-
san–gelatin blend films (38.73–76.79 MPa) [41,42]. Regarding elonga-
tion at break (EAB) and Young’s modulus, both BF and BFGE films 
exhibited elongation values close to 47 %, with no significant differ-
ences. Comparable elongation values (approximately 49 %) were 
observed in previous studies that analyzed chitosan–gelatin polymeric 
biofilms (50/50 w/w) [43]. Variations in these properties can be 
influenced by factors such as the source and composition of the chitosan, 
as well as the preparation and storage conditions of the biofilms.

3.2. Optical properties

For packaging, optical appeal is a critical property. The film displays 
the contained product and should be homogeneous and transparent 
[44].

3.2.1. Color measurements
The results of the color (L*, a*, b*, and ΔЕ) and transparency tests are 

shown in Table 2. In both, a significant difference (P < 0.05) was 
observed between BF and BFGE. Color measurements of BF were closer 
to the white standard paper alone (L* = 93.68, a* = 1.93, b* = − 1.87) 
than BFGE. BF (L* = 90.7) was more luminous than BFGE (L* = 78.8). 
By contrast, a* and b* values for BF were lower than those for BFGE, 
indicating that BFGE films have slightly increased red and blue tones in 
the CIELAB color space. This result quantifies the slight grayish-brown 
color appearance in Figs. 1 and 2, which is likely due to plant pig-
ments in the extract.

Regarding transparency, BF demonstrated higher transparency 

values compared to BFGE. While transparent bio-based films are 
generally desirable for highlighting the favorable visual qualities of food 
products, this increased transparency can influence the color stability of 
meat on the shelf. Myoglobin, the pigment responsible for the red color 
of meat, degrades when exposed to light. However, studies suggest that 
active biofilms with plant-derived pigments, such as BFGE, may coun-
teract this effect. Although these pigments reduce transparency, they 
provide antioxidant properties that help minimize the degradation and 
oxidation of meat, thereby preserving its quality during storage [45].

3.3. Permeability properties

3.3.1. Water vapor permeability
The driving force for moisture transfer between a packaged food and 

its surroundings is the vapor pressure difference between the inner and 
outer sides of the biofilm. In the case of hydrophilic films, WVP was 
dependent not only on the relative humidity difference but also on the 
absolute humidity [46]. Concerning the values in this study for WVP, no 
significant difference (P < 0.05) between BF and BFGE (Table 3) was 
found. Another study reported values of 0.932–1.884 g mm Pa− 1 h− 1 

m− 2 in mammal- and fish-derived gelatin of that work [47], a higher 
permeability to water vapor than our films (8.95 a 9.29 × 10− 8 g mm 
Pa− 1 h− 1 m− 2) was found, for comparable thickness. By contrast, films of 
chitosan combined with tapioca starch have a much lower WVP (2.8 ±
0.3 × 10− 10 g mm Pa− 1 h− 1 m− 2) [48]. Chitosan with higher molecular 
weight formed a stronger barrier to water vapor (0.62–1.27 × 10− 10 g 
mm Pa− 1 h− 1 m− 2) [49]. This could be explained by the stronger water 
barrier properties of chitosan compared to gelatin. Because our biofilms 
were prepared using gelatin and chitosan, it is reasonable that their 
vapor-barrier qualities yielded intermediate values between gelatin- and 
chitosan-based films. For the BFGE, there was no improvement in the 
vapor-barrier properties, in contrast to reports where film permeability 
decreased with the addition of plant essential oils [50,51].

3.3.2. Oxygen permeability
There was no significant difference between BF and BFGE (P < 0.05) 

in the permeability value of oxygen (Table 3). The range of values was 
9.7–9.10 × 10− 18 m3 m2 s1⋅Pa1. These are higher barrier values 
compared with other studies, e.g. Figueroa-López et al. [28], which re-
ported values of 13.8 ± 1.7 × 10− 15 m3 m2 s1⋅Pa1 in a gelatin film. This 
effect may be due to an improvement of the barrier properties when 
gelatin and chitosan are combined compared with when they are used 
separately.

