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Abstract

This work aims to develop bio-based and biodegradable materials for active food packaging
purposes by comparing the properties of avocado seed flour (ASF) and avocado extracted
starch (AES). A 36.4% dry basis yield is obtained for the extracted AES from ASF. ASF
presents a higher crystallinity, and SEM images show a mixture of starch granules and
other materials, whereas AES presents lower ash, protein, and lipid content relative to ASE.
To make a comparison between the two, ASF or AES are mixed with glycerol at different
concentrations, then twin-screw extruded and injection-molded to develop thermoplastic
starch-based materials. The morphological, mechanical, barrier, antioxidant, antimicrobial,
and disintegrability properties are evaluated to compare their different compositions. ASE-
based films exhibit better barrier properties and a 134% higher intrinsic antioxidant capacity.
Conversely, the homogenous nature of AES-based materials results in better interactions
with the plasticizer, allowing a wide range of mechanical properties. Moreover, cinnamon
essential oil (CEO) was incorporated into the preferred compositions of both ASF and
AES to improve antimicrobial properties. Adding a 5% concentration of CEO to samples
was sufficient to completely inhibit the growth of P. expansum. These results support
waste valorization for developing active packaging materials with high antioxidant and
antimicrobial properties without competing for resources with the food industry.

Keywords: avocado seed; flour; extrusion; cinnamon oil; thermoplastic starch; active
packaging

1. Introduction

The growing environmental impact of conventional plastics has accelerated the search
for sustainable alternatives in food packaging. Biopolymers derived from renewable
sources, particularly polysaccharides, represent a promising option due to their biodegrad-
ability and potential functional properties. At the same time, the food industry generates
large amounts of agro-industrial residues that remain underutilized despite being rich in
valuable biopolymers and bioactive compounds. In this context, avocado seeds offer an
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interesting and abundant raw material for the development of biodegradable packaging.
The present study aims to valorize this waste stream by formulating starch-based films
plasticized with glycerol and enriched with cinnamon essential oil, thereby addressing
both the challenge of agro-food waste management and the urgent need to reduce reliance
on petroleum-based plastics.

The ever-increasing demand for food and feed has led to substantial losses, waste,
and discards in agricultural and food supply chains, resulting in significant environmental
issues. These plant materials are prone to microbial spoilage, cause odors, emit greenhouse
gases, and contaminate the environment [1]. While the disposal or treatment of waste
is costly for food industries, efficient use can create opportunities to add value to agro-
industrial byproducts. Bioactive compounds such as polysaccharides, proteins, flavor
components, dietary fibers, and phytochemicals may be abundantly found in agricultural
processing by-products like skins, pomace, seeds, leaves, gums, and extracts, among
others [2]. The European Commission is adopting circular economy approaches to complete
product life cycles within industrial systems, seeking to transform low-value by-products
into higher-value goods [3]. Strategies that support valorization of food waste include
fermentation bioprocessing to alter feedstock compositions, resulting in better nutritional
feed [4], bioproduction of renewable and carbon-neutral fuels and chemical products [5],
as well as the production of biopolymeric films.

Biopolymeric films, consisting of a combination of biopolymer and plasticizer, offer
excellent availability, low cost, and good biodegradability. Starch can be used as a polymeric
matrix, filler, or coating due to its film-forming capability, high availability, abundance,
biodegradability, low cost, and requirement of the same processing techniques used for
traditional polymers, including extrusion and injection molding [6]. Starch extracted
from conventional sources (i.e., potatoes, rice, maize, or wheat) has been extensively
explored over the past few decades to develop biofilms. Recent studies are now focusing on
waste revalorization as a new alternative starch source, including seeds from tamarind [7],
pumpkin [8], or durian [9]. Glycerol, a viscous, colorless, and odorless liquid, is the most
prevalent plasticizer for bio-based materials. It is non-toxic and commonly produced as
a byproduct of biodiesel manufacturing, with widespread use in the pharmaceutical and
food sectors [10].

