
Plasticized cellulose bioplastics with beeswax for the fabrication of 
multifunctional, biodegradable active food packaging

Pedro Florido-Moreno a, José J. Benítez b, Jaime González-Buesa c, José M. Porras-Vázquez d,  
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A B S T R A C T

Plasticized cellulose bioplastics with antioxidant and antimicrobial properties were prepared by blending cel
lulose and glycerol in a mixture of trifluoroacetic acid and trifluoroacetic anhydride, adding a solution of 
beeswax in chloroform, and subsequent drop-casting. Optical, chemical, structural, mechanical, thermal, and 
hydrodynamic properties were fully characterized. In addition, the biodegradability in seawater was investigated 
by determination of the biological oxygen demand. The incorporation of beeswax ruled out the transparency and 
UV blocking, modified the main mechanical parameters, and improved the thermal stability and the antioxidant 
capacity, as well as the hydrodynamic and barrier properties. In general, these features were comparable to those 
of common petroleum-based food packaging plastics. Such changes were explained by the incorporation of 
beeswax into the polymer matrix, as determined by infrared spectroscopy and X-ray diffraction. These cellulose- 
beeswax bioplastics were evaluated as viable food packaging materials by determination of the overall migration 
by using Tenax® as a dry food simulant, oxygen permeability at different relative humidities, measurement of 
antimicrobial activity against Escherichia coli and Bacillus cereus, and through preservation of fresh-cut pear 
slices, showing results similar to those obtained by using low-density polyethylene.

1. Introduction

The rapid growth of the world population, which has exceeded 8 
billion and is expected to reach over 9.7 billion by 2050, has increased 
the demand for efficient food packaging solutions (Smith, 2015). Food 
packaging plays an important role in preserving the nutritional quality 
and freshness of food products during transport and storage, especially 
in densely populated and urban areas where supply chains are complex 
and lengthy (Aubry & Kebir, 2013). Conventional petroleum-based 
plastics have long dominated the food packaging industry due to their 

easy processability, durability, cost-effectiveness, and excellent barrier 
properties, among others (Marsh & Bugusu, 2007). However, these 
materials contribute to environmental degradation, resource depletion, 
and persistent plastic pollution. For this reason, their substitution has 
become a target for researchers, policymakers, and citizens (Geyer, 
Jambeck, & Law, 2017). Among the different solutions, natural bio
polymers such as polysaccharides, polyesters, and proteins, to mention a 
few, present a promising alternative due to their inherent biodegrad
ability and reduction of the carbon footprint (Siracusa, Rocculi, Romani, 
& Rosa, 2008). In particular, polysaccharide-based bioplastics are 
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widely used due to their excellent film forming properties, good oxygen 
permeability, and the possibility of functionalization through the addi
tion of antimicrobial and antioxidant molecules (Cazón, Velazquez, 
Ramírez, & Vázquez, 2017). For food packaging uses, cellulose stands 
out among other polysaccharides due to its low cost, abundant avail
ability, ease of storage and handling, potential for incorporating con
sumer information and branding, environmental safety, and 
recyclability (Guzman-Puyol, 2024). In any case, polysaccharide-based 
materials are usually brittle, water sensitive, and show water perme
ability values much higher than the accepted values for most of the 
ready to eat food, limiting their use at commercial scale (Wu, Misra, & 
Mohanty, 2021). A common strategy to improve the mechanical prop
erties of polysaccharide-based materials is the use of plasticizers (Dong 
et al., 2023). Plasticizers are low molecular weight substances added 
intentionally to a polymer material to increase its flexibility (Alee et al., 
2021). Consequently, with no plasticizer, polysaccharide-based bio
plastics are mechanically brittle due to the strong interaction between 
polymer chains. When a plasticizer is used, the interaction between 
polymer chains is reduced and the flexibility of the material and its 
resistance to fracture are increased (Vieira, da Silva, dos Santos, & 
Beppu, 2011). The most common plasticizers for polysaccharides are 
hydrophilic molecules such as glycerol, polyethylene glycol, and sorbitol 
(Andreuccetti, Carvalho, & Grosso, 2009). In the case of pure cellulose 
bioplastics, the addition of glycerol has recently been proposed to 
plasticize the cellulose matrix. This results in a ductilization of the me
chanical parameters (Benitez et al., 2024). However, a side effect of 
using hydrophilic plasticizers in combination with polysaccharide 
matrices is a worsening of the water uptake and barrier properties as a 
result of a higher number of hydroxyl groups able to interact with water 
in both liquid and vapor states (Trinh, Chang, & Mekonnen, 2023).

In order to improve their hydrodynamic properties, different stra
tegies have been proposed. For example, fluorinated compounds have 
been used for decades due to their excellent hydrophobic and oleo
phobic properties, although some of these compounds, usually known as 
perfluoroalkyl compounds (PFAS) are highly persistent in the environ
ment (Pascale et al., 2023). Other alternatives to these “forever chem
icals” are natural hydrophobic molecules such as lipids, fatty acids, 
waxes, and resins. Waxes are a family of nonpolar substances and are 
considered very efficient molecules to reduce moisture permeability 
(Morillon, Debeaufort, Blond, Capelle, & Voilley, 2002). Main 
commercially available waxes include beeswax, carnauba wax, and 
candelilla wax. Beeswax, a type of a natural waxes produced by hon
eybees of the genus Apis, consists of a complex mixture of hydrocarbons, 
fatty acids, esters, and fatty alcohols (Peron et al., 2023). Beeswax has 
been largely described for its antimicrobial and anti-inflammatory ac
tivities, wound healing, dermatological, cosmetic, and antioxidant 
properties (Cornara, Biagi, Xiao, & Burlando, 2017). In the food in
dustry, beeswax is a food additive (E− 901) approved by the European 
Union and used as glazing agent, coating, and carrier for flavor (EFSA, 
2007). In general, this type of hydrophobic molecules, both fluorinated 
and waxes compounds, are typically incorporated in cellulose systems 
by coating, lamination, and internal and external sizing (Guzman-Puyol, 
2024).