3.4. Morphology of biopolymeric films

Scanning Electron Microscopy (SEM) was applied to visualize the 
cross-section of different biopolymeric films of BF and BFGE (Figs. 4 and 
5). Smooth surfaces were observed. They appeared uniform and ho-
mogenous, except for some particles of chitosan, which did not impact 
on the properties of the film. The BFGE (Fig. 5) showed dark spots, 
which were identified as micelles. These structures are due to hydro-
phobic compounds from plants. These can be bioproducts, migrating 
from plant extracts. Similar results were obtained from films made from 
gelatin, chitosan, and boric acid [52]. Another study looked into the 
chitosan-gelatin nanocomposite films [53]. The presence of particles in 
the cross-section of the film can confirm component distribution inside 
the biopolymeric film.

3.5. Thermogravimetric analysis and differential scanning calorimetric 
analysis

The results of the thermogravimetric analysis (TGA) are presented in 
Fig. 6 (BF) and Fig. 7 (BFGE), illustrating four distinct temperature- 
related mass loss events in both polymeric films.

First stage: The first thermal event occurred at approximately 100 ◦C, 

Table 1 
Results of mechanical tests and thickness of biopolymeric films without extract 
vs. film with guava extract.

Film Thickness (mm) Tensile strength (MPa) Elongation at break (%)

BF 0.08 ± 0.10a 27.12 ± 0.68a 47.37 ± 3.86a

BFGE 0.09 ± 0.01a 24.74 ± 0.68b 47.20 ± 2.70a

SE 0.001 0.574 0.687
P value 0.0537 0.0263 0.9473

The values are averages ± standard deviations. Values with different letters (a, 
b) in the same column show significant differences between biopolymeric films 
(P < 0.05), Legend: film without extract (BF), film with guava extract (BFGE), 
Standard error (SE), Value of significance (P value).
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with a weight loss of 9.58 % BF and 8.11 % BFGE. This mass loss is 
attributed to water evaporation. Second stage: The second mass loss was 
observed between 230 and 250 ◦C, with weight reductions of 
35.1–34.10 % for BF and BFGE, respectively. This stage corresponds to 
the degradation of low molecular weight proteins in gelatin and the loss 
of glycerol, a plasticizer with a boiling point of 290 ◦C. Third stage: The 
third thermal event occurred at approximately 400 ◦C, with weight 
losses of 28.80 % for BF and 31.15 % for BFGE. This stage is likely 
associated with the thermal degradation of carbohydrates in the poly-
mer, specifically chitosan. Final stage: In the final stage, between 500 
and 510 ◦C, both films exhibited a weight loss of approximately 25 %. 
This loss is attributed to the degradation of high molecular weight 
proteins and carbohydrates and the non-volatile components of Tween 
80™. Tween 80™ is a polysorbate surfactant and emulsifier consisting 

of polyethoxylated sorbitan and oleic acid and contributes to the 
degradation profile at this stage. However, BFGE did not show normal 
behavior because there is no differentiation in the fusion phase (Fig. 7). 
As noted above, it is suggested that the addition of hydroalcoholic 
extract makes films less thermostable, probably because hydrophobic 
compounds obstruct the interactions between molecules in the gelatin- 
chitosan network of the film. Some studies have demonstrated how 
structural modifications affect thermal behavior. For instance, when 
chitosan and gelatin interact, crosslinking enhances thermal stability 
due to stronger intermolecular bonds. However, introducing hydro-
phobic components may disrupt these interactions, reducing stability by 
limiting hydrogen bonding and polymer cohesion [54,55].

Table 2 
Results of physical values of biopolymeric films without extract vs. film with guava extract.

Film Color parameters Transparency

L* a* b* ΔЕ*

BF 90.7 ± 0.2b 0.38 ± 0.3b 7.53 ± 1.4a 11.2 ± 3.1a 0.79 ± 0.1a

BFGE 78.8 ± 1.8a 2.40 ± 0.3a 13.81 ± 1.5b 19.1 ± 3.7b 1.18 ± 0.1b

SE 0.76 0.18 0.87 1.99 0.12
P value 0.0004 0.0004 0.0069 0.0497 0.0775

Values are averages ± standard deviations. Values with different letters (a, b) within the same column show significant differences between biopolymeric films (P <
0.05), luminosity (L*), red (a*), yellow (b*), difference in color ΔЕ*, film without extract (BF), film with guava extract (BFGE), Standard error (SE), value of sig-
nificance (P value).