In our previous study [11], avocado seed starch-based films were prepared at a lab-
oratory scale using solvent casting methodology, with avocado starch nanocrystals as
reinforcements. The primary disadvantages of the solvent casting process include its batch
nature and slow processing, which make industrial-scale production difficult. Additionally,
it offers limited control over film thickness and uniformity, and it usually cannot accommo-
date samples exceeding 100-200 cm? [12]. Extrusion is a common technique for shaping
thermoplastic materials derived from synthetic, semi-synthetic, or natural polymers. When
applied to starch, this process involves thermomechanical energy and plasticization that
disintegrate its granular and semicrystalline form, transforming it into an amorphous, uni-
form substance called thermoplastic starch (TPS). In injection molding, the thermoplastic
polymer passes through the mold by applying pressure using a pump. In this method,
injection pressure and temperature are the key factors that determine the properties of
samples [13].

Persea americana Mill., commonly known as avocado, originates from Central America
and has become globally popular because of its many health advantages. The elaboration of
processed products derived from avocados generates large amounts of byproducts, mainly
pulp and seeds, which present interesting opportunities to expand the value chain [14].
Avocado residues are unsuitable for animal feed because they contain elevated levels of
polyphenols, which give a bitter flavor and could be toxic if consumed in large quanti-
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ties [15]. However, the seeds, which comprise 15-16% of the fruit and contain roughly
29% starch, can be repurposed as a starch source [16].

Avocado seeds have been found to possess high antioxidant activity, which is at-
tributed to their high content of flavonoids and phenolic compounds [17]. Antioxidants
are interesting for both protecting the polymeric matrix during melt extrusion and de-
veloping active packaging materials that can interact with food to enhance its shelf life.
Oxidation plays a significant role in the decline of food quality. Particularly, foods high in
polyunsaturated fats are prone to oxidation by oxygen molecules, leading to nutritional
loss, undesirable flavors, discoloration, and overall deterioration [18].

One approach to prolong the shelf life of food products involves antimicrobial packag-
ing, which incorporates active agents into the packaging material to create a barrier that
inhibits microbial growth, either through vapor release or direct contact with the food.
Despite the efficiency of synthetic antimicrobial components, concerns over potential health
risks associated with them have led to a growing demand for natural antimicrobial alterna-
tives. Essential oils (EOs) can be considered a natural source of antimicrobial compounds
that can be integrated into polymeric matrices. Their application as additives may be
restricted due to factors such as expensive extraction processes, strong aromatic character-
istics, possible toxic effects, and low stability and volatility, which can cause degradation
during thermal processing [19]. Despite these limitations, EOs provide additional beneficial
properties that can outweigh the drawbacks, including antioxidant capacity and reduced
water vapor permeability. Moreover, their volatile nature also enables safe consumption in
small concentrations. Cinnamon essential oil (CEO) is classified as Generally Recognized as
Safe (GRAS) and has gained great attention for its antimicrobial, antioxidant, and antifungal
properties in packaging materials. For example, Xu et al. [20] described the outstanding
antimicrobial activity of a chitosan-gum-based solvent-casted film with bark CEO against
Staphylococcus aureus and Escherichia coli. There are two types of CEO with clear differences
in chemical composition: leaf CEO is predominantly composed of eugenol, while bark CEO
is predominantly composed of cinnamaldehyde [18].

Although starch is widely used in developing biodegradable materials because of its
availability, renewability, and excellent film-forming ability, its extraction from botanical
sources often involves additional energy consumption, the use of solvents or chemicals,
and relatively low yields. In particular, avocado seed starch studies typically yield less
than 25% [21,22]. An alternative approach is to grind the entire avocado seed into flour,
thereby eliminating the need for extraction and maximizing the use of the raw materials.
Avocado seed flour contains not only starch but also cellulose, lignin, and other polysaccha-
rides as well as bioactive compounds, which could influence the final material properties.

This study compares the properties of injection-molded samples made from avocado
seed flour and extracted starch from avocado seeds. For this, avocado seed flour (ASF)
or avocado extracted starch (AES) with varying glycerol concentrations were extruded
to create thermoplastic materials for active food packaging. The thermal, morphological,
mechanical, barrier, antioxidant, and disintegrability properties were examined to compare
how the thermoplastic starch (TPS) behaves depending on the material and plasticizer ratio
used. Cinnamon essential oil (CEO) was added in different amounts to the preferred ASF
and AES formulations (35 wt. % glycerol) to improve the antimicrobial and antioxidant
properties of both materials. Finally, the antimicrobial properties of all the extruded plates
were tested and evaluated to identify the optimal formulation.