This work proposes the fabrication of transparent, biodegradable, 
and high-barrier bioplastics from glycerol-plasticized cellulose and 
beeswax by using trifluoroacetic acid (TFA) and trifluoroacetic anhy
dride (TFAA) as a solvent mixture, as previously reported for other 
crystalline materials such as chitin (Heredia-Guerrero et al., 2023), plant 
wastes (Bayer et al., 2014), and cellulose derivatives (Guzman-Puyol, 
Tedeschi, et al., 2022; Tedeschi et al., 2021). In this case, we have used a 
glycerol content of 30% due to, at this proportion, the blend shows 
ductile properties similar to other common commodity plastics (Benitez 
et al., 2024). Here, the effect of the beeswax addition on the optical, 
chemical, structural, thermal, antioxidant, barrier properties, and 
biodegradability was systematically studied and compared with other 
food packaging materials. The beeswax percentages used in this work 

were between 0 and 20% in order to have a wide range of concentrations 
that allow to understand correctly the role of the waxes in the final 
properties of the blends. Finally, the potential of these materials for food 
packaging has been demonstrated by preservation of pear slices as a real 
food.

2. Experimental part

2.1. Materials

Microcrystalline cellulose, glycerol, beeswax, trifluoroacetic acid 
(TFA), trifluoroacetic anhydride (TFAA), lithium chloride (LiCl), sodium 
bromide (NaBr), potassium chloride (KCl), 2,2-diphenyl-1-picrylhydra
zyl radical (DPPH⋅), and Tenax® (a porous poly(2,6-diphenyl-p-phe
nylene oxide) material) were acquired from Sigma-Aldrich. Toluene, 
heptane, chloroform, and castor oil were supplied by VWR. All solvents 
and reagents were used as received. Low density polyethylene (LDPE) 
film and commercial mature “Conference” pears were acquired in a local 
market (Malaga, Spain).

2.2. Fabrication of plasticized cellulose-beeswax bioplastics

Plasticized cellulose films were prepared by dissolving different 
amounts of cellulose (315–252 mg) at 50 ◦C for 45 min in a 50 mL closed 
flask containing 30 mL of a TFA:TFAA mixture (2:1, v:v). Then, 30 wt% 
glycerol was added and vigorously mixed. This glycerol content was 
chosen due to the improvement of mechanical properties of cellulose for 
food packaging applications, as previously reported (Benitez et al., 
2024). Finally, beeswax solutions (1 wt%) in chloroform were added to 
the cellulose-glycerol solutions according to the formulations of Table 1. 
Solutions were casted on glass Petri dishes and left to dry overnight. 
~70 μm free-standing films were obtained. All films were conditioned at 
a temperature of ~23 ◦C and a relative humidity of ~44% before testing. 
Samples were designated as CGW-x where “C” is for cellulose, “G” is for 
glycerol, “W” is for beeswax, and “x” indicates the weight percentage of 
beeswax.

2.3. Optical characterization

A VWR 6300 UV–Vis (VWR International, Belgium) was used to 
obtain the transmittance spectra in the range 200–800 nm. T600nm was 
used to quantify the transparency. Ultraviolet radiation blocking was 
calculated in the UV-A (315–400 nm), UV-B (280–315 nm), and UV-C 
(200–280 nm) regions as follows: 

UV − x blocking (%) = 100 − TUV− x (1) 

where TUV-x is the average transmittance in the corresponding UV re
gion. Three measurements were performed per each sample and the 
results were averaged.

2.4. Morphological characterization

The surface morphology of CGW bioplastics was examined by 
coating the samples with a ~10 nm layer of gold using a JEOL ION 
SPUTTER JFC 1100. After, top-view scanning electron microscopy 
(SEM) images were acquired with a JEOL JSM-6490LA microscope 
under high vacuum and an acceleration voltage of 15 kV.

2.5. Chemical and structural characterization

Fourier-transform infrared (FTIR) spectra were obtained using a 
Nicolet IS50 spectrometer (Thermo Scientific) equipped with a single- 
reflection attenuated total reflection (ATR) accessory (Smart 
Performer, Thermo Nicolet) in the range 4000–650 cm⁻1, accumulating 
128 scans, and a spectral resolution of 4 cm⁻1. Measurements were taken 
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in three distinct regions within each sample.
Structural characterization was performed by X-ray diffraction 

(XRD) on a Rigaku SmartLab X-ray diffractometer with a copper rotating 
anode X-ray source operating at 40 kV and 150 mA and a Gobel mirror to 
produce a parallel beam and minimize Cu Kβ radiation. Measurements 
were conducted using a 2θ scanning method and XRD intensity values 
were normalized to the maximum intensity. The crystallinity index was 
determined using the following equation: 

Crystallinity index=
I − Iʹ

I
x 100 (2) 

where I is the intensity of the (002) cellulose crystal plane peak and I′ is 
the intensity of the amorphous contribution. Moreover, the crystallite 
size (D) was estimated by using the Scherrer’s equation: 

D=
Kλ

β cos θ
(3) 

where K is a constant value of 0.94, λ is the X-ray wavelength, β is the 
peak width at the middle of the maximum intensity, and θ is the 
diffraction angle for the (200) plane.

2.6. Mechanical characterization

Uniaxial tensile tests were conducted using a MTS Criterion 42 with a 
50 N load cell. From stress-strain curves, main mechanical parameters (i. 
e., Young’s modulus, ultimate tensile strength, strain at break, and 
toughness) were calculated. Five to ten replicates were measured per 
each sample and the mechanical parameters were averaged and the 
corresponding standard deviation calculated.

2.7. Thermal characterization

Thermal stability of CGW films was assessed by thermogravimetric 
analysis with an SDT Q600 (TA instruments). ~3 mg of the different 
samples were loaded into a platinum pan. Thermograms were obtained 
from 30 to 600 ◦C using a heating rate of 5 ◦C/min and a continuous flow 
of nitrogen (50 mL/min). From TGA curves, heat resistant index (Ts) was 
calculated as follows: 

Ts =0.49 (Td5 +0.6 (Td30 − Td5)) (4) 

where Td5 and Td30 are the temperatures corresponding with the 5% and 
30% of weight loss, respectively. TGA was carried out in triplicate for 
each sample, the heat resistant index values averaged and the corre
sponding standard deviation calculated.

2.8. Water uptake

Water uptake was assessed by drying the CGW samples in a desic
cator until their weight was stabilized. Then, ~80 mg of dried samples 
were weighed in an analytical balance and placed into chambers with 
different constant relative humidities (0, 11, 57, 84, and 100% RH) at 
25 ◦C. After 24 h, samples were reweighed and the water uptake was 
calculated as follows: 

Water uptake (%)=
mf − m0

m0
x 100 (5) 

where mf and m0 are the weights after each RH (%) and the sample 
weight at 0% RH, respectively. Three replicates for each formulation 
were measured, values averaged and the corresponding standard devi
ation calculated.