Table 3 
Results of oxygen and water vapor permeability values of biopolymeric films without extract vs. film with guava extract.

Film Water vapor permeability (g⋅mm⋅Pa− 1⋅h− 1 m− 2) Oxygen permeability (m3 ⋅m2 ⋅s1⋅Pa1)

BF 9.29 ± 1.09 x 10− 18a 9.7 ± 3.5 x10− 18a

BFGE 8.95 ± 1.06 x 10− 18a 9.10 ± 0.97 x10− 18a

SE 5.19 x 10− 9 1.07 x 10− 18

P value 0.6587 0.6996

Values are averages ± standard deviations. Values with different letters (a, b) within the same column show significant difference differences 
between biopolymeric films (P < 0.05), film without extract (BF), film with guava extract (BFGE), Standard error (SE), level of significance (P 
value). The same column shows significant differences (P < 0.05) between films without extract (BF), between films without extract (BF), and 
films with guava extract (BFGE).

Fig. 4. (A) Micrography biopolymeric film without extract (BF) to 10 μm. Fig. 4 (B) Micrography biopolymeric film without extract (BF) to 10 μm.
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3.6. Shelf life of bovine meat covered by gelatin–chitosan biopolymeric 
films with and without extract of guava

3.6.1. Microbiological analysis

3.6.1.1. Aerobic mesophilic bacteria. There were no significant differ-
ences (P < 0.05) among Meat-Control, Meat-CPF, Meat-BF, and Meat- 
BFGE treatments on day 0 in terms of AM (4.06–4.25 CFU/mL), CT 
(3.74–3.90 CFU/mL), or PS (2.65–3.01 CFU/mL) microorganisms, 
indicating that the microbial load was equivalent at the start of the 
experiment (Table 4). By day 9, the Meat-Control sample, which lacked 
a protective biofilm, exhibited cold-induced damage that negatively 

impacted its physicochemical properties, marking the end of its shelf 
life. For the remaining treatments (Meat-CPF, Meat-BF, and Meat- 
BFGE), the useful shelf life extended to day 15. The treatments dis-
played similar trends on days 3 and 6, with significant differences (P <
0.05) observed among groups. Quantitative microbial load results (CFU/ 
mL) are detailed in Table 4. This effect is attributed to the antimicrobial 
and antifungal properties of chitosan [14]. Notably, Meat-BFGE 
demonstrated even stronger microbial inhibition due to the inclusion 
of hydroalcoholic guava leaf extract. On day 9, Meat-BFGE had the 
lowest microbial count, while Meat-Control exhibited the highest pro-
liferation. At this stage, Meat-CPF and Meat-BF did not differ signifi-
cantly. By day 12, a significant difference (P < 0.05) persisted among 

Fig. 5. (A) Micrography film with guava extract (BFGE) 10 μm. Fig. 5 (B) Micrography film with guava extract (BFGE) to 1 μm.

Fig. 6. DSC-TGA for the biopolymeric film without extract (BF).
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treatments, with Meat-BFGE continuing to exhibit the lowest CFU/mL 
and Meat-Control the highest. However, by day 15, no significant dif-
ferences (P < 0.05) were detected among treatments samples’ sensorial 
and physicochemical properties had deteriorated to levels unsuitable for 
human consumption, defining the end of their respective shelf life.