2. Materials and Methods

Avocado seeds (Persea americana Miller, cv. Hass) were kindly provided by “Grupo La
cafia” plantation (Malaga, Spain). Vegetable glycerin (USP, 99.5%), zinc acetate dehydrate



Polysaccharides 2025, 6, 83

4 0f 33

[Zn(CH3CO,),-2H,0], 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox),
and Iodine (CAS 7553-56-2) were acquired from Sigma-Aldrich Quimica S.A. (Madrid,
Spain). Potassium iodide was purchased from Quimicen SA (Madrid, Spain), while ethanol,
glacial acetic acid, hydrochloric acid and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
obtained from Scharlau (Barcelona, Spain). Potassium hexacyanoferrate (II) trihydrate
[K4[Fe(CN]g]-3H20] was purchased from Carlo Erba Reagents (Sabadell, Spain). Cinnamon
essential oil (CEO) was kindly provided by Destilerias Murioz Gélvez (Murcia, Spain).
Avocado seeds were obtained as per consumption standards (food-grade) and the rest of
the materials were obtained for laboratory use (analytical grade).

2.1. Avocado Seed Flour and Avocado Extracted Starch Preparation

Avocado Seed Flour (ASF) was prepared by drying the seeds at 58 °C in a ventilated
oven for 18 h. The seeds were then ground using an SM 200 Retsch cutting mill (Retsch
GmbH, Haan, Germany) equipped with a 2 mm sieve mesh. The resulting ASF was
dried in an oven at 40 °C before being stored in sealed bags. Avocado Extracted Starch
(AES) was subsequently extracted from ASF. A small quantity of 100 g of ASF was ground
in 500 milliliters of distilled water with an IKA Multidrive blender (located in Staufen,
Germany). The mixture was then filtered through a mesh sieve with a 50 um pore size. To
purify the starch, it was rinsed with distilled water and subsequently dried via vacuum
filtration. Both ASF and AES were stored in airtight bags within a dry environment at
room temperature.

2.2. Mold Injection

Formulations of ASF and AES were created using three different glycerol concentra-
tions—25, 35, and 45 wt. %—designated as ASF25, ASF35, ASF45, and AES25, AES35,
AES45, respectively. These glycerol concentrations were selected to represent low, medium,
and high plasticizer levels commonly reported in TPS films. The samples were produced
with a micro compounder Xplore MC15 HT (Xplore Instruments BV, Sittard, The Nether-
lands, 15 cm? capacity). The ASF/AES mixtures and the corresponding glycerol amounts
were manually combined until uniformity was achieved. This blend was then processed
in an extruder for 10 min, with the screw operating at 200 rpm and the temperature set
to 110-115-120 °C, from the hopper onward. The intermediate level (35 wt. % glycerol)
was chosen as the reference matrix for CEO incorporation at 1, 3, and 5 wt. %. These CEO
levels are typical in active packaging studies, where lower amounts may be insufficient and
higher levels (>5%) can compromise film integrity and sensory properties. CEO was added
inside the extruder using a syringe 90 s before injection to prevent volatilization. Samples
were designated as ASF35-C1, ASF35-C3, ASF35-C5, and AES35-C1, AES35-C3, AES35-C5,
respectively. The thermoplastic material was directly injected from the extruder using a
Micro molder (IM 12) into dog-bone or plate molds. The rectangular injection-molded
plates (approx. 3 x 2 cm) were produced in a rectangular cavity. The injector temperature
was set to 135 °C and the mold to 45 °C, while the pressure ramp was adjusted based on
the flow capacity of the mixture and mold type.

The torque of the drive motor resistance inside the extruder barrel was measured to
assess the relative viscosities of polymer melts during the extrusion process. Generally,
torque values at the start of the mixing samples displayed a rapid increase, followed by a
progressive decrease to a steady value. The highest initial torque corresponded to ASF25
and AES25 (8-9 N-m), followed by the 35 wt. % glycerol formulations (67 N-m), and
finally, ASF45 and AES45 (2-3 N-m). As expected, this decrease in torque with increasing
glycerol concentrations is related to the plasticizer’s ability to reduce friction between
starch granules, as reported by Otarola et al. [23]. The essential oil was added 90 s before
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opening the extruder, which resulted in a torque drop proportional to the concentration,
from a 35% drop for AES35-C1 to 55% for AES35-C5.