2.9. Wettability, oil resistance, and barrier properties

Surface wettability was assessed by static water contact angle values 
(WCAs) by using a KSV Attension TL100 goniometer with a CCD camera. 
The image processing software OneAttension (Biolin Scientific) was 
used. All measurements were made at room conditions. 2 μL droplets of 
MilliQ water were used. Up to 10 measurements were carried out 
randomly for each sample. Results were expressed as average values ±
standard deviations.

Grease resistance was performed by following the Tappi test method 
commonly known as the kit test. This is an assay in which different 
combinations of castor oil, toluene, and heptane (labeled from 1 to 12) 
are applied to the top of the samples for 15 s and the surface is checked 
after that. A dark spot indicates the oil penetration and the test failure. 
The highest number solution no leaving a dark spot on the sample is 
chosen as kit test number. Three replicates for each formulation were 
measured, values averaged and the corresponding standard deviation 
calculated.

Water vapor transmission rate (WVTR) and water vapor permeability 
(WVP) were determined following the ASTM E96 standard method. A 
100% relative humidity gradient (ΔRH%) was generated at room tem
perature by using 6 mL of deionized water in the internal part of custom- 
made aluminum 5.3 cm2 permeation cells. Then, circular CGW samples 
were attached to the top of the cells and placed in a desiccator at 0% RH. 
The weight loss of the permeation cells was hourly measured using an 
electronic balance and plotted as a function of time to obtain the slope. 
The WVTR and WVP were calculated as follows: 

WVTR
(
g • m− 2 • day− 1)=

Slope
Area of the film

(6) 

WVP
(
g • m− 1 • day− 1 • Pa− 1)=

WVTR • l • 100
Ps • ΔRH

(7) 

where l (m) is the thickness of the sample, ΔRH (%) is the percentage 
relative humidity gradient, and Ps (Pa) is the saturation water vapor 
pressure at 25 ◦C. Measurements were made in triplicate and the results 
were averaged and the corresponding standard deviation calculated.

Oxygen transmission rates (OTR) were assessed for the CGW samples 
and for some commercial films such as polylactid acid (PLA) (Earthfirst 
BCFB, Sidaplax, Ghent, Belgium) and oriented polypropylene (OPP) 
(Envaflex, Utebo, Spain). OTR was determined at 23 ◦C and different 
relative humidities (0, 30, 60, and 90% RH) according to the standard 
ASTM D3985 method using an OX-TRAN®Model 2/21 (MOCON, USA). 
The oxygen permeability (OP) of the films was calculated as follows: 

OP
(
kg ⋅ m ⋅ m− 2 ⋅ s− 1 ⋅ Pa− 1)=

OTR⋅l
ΔP

(8) 

Table 1 
Labeling and formulation of CGW samples.

Label mcellulose (mg) mglycerol (mg) mbeeswax (mg) Cellulose (wt%) Glycerol (wt%) Beeswax (wt%)

CGW-0 315.0 135.0 0.0 70.0 30.0 0.0
CGW-1 311.9 133.7 4.5 69.3 29.7 1.0
CGW-2.5 307.1 131.6 11.3 68.3 29.2 2.5
CGW-5 299.3 128.3 22.5 66.5 28.5 5.0
CGW-10 283.5 121.5 45.0 63.0 27.0 10.0
CGW-15 267.8 114.8 67.5 59.5 25.5 15.0
CGW-20 252.0 108.0 90.0 56.0 24.0 20.0
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where l is the film thickness determined in 5 different spots for each 
sample and ΔP is the partial oxygen pressure difference across the film. 
The permeability of two samples from each conditioning treatment, each 
taken from a different replicate, was measured, values averaged and the 
corresponding standard deviation calculated.

2.10. Biodegradation in seawater

Biodegradability was assessed by tracking the biological oxygen 
demand (BOD). To do this, ~200 mg of each sample was finely minced 
and placed in bottles containing 164 mL of seawater collected from the 
Malaga shoreline (Spain). Oxygen consumption was monitored at 20 ◦C 
during 30 days using OxyTop®-i heads (WTW, Germany). As a negative 
control, bottles filled with seawater were used. Measurements were 
made in triplicate.

After BOD assay, the solid remaining in the bottles was filtered, 
washed with distilled water, and dried for 24 h. Then, the surface 
morphology was analyzed by SEM and the weight loss was calculated by 
using the following equation: 

Weight loss (%)=
m0 − mf

mo
x 100 (9) 

where m0 and mf are the sample weights before and after the experiment, 
respectively. Values averaged and the corresponding standard deviation 
calculated.

2.11. Antioxidant capacity

The antioxidant capacity of CGW bioplastics was evaluated using the 
standard DPPH⋅ method. Samples with a diameter of 5 mm were placed 
into vials containing 3 mL of a 0.1 mM DPPH solution in ethanol and 
placed in the dark until measurement. A VWR 6300 spectrophotometer 
was used to register the reduction in the absorbance at 515 nm at various 
time intervals from 0 to 103 h. The radical scavenging activity (RSA) was 
then determined as the percentage inhibition of free radicals by the 
sample, calculated using the following equation: 

RSA (%)=
A0 − At

A0
x 100 (10) 

where A0 and At are the initial absorbance and the absorbance at 
different times, respectively. RSA values were normalized to the weight 
of the sample. Measurements were made in triplicate, values averaged 
and the corresponding standard deviation calculated.

2.12. Overall migration

Migration of components from CGW films into food was evaluated by 
using Tenax® as simulant for dry food according to the plastic FCM 
Regulation (EU) No October 2011 (European Commission, 2011). For 
this, samples with a diameter of 20 mm were placed in glass vials with 
40 mg of Tenax on the bottom. Then, another 40 mg were placed on the 
top of the samples. Vials were sealed and stored at (40 ± 0.5)◦C for 10 
days. After that, circles were reweighted and the overall migration was 
calculated using the following equation: 

M=
m0 − mf

S
(11) 

where M is the overall migration (mg dm− 2), m0 and mf are the initial 
and mass of Tenax®, respectively, and S is the sample surface in dm2. 
For each sample, three measurements were made and the final migration 
value was reported as the average ± SD.

2.13. Packaging, storage and quality measurement of fresh-cut pears

Mature pears were first cleaned and cut into slices of ~10 g and 

directly placed in 50 mL Falcon tubes with 1.5 cm dimeter perforated 
lids. Holes were covered with selected CGW-0 and CGW-5 bioplastics 
and low-density polyethylene (LDPE) film fixed with double-sided ad
hesive tape. Uncovered holes were used as a control. All tubes were kept 
at (4 ± 1)◦C in the fridge at different storage times (0, 2, 4, 7, 11, and 14 
days). Weight loss was then calculated as the difference between the 
initial and the final mass and expressed in percentage.