3.6.1.2. Total and fecal coliforms. Results of the FC results are not 
shown because no FC was found during the 15-day shelf life. For TC, the 
results on day 3 exhibited similar behavior to AM (Table 4). There was a 
significant difference (P < 0.05), where Meat-BFGE had the strongest 

antimicrobial effect over the 15 days of useful shelf life. It is important to 
note that Meat-BF and Meat-BFGE, in AM and TC variables, showed a 
significant effect (P < 0.05) regarding quantification per day. Interest-
ingly, on day 3, some CFU values were lower than those on day 0, which 
is the initial load of the product. This suggests the antimicrobial effects 
of chitosan in the composition of the films and given that the treatment 
with guava leaf extract had even lower bacterial proliferation, an 
additional impact of the guava leaf extract can be inferred. This effect 
lasted for a limited period: at the end of 15 days, the results were similar 
among treatments. However, this is beneficial, considering that meat is a 

Fig. 7. DSC-TGA for the biopolymeric film with guava leaf extract (BFGE).

Table 4 
Results of microbiological analysis over the shelf life of meat covered with polymeric commercial film vs. biopolymeric films without extract vs. film with guava 
extract.

Treatments

Meat-Control Meat-CPF Meat-BF Meat-BFGE P value

Aerobic mesophilic (log10 UFC/ml)
0 4.25 ± 0.3aA 4.13 ± 0.1baA 4.17 ± 0.1aB 4.06 ± 0.5aB 0.5125
3 4.62 ± 0.05cB 4.51 ± 0.04cAB 3.59 ± 0.07bA 3.07 ± 0.3aA 0.0001
6 4.64 ± 0.16cB 4.58 ± 0.02cB 4.36 ± 0.13bB 3.87 ± 0.1aB 0.0000
9 5.47 ± 0.24cC 5.20 ± 0.20abB 5.34 ± 0.04bC 5.08 ± 0.12aC 0.0030
12 – 5.58 ± 0.02cD 5.40 ± 0.03bC 5.08 ± 0.04aC 0.0000
15 – 5.31 ± 0.05aC 5.19 ± 0.21aC 5.04 ± 0.27aC 0.1702
P value 0.0001 0.0001 0.0001 0.0001 
Total Coliforms (log10 UFC/ml)
0 3.57 ± 0.13aA 3.90 ± 0.17aA 3.74 ± 0.20abB 3.87 ± 0.15aB 0.5036
3 4.44 ± 0.03cB 3.75 ± 0.21bA 2.73 ± 0.30aA 2.35 ± 0.62aA 0.0004
6 4.84 ± 0.06cC 4.56 ± 0.06bB 4.54 ± 0.05bC 3.6 ± 0.06aB 0.0000
9 5.38 ± 12cD 4.75 ± 0.06bB 4.80 ± 0.02bCD 4.34 ± 0.14aBC 0.0002
12 – 4.69 ± 0.05bB 4.84 ± 0.15bCD 4.67 ± 0.03aC 0.0028
15 – 5.33 ± 0.02bC 5.02 ± 0.04abD 4.77 ± 0.07aC 0.0000
P value 0.0001 0.0001 0.0001 0.0001 
Psychrophiles (log10 UFC/ml)
0 3.01 ± 0.7aA 2.65 ± 0.52aA 2.65 ± 0.52aA 2.69 ± 0.32aA 0.8192
3 5.30 ± 0.17bB 5.57 ± 0.38cB 5.42 ± 0.03bcB 4.90 ± 0.23aB 0.0297
6 5.59 ± 0.06aBC 5.88 ± 0.02bB 5.9 ± 0.02bC 5.69 ± 0.09aAB 0.0005
9 5.97 ± 0.12aABC 6.63 ± 0.10cCD 6.5 ± 0.12cC 6.3 ± 0.02bCD 0.0004
12 – 7.17 ± 0.02bCD 7.3 ± 0.09bD 6.9 ± 0.01aDE 0.0000
15 – 7.82 ± 0.15bD 8.1 ± 0.18bE 7.39 ± 0.01aE 0.0000
P value 0.0001 0.0001 0.0001 0.0001 

Lowercase letters (a, b, c, d) show significant differences in the growth of microorganisms between treatments for the day (among rows). Upper case letters (A, B, C, D, 
E) show significant differences in the growth of microorganisms during the shelf life: 0, 3, 6, 9, 12, 15 (among columns). Colony forming units (UFC), meat with no film 
(Meat-Control), commercial plastic film (Meat-CPF), chitosan-gelatin biopolymers film (Meat-BF), chitosan-gelatin biopolymers film with guava leaf extract (Meat- 
BFGE), level of significance (P value). Spoiled meat (− ).
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perishable food and its life in supermarkets is limited. Thus, the film 
with guava leaf extract can maintain the product because of its bioactive 
antimicrobial properties, these results are consistent with those reported 
in another study [23].