After injection, the AES and ASF dog-bone formulations used for mechanical charac-
terization exhibited a smooth surface and a brown aspect. Increasing the concentration
of glycerol did not result in sticky plates. However, AES45 dog-bones started to whiten
their surface two weeks after extrusion, which could indicate excessive plasticizer and
subsequent leaching. On the other hand, the squared plates presented a lighter brown color
compared to the dog-bones due to their lower thickness, as seen in Figure 1. Moreover,
AES-based plates with a higher glycerol content (AES45) presented an even lighter brown
to dark orange aspect. Other researchers have highlighted how the yellow color of the CEO
led to a significant increase in the yellowness of transparent starch films [24]. However,
due to the dark color of avocado starch, plates containing CEO were visually similar to
their neat counterparts, with no apparent difference.

Figure 1. Visual comparison between dog-bones and squared plates of AES45.

2.3. Avocado Seed Flour, Starch and CEO Characterization

The composition of ASF and AES was estimated using various characterization tech-
niques. Starch content was determined following Ewers polarimetric method according to
ISO 10520:1997 [25]. Each sample was measured in duplicate with ten scans per run, using
a sodium lamp (589 nm) and a 100 mm path-length cell in a JASCO 2000 Polarimeter (Jasco
Deutschland GmbH, Pfungstadt, Germany). The instrument automatically calculated the
Specific Optical Rotation (O.R.) based on the known concentration (2.1% m/v). The Specific
O.R. of starch was considered 184°.

The total ash content was calculated following the Analytical Standards of Instituto
Adolfo Lutz [26], according to:

% Ashes = (Mcalcined sample4-vessel mass — Moessel muss) / (MSample weight) * 100 1)

The Frotein content of AES and ASF was estimated using the nitrogen content of the
samples (%, dry weight) through elemental analysis. The protein content was determined

by multiplying the total nitrogen value by the factor 6.25 (the nitrogen converter) [22].
Total lipids were thoroughly extracted using hexane in a Soxhlet setup, following the
method described by Manirakiza et al. [27].

%Lipz'ds = (MBulloon+oil weight — MaBaitoon weight) / (MSample wez’ght) *100 (2)

The estimated amount of carbohydrates in the sample was calculated by subtracting
the combined percentages of moisture, ash, protein, and lipids from 100% [22], correspond-
ing to:

%Carbohydrate = 100% — (%moisture + %ashes + %protein + %lipids) 3)

The proportion of amylose-amylopectin within the starch was measured using the
total amylose content method [28]. A brief overview: starch was first placed in a cellulose
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extraction thimble within a Soxhlet extractor. Lipid removal was carried out by heating
200 mL of a 75% (v/v) n-propanol-water mixture at 110 °C for 24 h. The lipid-free starch
was then air-dried for 12 h before being placed in an oven set at 37 °C for another 24 h. For
analysis, triplicate samples of 20 mg dried starch were dissolved in 8 mL of a 90% DMSO-
water solution and heated at 85 °C for 15 min with occasional mixing. These samples were
then diluted to 25 mL with deionized water, with 1 mL of this solution further diluted
with 50 mL of diluent containing 5 mL of iodine solution. Additionally, standard mixtures
consisting of pure amylose and amylopectin at varying ratios (0%, 10%, 20%, 40%, 50%,
60%, 80%, 90%, and 100% amylose) were prepared at 20 mg each. The absorbance of all
samples and standards was measured at 600 nm using a UV-Vis Cary 1E spectrophotometer,
with a reagent blank serving as the reference.