The area loss of the pear slices was quantified. Photographs of the 
same pear slices were taken at different time intervals. The background 
was removed, and the area of each slice was measured in pixels using 
Corel PHOTO-PAINT 2023 software. The area loss for each sample was 
calculated using the following formula: 

Area loss (%)=

(
A0 − At

A0

)

× 100 (12) 

where A0 is the area at day 0 and At is the area at days 2, 4, 7, 9, 11, and 
14.

Evaluation of browning index was made by using the following 
equations: 

Browning index (BI)=
[100(w − 0.31)]

0.17
(13) 

w=
(a + 1.75L)

(5.645L + a − 3.012b)
(14) 

where L, a and b are the CIELAB color parameters obtained by measuring 
the fresh-cut pear surface with a CR-10 PLUS (Konica Minolta, Ramsey, 
USA) color reader. Before measuring, a calibration was made with a 
standard white plate (L = 97.94, a = 0.22, b = 1.33).

Finally, the antioxidant capacity of the pear slices was evaluated by 
using the DPPH⋅ assay (Almeida et al., 2011). Briefly, pear slices were 
homogenized and centrifuged (15000 rpm, 4 ◦C). The supernatant was 
then recovered and filtered. After, 30 μL of the pear extract was mixed 
with 3 mL DPPH radical solution and kept in the dark. The decrease in 
the absorbance was monitored after 5 h.

All tests described in this section were performed in triplicate and the 
values averaged and presented with their corresponding standard 
deviation.

2.14. Antibacterial activity

For the antibacterial assays, Escherichia coli (BL21 DH5α, gram- 
negative) and Bacillus cereus (AH 187, gram-positive) were utilized. 
E. coli was cultured in Luria-Bertani (LB) medium (1% tryptone, 0.5% 
yeast extract, 0.5% NaCl), while B. cereus was grown in tryptone yeast 
(TY) medium (1% tryptone, 0.5% yeast extract, 0.5% NaCl, 10 mM 
MgSO₄, 1 mM MnSO₄). Both media were solidified using bacteriological 
agar at a final concentration of 1.5%.

The antibacterial activity of CGW samples was assessed by incu
bating single colonies of E. coli and B. cereus, previously cultured at 37 ◦C 
for 3 h. A 100 μL aliquot of bacterial suspension was spread onto LB agar 
plates, followed by the placement of sterilized 1 cm2 CGW samples onto 
the agar surface. Plates were then incubated at 37 ◦C, and bacterial in
hibition was evaluated by visual evaluation for the presence of a clear 
zone (halo) around the samples, indicative of bacterial growth 
inhibition.

Retentivity assays were performed by spreading a 1:10⁴ diluted 
overnight bacterial culture onto LB agar plates. UV-sterilized CGW 
pieces were added and incubated at 37 ◦C overnight. The CGW samples 
and the agar beneath them were subsequently incubated in liquid me
dium for 2 h. Agar without CGW served as the control. Bacterial reten
tion was quantified through spectrophotometric measurements at 600 
nm (OD600). All experiments were conducted in triplicate.
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3. Results and discussion

3.1. Optical and structural characterization

The morphology of CGW bioplastics was analyzed by SEM, Fig. 1A 
top. CGW-0 showed a continuous, flat surface. For CGW-5 and CGW-20, 
non-agglomerated beeswax plates homogeneously distributed were 
observed, as similarly described in literature for other beeswax- 
containing composites (Lim, Kim, Ko, & Park, 2015). Fig. 1A bottom 
shows the photos of CGW-0, CGW-5, and CGW-20 bioplastics on a 
colored logo. CGW-0 showed the highest transparency due to its amor
phous structure after solvent evaporation (Caligiuri et al., 2020; Guz
man-Puyol, Hierrezuelo, et al., 2022). Addition of beeswax made the 
films less transparent, being remarkable the whitish appearance for 

CGW-5 and, in particular, CGW-20. Transmittance in the UV–Vis range 
was used to characterize the optical properties of CGW bioplastics, 
Fig. 1B. In general, the addition of beeswax reduced the transmittance 
values both in the visible and UV range due to the visible light scattering 
and UV absorption of beeswax crystals (Liu et al., 2022). Transmittance 
values at 600 nm (T600) were chosen to determine the transparency, 
Fig. 1C. A gradually decrease of T600 was observed by increasing the 
beeswax content. For beeswax percentages up to 10 wt%, CGW bio
plastics showed transmittance values higher than 80%, typical of the 
so-called transparent food packaging materials such as low density 
polyethylene (LDPE), polypropylene (PP), polyvinyl chloride (PVC), and 
polyvinyl alcohol (PVA) (Guzman-Puyol, Benítez, & Heredia-Guerrero, 
2022) and other polysaccharide-based films such as cellulose acetate, 
hydroxypropyl cellulose, chitin, and chitosan (Heredia-Guerrero et al., 

Fig. 1. A, top, SEM images (scale bar: 10 μm) and, bottom, photographs on a colored image of CGW-0, CGW-5, and CGW-20. B, transmittance of CGW samples in the 
UV–visible range. The visible, UV-A, UV-B, and UV-C regions and highlighted in different colors. C, transmittance values at 600 nm and UV blocking as a function of 
beeswax content.
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2023). For the highest beeswax content, CGW-20 bioplastic showed a 
transmittance value of ~71%, falling into the category of translucent 
materials such as semicrystalline polylactide (PLA) (Guzman-Puyol, 
Benítez, & Heredia-Guerrero, 2022). From transmittance spectra, the UV 
blocking was calculated, Fig. 1C. CGW-0 showed the lowest UV block
ing, with values of ~11.6, ~17.2, and ~34.9% in the UV-A, UV-B, and 
UV-C, respectively. The incorporation of beeswax improved the UV 
blocking values, as previously described for other waxes (Baghi, Ghar
sallaoui, Dumas, & Ghnimi, 2022; Ezati et al., 2023), with values, for 
instance, of ~17.2, ~24, and ~47.2% in the UV-A, UV-B, and UV-C 
regions for CGW-5 and ~48.4, ~59.4, and ~83.7% in the respective 
UV regions for CGW-20. Such an increase in UV blocking can be 
explained, as mentioned above, by the absorption of part of the ultra
violet light by beeswax (Huang, Huang, Xu, & Liu, 2022).