3.6.1.3. Psychrophilic bacteria. Results were similar to other microor-
ganisms regarding the 15-day shelf life, as well as Meat-BFGE showed 
the least proliferation compared with Meat-Control, Meat-PCF, and 
Meat-BF, corroborating the antimicrobial and antifungal effect of guava 
leaf extract (Table 4).

3.6.2. Physical analysis

3.6.2.1. Color (L*, a*, and b*). The results for the color variables L*, a*, 
and b* are presented in Table 5. At the start of the experiment day 0, no 
significant differences were observed among the treatments. Regarding 
the L* values, significant differences (P < 0.05) were detected on days 3, 
6, 9, 12, and 15 of shelf life, forming two distinct groups: Meat-Control 
and Meat-PCF, which were darker, compared to Meat-BF and Meat- 
BFGE. A similar trend was observed for the a* values, where Meat-BF 
and Meat-BFGE exhibited less pigment degradation (myoglobin) 
throughout the shelf life, compared to Meat-Control and Meat-PCF. 
Notably, Meat-BFGE demonstrated more stable red coloration due to 
reduced pigment degradation. For b* values, no significant differences 
were noted among treatments from days 0–9 (Table 5). However, on 
days 12 and 15, significant differences emerged. Meat-BFGE exhibited 
the highest b* values, indicating a shift toward yellow tones. Impor-
tantly, a coloration shift toward green would indicate spoilage. These 
findings highlight the positive effect of the active biofilm in preserving 
meat color, allowing it to retain its original appearance for a longer 
duration. The results of this research align with findings from studies 
evaluating the use of essential oils, such as thyme and clove, in meat 
preservation. The results of this research are aligned with findings from 
a study that evaluated the use of essential oils, such as thyme and clove, 
in meat preservation. This study concludes that such oils, rich in sec-
ondary metabolites with strong antioxidant properties, effectively 

reduce lipid and protein oxidation. This mechanism helps to maintain 
the sensory and physicochemical quality of meat during storage, pro-
longing shelf life and preserving color and texture [56].

4. Conclusions

The packaging industry, spanning food and non-food applications, 
remains primarily dominated by fossil, non-degradable plastics. Ac-
cording to the waste management hierarchy, prioritizing reduction, 
reuse, and recycling are essential. However, contemporary meat pack-
aging often employs multilayer films, which, combined with contami-
nation issues, significantly limit the recyclability of such packaging 
materials. Furthermore, the low economic value of plastics and the 
prevalence of "on-the-go" packaging designs, improper waste disposal 
habits, and insufficient infrastructure lead to substantial amounts of 
plastic waste entering natural ecosystems. Due to their non-degradable 
properties, these materials persist in the environment, breaking down 
into micro- and nanoplastics, posing severe ecological and health chal-
lenges. Thus, exploring alternative biodegradable packaging solutions is 
imperative to address these environmental concerns. This study focused 
on developing and characterizing gelatin–chitosan films, both with and 
without guava leaf extract, to evaluate their potential as sustainable 
packaging materials. The films exhibited desirable mechanical proper-
ties, surface hydrophobicity, color stability, and effective barrier func-
tions against oxygen and water vapor. Notably, adding guava leaf 
extract did not significantly alter key physical attributes such as thick-
ness, elongation at break, water vapor permeability, or oxygen perme-
ability. Similarly, thermal properties, analyzed through 
thermogravimetric analysis (TGA) and differential scanning calorimetry 
(DSC), remained comparable between films with and without the 
extract. Morphological analyses further confirmed structural consis-
tency, with no adverse changes detected in the film matrix.