The analytical determination of compounds in ASF, AES and CEO was carried out
using a Hewlett-Packard 6890 HRGC gas chromatograph equipped with an Agilent Tech-
nologies mass spectrometry detector model 5973 (GC-MS) (Santa Clara, CA, USA). The
compounds were separated on a DB5-HT capillary column (15 m x 250 pm and 0.1 um),
using helium with a flow rate of 1 mL/min as the carrier gas. The mass spectrometry
analysis employed an electron impact ionization at 70 eV. Samples, each weighing 50 mg,
were extracted using dichloromethane at a temperature of 40 °C over 24 h. After solvent
evaporation to dryness, the extracts underwent GC-MS analysis. Compound identification
was performed by comparing their mass spectra to the NIST20 library (developed by the
US National Institute of Standards and Technology in Gaithersburg, MD, USA), considering
a match score exceeding 900.

The structure of ASF and AES granules was examined through field emission scanning
electron microscopy (FE-SEM) (Hitachi S8000, Hitachi Co., Tokyo, Japan), utilizing an
accelerating voltage of 30 kV and a working distance of 8 mm.

The chemical structures of ASF and AES were studied using Fourier transform infrared
(FTIR) spectroscopy, with a Spectrum One FTIR spectrometer (PerkinElmer Instruments,
Madrid, Spain). Samples were analyzed at room temperature in the spectral range of
400-4000 cm ! at a resolution of 4 cm~ 1.

The crystal structure was examined utilizing a Bruker D8 Advance apparatus equipped
with a CuK radiation source (wavelength 0.154 nm) and a Vantecl detector. The measure-
ment conditions included an X-ray wavelength of 1.5406 A, with the instrument operated
at 40kV and 40 mA. Samples were placed on an aluminum holder, and X-ray diffrac-
tion patterns were collected over the 20 range from 0° to 60°, at a scanning speed of
0.02° per second. The crystallinity index (Xc) was calculated based on the methodology

outlined by Hulleman et al. [29]:
Hc

- Hc + Ha

Hc and Ha represent the intensities corresponding to the crystalline and amorphous

Xc (4)

phases, respectively, with typical baseline values observed at 26 angles between 17° and 18°.

Thermal stability assessments were conducted utilizing a TGA Q500 analyzer(TA
Instruments, Madrid, Spain). Approximately 10 mg of samples were subjected to heating
from 30 °C to 800 °C at a rate of 10 °C/min under either nitrogen or oxygen atmospheres.
The temperature corresponding to maximum degradation (Tmax) was derived from the first
derivative of the thermogravimetric curves.

2.4. Sample Characterization

The microstructure of the plates was studied by taking pictures of the cryo-fractured
cross-sections using a FE-SEM (Hitachi S8000, Hitachi Co., Tokyo, Japan), with an accelerat-
ing voltage of 30 kV and a working distance of 8 mm.
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Tensile testing was carried out following the guidelines specified in the standard test
procedure ISO 527 [30]. The tests were performed using injected dog-bone “1BA” type
(75 mm x 10 mm X 5 mm) samples in an Instron Universal Machine (Barcelona, Spain),
with a cell load of 100 N and a crosshead speed of 10 mm/min. A minimum of five
dog-bone samples per formulation were analyzed to calculate the mean values of their
respective Young’s modulus (E), tensile strength (o), and elongation (¢) at break, along with
standard deviations.

Statistical analysis of significant differences among formulations was performed using
two-way analysis of variance (ANOVA) with OriginPro 2023 software, applying Tukey’s
test at a 95% confidence level. For each studied property, a p-value lower than 0.05 indicates
that the formulation has a statistically significant effect on that property, meaning that
at least one group mean differs significantly from the others. Two-way analyses were
carried out to determine the influence of the material, glycerol concentration and their
interaction. The same methodology was used to study the interaction between material
and CEO content.

Dynamical mechanical thermal analysis (DMTA) was performed utilizing a DMA
instrument (Mettler-Toledo, Columbus, OH, USA) operating in clamp tension mode. The
tests were carried out at various frequencies of 0.5, 1, 3, and 10 Hz, with a steady amplitude
of 15 pm and a normal force maintained at =2 N. Temperature variation was recorded
from —80 °C to 130 °C at a heating rate of 2 °C per minute. The specimens measured
approximately 15.0 mm in length, 5.0 mm in width, and 0.5 mm in thickness. The ap-
parent activation energy (E,) was calculated based on the Arrhenius equation, utilizing
time-temperature superposition principles, by overlaying the tan & peaks recorded across
different frequencies [31]. The temperature dependence of the frequency of excitation can
be expressed as:

—Eg
f = foe™ (5)
Rephrasing this equation enables plotting the natural logarithm of frequency (In f)
versus the reciprocal of temperature (1/T), based on the identified peak maxima. The

activation energy (E;) can then be calculated by multiplying the slope of the resulting
straight line by the universal gas constant (R = 8.314 x 1073 k] mol ! K7 1).