3.2. Chemical characterization

CGW bioplastics were chemically characterized by ATR-FTIR spec
troscopy, Fig. 2A. Fig. S1 displays the ATR-FTIR of pure cellulose, 
glycerol, and beeswax. CGW-0 showed the typical bands previously 
described for glycerol-plasticized cellulose films (Benitez et al., 2024): 
O-H stretching mode at ~3320 cm− 1, asymmetric and symmetric CH2 
stretching modes at ~2920 and ~2880 cm− 1, respectively, a band 
associated with adsorbed water at ~1650 cm− 1, CH2 deformation mode 
at ~1455 cm− 1, bands associated with the ring vibration of the anhy
droglucose unit of cellulose at ~1155 and ~900 cm− 1, and CH2 rocking 
mode at ~925 cm− 1. No bands associated with the solvent mixture were 
detected, confirming the complete evaporation during the drying pro
cess (Guzman-Puyol et al., 2015). CGW-5 and CGW-20 films showed 
some additional bands ascribed to beeswax such as the asymmetric and 

Fig. 2. A, ATR-FTIR spectra of CGW-0, CGW-5, and CGW-20. The assignment of the main bands is included for cellulose (black), glycerol (red), and beeswax (green). 
B, shift of the O-H stretching mode with the beeswax content. Inset: O-H stretching band of CGW-0, CGW-5, and CGW-20. C, X-ray diffractograms of CGW-0, CGW-5, 
and CGW-20. D, crystallinity index and crystallite size as a function of beeswax content.
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symmetric CH2 stretching modes at 2915 and 2847 cm− 1, respectively, 
the stretching mode of C=O at ~1735 cm− 1, CH2 scissoring mode at 
~1460 cm− 1, and CH2 rocking mode at ~720 cm− 1. Interestingly, a shift 
associated with the O-H stretching mode with the beeswax content was 
observed, Fig. 2B. The wavenumber of this band increased from ~3332 
cm− 1 for CGW-0 to ~3351 cm− 1 for CGW-20 (i.e., a difference of 19 
cm− 1). Such an increase in the wavenumber can be attributed to weaker 
and longer H-bonds due to the intercalation of beeswax crystals within 
the polymer matrix, that effectively separate cellulose polymer chains, 
thus hindering the interaction between the OH groups of cellulose and 
glycerol.

The crystallinity of CGW bioplastics was determined by XRD, Fig. 2C. 
CGW-0 displayed a diffractogram typical of amorphous cellulose mate
rials, with a broad halo at ~20◦, as previously described in literature 
(Bayer et al., 2014; Guzman-Puyol, Tedeschi, et al., 2022). For CGW-5 
and CGW-20, some peaks were observed at ~21 and ~24◦, ascribed to 
the crystalline planes (110) and (200) of beeswax, respectively 
(Naderizadeh et al., 2019). From XRD diffractograms, the crystallinity 
index and crystallite size were calculated, Fig. 2D. For the crystallinity, a 

linear increase (with a slope close to 1.0) was observed by increasing the 
beeswax content, with values of ~1 % for CGW-1, ~5 % for CGW-5, and 
~20 % for CGW-20. This is indicative of an almost complete crystalli
zation of all beeswax (mainly in plates randomly distributed, as 
observed by SEM). On the other hand, the crystallite size was also 
increased with the beeswax percentage due to the aggregation of a 
higher amount of beeswax molecules.

3.3. Mechanical characterization

Mechanical properties of CGW bioplastics were analyzed by stress- 
strain curves, Fig. 3A. For CGW-0, typical values of glycerol- 
plasticized cellulose bioplastics prepared by solution in TFA:TFAA 
were obtained, with Young’s modulus of ~963 MPa, ultimate tensile 
strength of ~31 MPa, and strain at break of ~20% (Benitez et al., 2024). 
Addition of beeswax affected significantly the mechanical properties of 
CGW bioplastics, reducing progressively all main mechanical parame
ters (i.e., Young’s modulus, ultimate tensile strength, strain at break, 
and toughness), Fig. 3B. This behavior has been previously described for 

Fig. 3. A, typical stress-strain curves of CGW samples. B, Young’s modulus, toughness, ultimate tensile strength, and strain at break values as a function of beeswax 
content. C, TGA thermograms (top) and the corresponding derivative curves (bottom) of CGW bioplastics. D, heat resistant index of CGW samples as a function of 
beeswax content.
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other beeswax-containing polysaccharide-based and protein-based ma
terials (Fabra, Talens, Gavara, & Chiralt, 2012; Hromǐs et al., 2015). For 
Young’s modulus, initial values were ~963 MPa for CGW-0 and ~673 
MPa for CGW-5, similar to high density polyethylene (HDPE) and PP, 
whereas for CGW-20 the value was reduced by half (~481 MPa), being 
this value similar to the one of commercial LDPE bags (Benitez et al., 
2024; Guzman-Puyol, Hierrezuelo, et al., 2022). Toughness values also 
decreased by the addition of beeswax, with values of ~503 mJ/mm3 for 
CGW-0, ~165 mJ/mm3 for CGW-5, and ~22 mJ/mm3 for CGW-20. 
Regarding the ultimate tensile strength (UTS), values ranged from 
~31 MPa for CGW-0 to ~20 MPa for CGW-5 and ~8 MPa for CGW-20. 
These values were similar to the values of common LDPE (12 MPa), 
HDPE (30 MPa), and PP (35 MPa). Finally, elongation at break values 
were also reduced by increasing the beeswax content with values of 
~20% for CGW-0, ~12% for CGW-5, and ~4% for CGW-20. These 
values were found close to other common food packaging materials such 
as PLA, PVC, and polystyrene (PS) (19, 15, and 3%, respectively) 

(Benitez et al., 2024). As observed, incorporating beeswax into the 
cellulose:glycerol blend results in a reduction of all mechanical param
eters. Typically, for blends, the rearrangement of the H-bond network 
caused by the proportions of the components induces mechanical 
changes where a parameter is increased and other decreased, e.g., the 
tensile strength and the elongation at break (Priyadarshi, Kim, & Rhim, 
2021). However, for the cellulose:glycerol:beeswax blends, their weak
ening of mechanical properties can be attributed to the disruption of the 
hydrogen-bond network within the material matrix, as evidenced by the 
reduction in the O-H stretching mode in FTIR analysis described above. 
The presence of beeswax, a non-polar material, interrupts the cohesive 
hydrogen bonds between the cellulose chains and glycerol molecules by 
physically intercalating within the matrix. This intercalation hinders the 
formation of hydrogen bonds between the hydroxyl groups of cellulose 
and glycerol, which are essential for mechanical robustness.