Nevertheless, incorporating guava leaf extract led to a measurable 
reduction in tensile strength (TS). Scanning electron microscopy (SEM) 
revealed the presence and homogeneous distribution of micelles derived 
from the extract, highlighting its uniform integration within the 

Table 5 
Results of color analysis over the shelf life of meat covered with polymeric commercial film vs. biopolymeric films without extract vs. film with guava extract.

Treatments

Meat-Control Meat-CPF Meat-BF Meat-BFGE P value

Lightness (L*)
0 40.22 ± 1.95aD 39.53 ± 0.64aE 40.13 ± 0.60aC 38.64 ± 0.62aD 0.3457
3 34.11 ± 0.59aC 32.23 ± 1.49aD 39.58 ± 1.45bBC 36.28 ± 1.29bD 0.0028
6 26.53 ± 0.74aB 27.91 ± 0.22bC 35.54 ± 2.41dB 31.26 ± 0.73cC 0.0003
9 22.70 ± 0.78aA 25.83 ± 0.88bB 29.44 ± 0.57cA 31.20 ± 0.56cBC 0.0000
12 – 24.72 ± 0.4aB 29.07 ± 0.60bA 30.04 ± 0.68bB 0.0000
15 – 22.89 ± 0.34aA 28.84 ± 0.40bA 27.77 ± 1.01bA 0.0000
P value 0.0001 0.0001 0.0001 0.0318 
Redness (a*)
0 26.07 ± 2.47aC 23.50 ± 0.51aF 24.46 ± 0.7abF 25.7 ± 0.53bcD 0.4508
3 20.98 ± 2.26aB 19.27 ± 1.01aE 21.61 ± 0.24aE 21.11 ± 1.66aC 0.0525
6 13.46 ± 1.12aA 15.51 ± 1.17abD 16.89 ± 0.63bD 20.02 ± 0.8cC 0.0001
9 12.58 ± 1.65aA 12.27 ± 0.75aC 15.26 ± 0.54bC 16.86 ± 0.81cB 0.0134
12 – 6.01 ± 1.64aB 14.13 ± 0.07bB 14.85 ± 0.08cA 0.0001
15 – 3.36 ± 0.47aA 8.90 ± 1.37bA 14.05 ± 0.7cA 0.0000
P value 0.0001 0.0001 0.0003 0.0001 
Yellowness (b*)
0 20.20 ± 0.17aC 19.21 ± 1.51aE 17.52 ± 0.33aE 19.42 ± 2.34aC 0.2045
3 19.93 ± 2.64aB 17.28 ± 1.16aE 16.51 ± 1.75aE 18.15 ± 0.24aC 0.1502
6 12.58 ± 2.03aA 15.04 ± 0.60aD 11.86 ± 1.11aC 13.65 ± 1.47aB 0.1012
9 11.37 ± 1.36aA 11.8 ± 0.67aC 11.50 ± 0.07aC 11.63 ± 2.21aAB 0.9280
12 – 9.89 ± 0.64aB 9.22 ± 0.63aB 10.8 ± 0.4cA 0.0318
15 – 7.53 ± 0.49aA 7.78 ± 1.1aA 9.98 ± 0.69bA 0.0303
P value 0.0001 0.0001 0.0001 0.0001 

Lowercase letters (a, b, c, d) show substantial differences in color analysis between treatments for the day (among rows). Upper case letters (A, B, C, D, E) show 
significant differences in color analysis during the shelf life: 0, 3, 6, 9, 12, 15 (among columns). Colony forming units (UFC), meat with no film (Meat-Control), 
commercial plastic film (Meat-CPF), chitosan-gelatin biopolymers film (Meat-BF), chitosan-gelatin biopolymers film with guava leaf extract (Meat-BFGE), level of 
significance (P value). Spoiled meat (− ).
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biopolymer matrix. Importantly, guava leaf extract demonstrated 
bioactive benefits, particularly in extending the shelf life of bovine meat. 
This was evidenced by decreased microbial proliferation and enhanced 
color retention, contributing to preserving the meat’s physicochemical 
qualities over extended periods compared to untreated packaging.