E,(KJmol) = —R {d(h‘lf )] ©)
(%)

Water vapor permeability (WVP) was assessed at room temperature (23 °C) and
50% relative humidity (RH), using a Permatran-W Model 3/34 G and adhering to ASTM
F1249-20 [26]. The water vapor permeability (WVP) was determined according to:

WVTR ¢
WVP = s R - Rro) @
where ¢ represents the thickness of the plate, S denotes the saturation vapor pressure of
water at 23 °C (21.068 mmHg), and R1 (50%) and R2 (0%) indicate the relative humidity on
both sides of the plates.

The law requires that packaging materials designed for storing food at room
temperature—specifically between 20 °C and 40 °C for a maximum of 30 days—must un-
dergo testing by exposure to a food simulant at 40 °C for 10 days. This procedure is particu-
larly intended for fatty foods, using a fatty food simulant (Simulant D1 = ethanol 50% v/v).
In order to perform double-sided total immersion migration experiments, two 15 X 15 mm
plate samples were completely submerged in 7.5 mL of Simulant D1 in a glass vial at 40 °C
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for 10 days [32]. All samples were tested in triplicate, and simulant D1 was utilized as
a control and ran concurrently with the migration test. After 10 days, the plate samples
were taken out, and the absorbance of the D1 simulant was assessed following a 15 min
exposure to 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals at a concentration of 2 mM in
ethanol. The measurement was performed at a wavelength of 526 nm using a UV-Vis Cary
1E spectrophotometer from Varian. The decrease in the absorbance due to the antioxidant
capacity of the samples was used to estimate the radical scavenging activity (RSA).

A —A
RSA(%) _ Control Sample % 100% ®)
Acontrol

where Acprol is the absorbance of DPPH radical in simulant D1 and Aggyypie is the absorbance
of DPPH solution after 15 min in contact with each food simulant sample after 10 contact
days with the samples. The quantification was determined using a calibration curve of
Trolox standards (y = —0.093x + 1.007, R? = 0.9955), and the antioxidant activity of the films
was calculated based on a linear regression equation, then expressed as mmol of Trolox
equivalents (TAE) per gram.

Samples were dissolved in a water/ethanol mixture, filtered through 0.45 um PTFE
syringe filters, and 9 uL were injected into a reverse-phase HPLC-MS system. Chromato-
graphic separation was performed on a Waters Alliance e2695 Separations Module (Waters
Cromatografia, SA; Barcelona, Spain) equipped with a Waters 2998 photodiode array
detector and coupled to a Waters Acquity QDa single quadrupole mass spectrometer.

The separation was carried out using a Waters SunFire C18 RP VanGuard Car-
tridge (2.1 mm x 5 mm, pre-column) in line with a Waters SunFire C18 RP analytical
column (2.1 mm x 50 mm), operating at a flow rate of 0.35 mL/min. The elution was
achieved with a 10 min linear gradient from 2% to 95% solvent A-B (solvent A: acetonitrile;
solvent B: water), supplemented with a fixed 5% of solvent C (2% formic acid in water),
resulting in a final concentration of 0.1% formic acid throughout the gradient. +Detection
was performed by PDA in the range of 190-700 nm (spectral resolution: 1.2 nm), and by
MS using an electrospray ionization (ESI) interface operated in both positive and negative
modes. The capillary voltage was set at 0.8 kV, with cone voltages of 20 V and 40 V, a probe
temperature of 600 °C, and a source temperature of 120 °C. Mass spectra were acquired in
full scan mode over an m/z range of 85-1250, with automated resolution control at 0.7 Da.