Fig. 4. A, water uptake of CGW bioplastics as a function of the relative humidity. B, top, variation of water uptake at 100% RH and water contact angle and, bottom, 
water vapor transmission rates and kit test values of CGW bioplastics with the beeswax content. The inset shows a water drop on CGW-20. C, representative biological 
oxygen demand (BOD) curves as a function of time for each CGW films. D, weight losses after 30 days of BOD tests and time to reach the plateau of CGW bioplastics as 
a function of beeswax content. E, top-view SEM images of CGW-0, CGW-5, and CGW-20 after BOD tests. Scale bar: 50 μm.
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3.4. Thermal characterization

The thermal stability of CGW bioplastics was assessed by TGA, 
Fig. 3C. TGA curves and their corresponding derivative curves showed 
four main peaks. The first one at ~59 ◦C was ascribed to the evaporation 
of adsorbed water. A second weight loss between 148 and 173 ◦C was 
related to the decomposition of glycerol into water, formaldehyde, and 
acetaldehyde (Zhang et al., 2021). A decrease in the temperature of 
decomposition of glycerol by increasing the beeswax content was 
observed, with values ranging from ~173 ◦C for CGW-0, ~162 ◦C for 
CGW-5, and ~148 ◦C for CGW-20, most probably due to the weaker 
interaction between glycerol molecules when beeswax was present. An 
almost constant third thermal event was found at ~320 ◦C and was 
associated with cellulose decomposition. Finally, a weight loss at 
~345 ◦C was attributed to the thermal decomposition of beeswax, as 
expected by comparison with the TGA of pure beeswax, Fig. S2.

From TGA curves, the heat resistant index was calculated as an 
estimation of the maximum temperature at which CGW bioplastics can 
be used without significant degradation (Hafiezal, Khalina, Zurina, 
Azaman, & Hanafee, 2019), Fig. 3D and S3. Pure beeswax presented a 
heat resistant index of 149 ◦C. For CGW-0, heat resistant index was 
~72.4 ◦C, increasing to an almost constant value of ~85 ◦C for beeswax 
percentages between 1 and 10 wt.-%. For CGW-20, a higher heat resis
tant index of ~95.3 ◦C was observed. As showed, the inclusion of 
beeswax had a positive effect on the thermal properties of CGW bio
plastics, expanding the range of temperatures in which these materials 
can be used.

3.5. Hydrodynamic, water barrier, and greaseproof characterization

Water isotherms of CGW bioplastics were determined by the quan
tification of the water uptake at different relative humidities, Fig. 4A. All 
CGW samples showed adsorption isotherms type II according to IUPAC 
classification, typical of nonporous materials (Eddaoudi, 2005) and 
previously described for other cellulose-based materials (Guzman-Puyol 
et al., 2015), being the values lower by increasing the beeswax content. 
Fig. 4B shows the water uptake values at 100% RH, the water contact 
angle, the water barrier properties, and greaseproof performance of 
CGW samples as a function of beeswax content. As expected, a decay was 
observed in the water uptake at 100% RH, with values of ~48.3% for 
CGW-0, ~30.7% for CGW-5, and ~23.0% for CGW-20, Fig. 4B (top). As 
displayed, the inclusion of 20% beeswax reduced by half the water up
take values. However, all these values were still high, being similar to 
other food packaging materials such as polyvinyl alcohol (PVA) and 
polysaccharide-based materials such as pullulan and chitosan films 
(~20 and ~30%, respectively) (Guzman-Puyol et al., 2015; Kristo & 
Biliaderis, 2007; Remuñán-López & Bodmeier, 1997).

The wettability of CGW bioplastics was investigated by determina
tion of the water contact angle, Fig. 4B (top). For CGW-0, a low value of 
~42◦ was obtained, typical of hydrophilic cellulose substrates. Addition 
of 1 wt% beeswax slightly increased the water contact angle to a value of 
~45◦. For the rest of the samples, an almost constant water contact value 
of ~105◦ was obtained. Such a hydrophobicity can be explained both by 
the non-polar chemical components of beeswax and the roughness of the 
beeswax plates on the CGW films’ surfaces observed by SEM, indicating 
that beeswax tends to crystallize on the cellulose-glycerol film. These 
values are similar of those of some fluorinated polymers such as 
ethylene-chlorotrifluoroethylene copolymer or ECTFE (99◦) and 
ethylene-tetrafluoroethylene copolymer or ETFE (108◦) (Lee, Park, & 
Randall Lee, 2008) and some other common petroleum-based materials 
currently used in food packaging applications such as LDPE (95◦), PS 
(95◦), and PP (111◦) (Extrand, 2003; Kwon, Tang, Myung, Lu, & Choi, 
2005; Meiron & Saguy, 2007) and are consistent with the increment of 
water contact angles of other polysaccharide-based films when waxes 
were added (Indriyati, Frecilla, Nuryadin, Irmawati, & Srikandace, 
2020).

Water barrier properties of CGW films were also evaluated through 
determination of the water vapor transmission rate and permeability, 
Fig. 4B (bottom) and S4. In general, water permeability was almost 
linearly reduced by increasing the percentage of crystalline beeswax, 
from values of ~9500 g/m2day for CGW-0, to ~7000 g/m2day for CGW- 
5, about a 26% of reduction, and ~2400 g/m2day for CGW-20, a 
decrease of ~75% with respect to the initial value, being similar to other 
food packaging materials such as cellulose acetate (2120 g/m2day), 
vegetable and wrap papers (2324 and 2588 g/m2day, respectively), and 
chitosan films (2682 g/m2day) (Guzman-Puyol, Hierrezuelo, et al., 
2022; Guzman-Puyol, Tedeschi, et al., 2022). Such a decrease can be 
related to the intrinsic impermeability of beeswax crystals, that act as 
effective barriers against water (Wu et al., 2021).

The greaseproof behavior of CGW bioplastics was tested by the kit 
test. For CGW-0, a kit test value of ~4 was measured, corresponding to a 
low barrier level against oil according to the limit of kit test higher than 
5 stablished by the TAPPI standard (Sheng, Li, & Zhao, 2019). Kit test 
values were highly affected by the addition of beeswax, with values of 
~7 for CGW-1 and ~10 for CGW-2.5. For beeswax contents above 5 wt 
%, the obtained value was ~12, the highest kit test value, demonstrating 
the feasibility of these CGW films to resist the direct contact with fats 
and oils.