Gelatin–chitosan biopolymer films represent a promising, eco- 
friendly alternative to traditional packaging materials for meat and 
other perishable goods. These films have potential applications that 
extend beyond current practices, including integration into established 
manufacturing processes like extrusion for cast or blown films and 
thermoplastics for heat-sealable designs. Research into biodegradable 
packaging solutions, such as foamed trays, is an additional opportunity 
for innovation.

Further exploration of bioactive plant-based compounds can expand 
the development of active packaging and edible films that enhance food 
preservation and quality. These advances must align with sustainable 
design principles, minimizing environmental impact while meeting in-
dustrial feasibility and consumer demand. Adopting such technologies 
could drive significant progress toward sustainable food packaging 
solutions.
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change affected by essential oils addition promene karakteristika biopolimernih 
filmova uzrokovane dodatkom esencijalnih ulja, JFST 23 (2) (2019) 61, https:// 
doi.org/10.5937/jpea1902061S.

[20] S. Khan, A.A. Abdo, Y. Shu, Z. Zhang, T. Liang, The extraction and impact of 
essential oils on bioactive films and food preservation, with emphasis on 
antioxidant and antibacterial activities—a review, Foods 12 (22) (2023) 4169, 
https://doi.org/10.3390/foods12224169.

[21] V.E. D Archundia, D.L. M Pinzón, A.Z. M Salem, P.G.G. Mendoza, M.D. 
B. Mariezcurrena, Antioxidant and antimicrobial capacity of three agroindustrial 
residues as animal feeds, Agrofor. Syst. 94 (1) (2019) 1393–1402, https://doi.org/ 
10.1007/s10457-018-00343-7.

[22] D. Sánchez, L.J.C. Contreras-Esquive, G.V. Nevárez-Moorillón, C.N. Aguilar, 
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esencial de limón Mexicano, Int. J. Food Prop. 13 (1) (2015) 17–25, https://doi. 
org/10.1080/19476337.2014.904929.

[23] Y.A. Arfat, J. Ahmed, N. Hiremath, R. Auras, A. Joseph, Thermo-mechanical, 
rheological, structural and antimicrobial properties of bionanocomposite films 
based on fish skin gelatin and silver-copper nanoparticles, Food Hydrocolloids 39 
(1) (2014) 58–67, https://doi.org/10.1016/j.foodhyd.2016.08.009.

[24] ASTM, Standard test methods for tensile properties of thin plastic sheeting 
designation: d 882 – 02, Annu. Book ASTM (Am. Soc. Test. Mater.) Stand. (2002) 
1–10, https://doi.org/10.1520/E0096.

[25] M. Ahmad, N.M. Hani, N.P. Nirmal, F.F. Fazial, N.F. Mohtar, S.R. Romli, Optical 
and thermo-mechanical properties of composite films based on fish gelatin/rice 
flour fabricated by casting technique, Prog. Org. Coating 84 (1) (2015) 115–127, 
https://doi.org/10.1016/j.porgcoat.2015.02.016.

[26] W. Wang, K. Wang, J. Xiao, Y. Liu, Y. Zhao, A. Liu, Performance of high amylose 
starch-composited gelatin films influenced by gelatinization and concentration, Int. 
J. Biol. Macromol. 94 (1) (2016) 258–265, https://doi.org/10.1016/j. 
ijbiomac.2016.10.014.

[27] ASTM, Standard Test Methods for Water Vapor Transmission of Materials, 2005. E 
96/E 96M – 05 1–8.

[28] K.J. Figueroa-Lopez, J.L. Castro-Mayorga, M.M. Andrade-Mahecha, L. Cabedo, J. 
M. Lagaron, Antibacterial and barrier properties of gelatin coated by electrospun 
polycaprolactone ultrathin fibers containing black pepper oleoresin of interest in 
active food biopackaging applications, Nanomaterials 8 (1) (2018) 1–13, https:// 
doi.org/10.3390/nano8040199.

[29] K.J. Figueroa-Lopez, M.M. Andrade-Mahecha, O.L. Torres-Vargas, Development of 
antimicrobial biocomposite films to preserve the quality of bread, Molecules 23 (1) 
(2018) 1–18, https://doi.org/10.3390/molecules23010212.
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