Penicillium expansum cultures obtained from Spanish type culture collection (CECT)
were grown on Potato Dextrose Agar (PDA) plates for a period of seven days at 26 °C.
To prepare a conidial suspension, the surface of the PDA plates was covered with sterile
peptone water containing 0.05% (v/v) Tween 80, and then gently scraped with a Drigalski
spatula to release the conidia. A 1 mL aliquot of this suspension was transferred into
sterile tubes and mixed thoroughly to ensure uniformity. Serial dilutions were performed
to reach a concentration of 10° spores/mL. Spore enumeration was carried out using
the improved Neubauer counting chamber with a Bright-Line Hemacytometer (Hausser
Scientific, Horsham, PA, USA).

The antifungal effects of CEO were tested in vitro through the vapor phase disc
diffusion method. The minimum fungicidal concentration (MFC) was identified as the
quantity of CEO required on each plate to completely halt the growth of P. expansum after
a 10-day incubation period. To perform this test, different volumes of CEO (0.5, 1, 2.5,
5,10, and 20 uL) were applied onto sterile paper discs of 50 mm diameter, which were
then positioned on the lids of PDA Petri dishes. These dishes were inoculated at three
equidistant points with 3 pL of a conidia suspension containing 10° spores/mL and sealed
with Parafilm to contain volatile compounds. Control samples used sterile paper discs
without CEO. All plates were incubated at 26 °C for seven days, after which the discs
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were removed, and incubation continued for three more days. The colony diameter of
P. expansum was measured to evaluate radial mycelial growth and compared against the
control. Each experimental setup was performed in triplicate.

Thereafter, the antifungal activity of CEO-containing samples was assessed using the
micro-atmosphere method, wherein the fungal culture of P. expansum was exposed to the
volatile compounds released by the plates. To perform this, 3 uL of a conidial suspension
containing 10° spores/mL was inoculated at three equidistant points on sterile PDA plates.
Three rectangular plates (3 cm x 2 cm) were fixed to the inner surface of the Petri dish lid,
which was then placed over the inoculated plate and sealed with Parafilm. The control
experiments were conducted using empty PDA plates. The plates were incubated at 26 °C for
10 days. After 7 days of incubation, the samples were removed to assess any residual fungicidal
effect over an additional 3-day incubation period. Fungal growth was evaluated by measuring
the colony diameter at 7 and 10 days post-inoculation, and calculating the percentage of
growth inhibition relative to the control. All samples were performed in triplicate.

The biodegradability of the disposable plates was assessed through a disintegration

assay in accordance with the ISO 20200 standard. Samples measuring 20 x 20 mm?

were
dried, weighed (M0) with an analytical balance (precision 0.1 mg), and then enclosed in
mesh bags. These bags were subsequently placed into plastic reactors filled with 1 kg of syn-
thetic soil. The soil mixture comprised about 40% sawdust, 30% rabbit feed, 10% compost,
10% corn starch, 5% sugar, 4% corn oil, and 1% urea. Deionized water was added until the
total moisture content reached 55%. To facilitate aerobic conditions, two small holes with a
5 mm diameter were punctured on opposite sides of each reactor. The reactors were placed
in the oven at 58 £ 5 °C to ensure thermophilic conditions. As specified in ISO 20200 [33],
the reactors were weighed, and water was added to keep the compost wet and stirred
throughout the testing period. Samples were removed from the reactor at different control
times (t) after 1, 3, 7, 14, 30, 50, 70 and 90 days, dried at 40 °C for 24 h, and weighed (My).
The disintegration percentage was determined according to:

Disintegrability (%) = mom;omt x 100% )

3. Results
3.1. Seed Flour, Extracted Starch and CEO Characterization

The grounded ASF powder presents a dark orange/brown color. Most authors [34,35]
have linked the brown color with the presence of phenolic compounds. AES powder
exhibits a pale brown color with a smoother texture. This whitening tendency has been
frequently described when comparing AES with ASF and could be due to a lower con-
centration of antioxidants after extraction. The AES extraction yield was estimated at
36.4 £ 1.5% on a dry basis from the dried ASF powder, similar to other studies [36].