3.6. Biodegradation in seawater

The biodegradability of CGW samples was assessed through the 
determination of the biological oxygen demand in seawater for 30 days, 
Fig. 4C. A progressive delay of the start of degradation was observed by 
increasing the beeswax content, with values, for example, of 1, 3, and 7 
days for CGW-0, CGW-5, and CGW-20, respectively. It is also remarkable 
the inverse correlation between final biodegradation values and 
beeswax contents. Thus, for CGW-0 the final BOD value was ~31.7 mg 
O2/L, decreasing to a value of ~21.4 mg O2/L for CGW-5 and ~14.1 mg 
O2/L for CGW-20. The time to reach the plateau and the weight loss after 
the BOD tests were also measured for the different samples, Fig. 4D. 
Interestingly, the time to reach the plateau showed a similar behavior to 
the delay in the degradation process. On the other hand, for the weight 
loss, a decay by increasing the beeswax content was observed. In gen
eral, all these decrease of biodegradation parameters can be related to 
the crystallinity and non-polar character of beeswax, as confirmed by 
XRD and WCA measurements, that hinder the interaction with water 
and, hence, with the marine bacterial population that produce the 
biodegradation. However, even for beeswax-rich bioplastics, these 
values are characteristic of biodegradable polymers such as cellulose 
acetate and ethyl cellulose (5 and 11%, respectively) and much higher 
than those of common polymers such as polyethylene terephthalate 
(PET), PLA, and LDPE (0 %) (Guzman-Puyol, Tedeschi, et al., 2022). 
After BOD, CGW films pieces were recovered and SEM was used to 
characterize the main differences in their morphology, Fig. 4E. CGW-0 
surface showed the typical eroded and heterogeneous previously re
ported for cellulose-based materials (Guzman-Puyol, Hierrezuelo, et al., 
2022; Guzman-Puyol, Tedeschi, et al., 2022). For CGW-5 and CGW-20, 
more eroded surfaces were observed, with some protuberances and 
holes homogeneously distributed, most probably due to the physical 
removing of the beeswax crystalline plates during the BOD tests.

3.7. Assessment of CGW bioplastics as active food packaging materials

3.7.1. Antioxidant capacity, overall migration, and preservation of pear 
slices

The antioxidant capacity of CGW films was assessed by using the 
DPPH radical scavenging protocol, Fig. 5A. A gradually increase of the 
antioxidant capacity for higher beeswax contents was observed. Thus, 
CGW-0 showed the lowest antioxidant capacity with final radical scav
enging activity (RSA) values of ~3.3% after 96 h, as previously reported 
for other cellulose-based materials (Guzman-Puyol, Hierrezuelo, et al., 
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Fig. 5. A, antioxidant capacity of CGW samples calculated by using the DPPH⋅ method. B, overall migration of CGW bioplastics to Tenax® dry food simulant. C, 
photographs of pear slices uncovered and covered with LDPE, CGW-0, and CGW-5 films after 0, 4, 7, 11, and 14 days. D, weight loss, browning index, and antioxidant 
capacity of pear slices as a function of the storage time.
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2022), followed by CGW-1 (~7.5%), CGW-2.5 (~10.8%), CGW-5 
(~14.1%), CGW-10 (~18.3%), CGW-15 (~23.2%), and CGW-20 with 
the highest antioxidant capacity (~27.5%). This increase in the anti
oxidant activity of CGW bioplastics can be explained by the presence of 
antioxidant polyphenols such as kaempferol, apigenin, and pinobanksin 
naturally present in beeswax (Martinello & Mutinelli, 2021; Sawicki, 
Starowicz, Kłębukowska, & Hanus, 2022).

The overall migration of CGW bioplastics was tested by using 
Tenax® as a dry food simulant, Fig. 5B. For CGW-0, the overall migra
tion was (4.4 ± 0.3) mg/dm2, increasing progressively until values of 
(6.1 ± 0.5) mg/dm2 for CGW-1, (7.3 ± 0.6) mg/dm2 for CGW-2.5, and 
(7.9 ± 0.6) mg/dm2 for CGW-5, below the threshold stated by the Eu
ropean Commission Regulation October 2011 about plastics intended to 
be in contact with food (10 mg/dm2) (Commission, 2011). On the other 
hand, for the beeswax-richer samples, overall migration values were 
(10.2 ± 0.6), (12.1 ± 1), and (12.7 ± 1.1) mg/dm2 for CGW-10, 
CGW-15, and CGW-20, respectively, thus being not suitable for food 
packaging applications.

As a proof of concept, CGW-0 and CGW-5 bioplastics, both below EU 
migration limits, were selected to further check their viability as food 
packaging of fresh-cut pear slices, Fig. 5C and D. For the control (un
covered pear slices), a drastic shrinkage and browning was observed 
during the storage time, Fig. 5C. On the contrary, in the same period, for 
the pears covered with LDPE films, pear slices did not almost change in 
size and color. For the pear slices covered with CGW-0 and CGW-5, both 
size reduction and browning were less pronounced than uncovered 
pears. To further characterize the preservation of pear slices, their 
weight and area losses, browning index, and antioxidant capacity were 
measured at different storage times, Fig. 5D. For the weight loss, a rapid 
linear increase was observed for the uncovered pear slices, with final 
values of ~8.8% after 14 days, while for those covered with LDPE, an 
almost constant weight loss was measured, with very low values of 
~0.1% after 14 days. For pears covered with CGW-0 and CGW-5, an 
intermediate behavior was observed, with final weight loss values of 
~5.2 and ~1.5%, respectively. These results are in agreement with the 
visual changes previously described and can be explained by the 
improved water vapor barrier properties of LDPE and CGW-5, that 
prevent the massive water loss during storage. Area loss measurements 
were conducted to quantify the reduction in size, which is only slightly 
noticeable by visual inspection. As observed, all samples exhibited 
similar behavior up to day 4. Starting from day 4, the LDPE sample, from 
day 7, CGW-5, and from day 9, CGW-0, showed area losses lower than 
the uncovered sample. Similar to weight loss, after 14 days, the LDPE 
covering resulted in the lowest area loss (~4.3%), while the uncovered 
sample showed the highest area loss (~20.9%). The CGW-0 and CGW-5 
coverings displayed intermediate values of ~13.8% and ~9.4%, 
respectively. These changes can be attributed to the ability of the 
different films to prevent significant water loss, as described above. 
Browning index was chosen as a more accurate indicator of the color 
changes of pear slices over time, usually ascribed to different enzymatic 
and non-enzymatic reactions naturally occurring in fresh fruits and 
vegetables (Hosseini, Mousavi, & McClements, 2023). For the uncovered 
pear slices and those covered with CGW-0, an exponential increase of 
the browning index was measured, especially after 9 days in the fridge. 
For these samples, browning index after 14 days were ~50.4 for un
covered pears and ~41.4 for pears covered with CGW-0 films. For 
CGW-5 and LDPE, a linear increase was measured, with very close final 
values (~29.5 and ~26.5, respectively). The differences found among 
CGW samples can be explained by the enhanced antioxidant activity of 
CGW-5 due to the presence of beeswax, that can effectively neutralize 
free radicals from pear slices and the higher oxygen barrier properties of 
CGW-5, that reduce the oxygen permeation into the package, reducing 
the product oxidation. Finally, the antioxidant capacity of the fruit at the 
different storage times was checked by using the DPPH radical scav
enging method. In general, a linear decrease was observed, being the 
decay faster for the uncovered pears, followed by the ones covered with 

CGW-0. The antioxidant capacity of pears covered with CGW-5 were 
found to be slightly lower than those of pears covered with LDPE and are 
consistent with the values of browning index previously described and 
the oxygen permeability values, Fig. 6B, indicating the contribution of 
beeswax to actively protect food and extend the shelf-life.

3.7.2. Antimicrobial capacity and oxygen barrier properties
The antimicrobial activity of selected CGW-0 and CGW-5 bioplastics 

was tested by using different bacteria (Escherichia coli and Bacillus ce
reus), Fig. 6A. E. coli and B. cereus are foodborne pathogens that can 
cause significant health issues when ingested through contaminated 
food or water. E. coli is a broad family of coliform bacteria that can lead 
to severe gastrointestinal distress, including bloody diarrhea and kidney 
failure. These pathogens are often linked to undercooked ground beef, 
raw vegetables, and unpasteurized dairy products (Niveditha et al., 
2021). On the other hand, B. cereus is a spore-forming bacterium typical 
of starchy foods that may produce toxins causing diarrhea and vomiting 
(Jovanovic, Ornelis, Madder, & Rajkovic, 2021). As showed, no inhibi
tion halo was observed, insets of Fig. 6A, most probably due to the no 
migration of beeswax molecules from films to polar culture media. On 
the other hand, retentivity tests were also carried out to assess the 
capability of CGW bioplastics to hold fixed bacteria, thus reducing the 
possibilities of eventual bacterial propagation to food. As showed, 
CGW-0 and CGW-5 presented higher retentivity capacity than LDPE 
films used as a control. In particular, for CGW-5 bioplastics, retentivity 
values were improved ~25% when E. coli was used and ~18% for 
B. cereus with respect to the control. Such a higher retentivity capacity is 
also linked with the low retentivity values measured for the agar, 
demonstrating the capacity of CGW samples to actively protect food 
from pathogenic bacteria.

Finally, the oxygen barrier properties of CGW-0 and CGW-5 bio
plastics were characterized at different relative humidities, Fig. 6B. In 
general, the oxygen permeabilities of CGW-0 and CGW-5 were affected 
by relative humidity, showing a gradual increase of oxygen permeability 
values by increasing the relative humidity as previously reported for 
other polymers such as ethylene vinyl alcohol (EVOH), cellophane, and 
methyl cellulose (Gontard, Thibault, Cuq, & Guilbert, 1996). At 0% RH, 
CGW-0 and CGW-5 showed oxygen permeability values of 
~0.006⋅10− 18 and ~0.004⋅10− 18 kg m m− 2 s− 1 Pa− 1, respectively, being 
these values lower than those described for cellophane (Wang et al., 
2018) or polyamide (Robertson, 2016). At the highest relative humidity, 
oxygen permeability values were ~8.719⋅10− 18 and ~18.931⋅10− 18 kg 
m m− 2 s− 1 Pa− 1, for CGW-0 and CGW-5, respectively, similar to oriented 
polypropylene (OPP), a common packaging material for fresh and 
fresh-cut fruits and vegetables. Furthermore, Fig. 6C reports a compar
ison of oxygen permeability values at 60% RH. of CGW-0 and CGW-5 
with other common food packaging plastics and bioplastics. CGW-0 
and CGW-5 showed higher oxygen permeability values than EVOH 
(Kurakay, 2024) and similar to those of PET and PLA 
(Fernández-Menéndez, García-López, Argüelles, Fernández, & Viña, 
2020; Robertson, 2016). Other common food packaging materials such 
as OPP, LDPE, and protein-based bioplastics showed higher oxygen 
permeability values than CGW-0 and CGW-5 (Pranata et al., 2019; 
Robertson, 2016).

4. Conclusions

In this work, active food packaging materials have been fabricated by 
addition of beeswax to glycerol-plasticized cellulose matrices. Chemical 
and structural characterization showed a modification of the H-bond 
network and an increase of the crystallinity. As a result, transparency 
and mechanical properties were negatively affected, but still with values 
similar to common petroleum-based food packaging plastics. The addi
tion of beeswax improved the hydrodynamic properties, with an 
important decrease of water uptake and water vapor transmission rate 
values. Moreover, CGW bioplastics showed high resistance to oils and 
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fats, antioxidant capacity, and biodegradability in seawater.
To further check the convenience of CGW bioplastics as food pack

aging materials, overall migrations were determined, resulting in good 
performances for beeswax content up to 5 wt.- %. Fresh-cut pear slices 
preserved with CGW-5 presented similar appearance, weight and area 
losses, browning index, and antioxidant capacity to those preserved with 
commercial LDPE films. Regarding the antibacterial properties, these 
films showed a high bacterial retention capacity, thus potentially 
avoiding the propagation of pathogens towards the food. Finally, oxygen 
permeability measured at medium range relative humidities (60%), 
showed a similar behavior to high barrier food packaging materials such 
as PLA and PET and better than LDPE.

This study addresses the urgent need for sustainable packaging al
ternatives in the food industry. By enhancing cellulose:glycerol films 
with beeswax, we improve barrier properties and stability, essential for 
maintaining product quality. These findings lay the groundwork for 
scalable, eco-friendly bioplastics, aligning with industry trends toward 
sustainable packaging solutions.
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José J. Benítez: Writing – review & editing, Investigation. Jaime 
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Writing – review & editing, Writing – original draft, Investigation, 
Funding acquisition, Conceptualization. Susana Guzmán-Puyol: 
Writing – review & editing, Writing – original draft, Supervision, 

Investigation, Funding acquisition, Conceptualization.

Declaration of competing interest

None.

Acknowledgements

This work has been partially supported by the Spanish Research 
Council (CSIC) project 202040E003. S.G-P thanks the “Consejería de 
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