The composition of ASF and AES was estimated using various characterization tech-
niques, as seen in Table 1. The starch content of the ASF was estimated to be approximately
27.7% (dry basis), while AES reached a purity of around 75.2%. These values indicate that
although the raw seed flour contains a moderate proportion of starch, the extraction process
substantially enriches the starch fraction, resulting in a material with characteristics closer
to those of commercial starches. Moreover, the isolated starch (AES) exhibits a reduction
in lipid, ash, and protein content, validating the extraction process and highlighting the
potential of avocado seeds as a source of high-purity starch. Starch content in ASF was
lower than the 44.0% reported in another study using the polarimetric method [37]. The
remaining carbohydrate content of ASF is most likely cellulose and hemicelluloses, as de-
scribed by Diana et al. [38]. De Dios-Avila et al. [39] also observed decreases in ash, protein
and lipid content when comparing the composition of ASF and AES, and also reported a
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similar amylose content. It is important to highlight that variability in composition can be
influenced by the variety of avocados and their ripening stage [40].

Table 1. Composition of ASF and AES.

ASF AES

Starch (%) 27.67 75.20

Moisture (%) 6.21 8.55

Lipids (%) 2.19 0.89

Ash (%) 2.68 0.50

Protein (%) 5.12 2.62

Total Carbohydrates (%) 83.79 87.44

% N 0.82 0.42

Elemental analysis % C 43.29 42.05

% H 6.40 6.69

Amylose (%) - 31.40
Yield (%) - 36.4 (d.b.)

Crystalinity (%) 41.7 28.8

The GC-MS analysis of ASF/AES allowed the identification of a series of characteristic
compounds common in both materials, as shown in Table 2. Several furan derivatives were
detected (such as avocadenofuran, avocadynofuran, and (E)-avocadienofuran), along with
fatty acids and their esters (e.g., n-hexadecanoic acid and 7,10,13-eicosatrienoic acid, methyl
ester). More complex oxygenated molecules were also observed, including avocadene
acetate and 1,2-dihydroxyheptadec-16-yn-4-yl acetate in different forms. In the later eluting
fraction, higher molecular weight metabolites were identified, such as lobophorone E,
long-chain polyunsaturated fatty acids, and bioactive compounds including vitamin E
(tocopherol) and the phytosterols campesterol and (3-sitosterol. Overall, the obtained profile
reveals a composition rich in lipids, furans, and sterols, consistent with other studies of
avocado seeds [41,42]. As a consequence of the variety of bioactive compounds present,
ASF has been reported to have antioxidant, antimicrobial, antihypertensive, fungicidal,
larvicidal, hypolipidemic, amoebicidal and giardicidal activities [43].

Table 2. Proposed compounds of avocado seed flour and starch identified using GC-MS analysis.
Rt: experimental retention time calculated from the elution times of the identified compounds.

Rt (min) Proposed Compound Mw (g/mol) Molecular Formula

8.97 Avocadenofuran 296.48 C17H50

9.35 Avocadynofuran 296.48 Ci17Hy60

9.82 (E)-Avocadienofuran 296.48 Ci7Hp6O

11.07 n-Hexadecanoic acid (Palmitic acid) 256.43 C16H3,0,

12.27 (Z)-2-(Pentadec-1-en-1-yl)furan 266.43 C19H3,0

13.31 2-((8Z,11Z)-Heptadeca-8,11-dien-1-yl)furan 302.49 Cy1Hj3,0

14.03 2-((1E,8Z,11Z)-Heptadeca-1,8,11-trien-1-yl)furan 304.50 Cy1H390

15.22 Avocadene acetate 318.50 C19H3604

15.65 1,2-Dihydroxyheptadec-16-yn-4-yl acetate 316.47 C19H3404

15.76 Avocadene acetate/E-11-Methyl-12-tetradecen-1-ol acetate 318.50/270.44 C19H3604/C16H3z002
16.08 1,2-Dihydroxyheptadec-16-yn-4-yl acetate 316.47 C19H3404

16.27 Avocadene acetate/2,4-Dihydroxyheptadecyl acetate 318.50/330.50 C19H3604/C19H3g04
16.57 1,2-Dihydroxyheptadec-16-yn-4-yl acetate 316.47 C19H3404

17.55 7,10,13-Eicosatrienoic acid, methyl ester 306.49 Cy1H360,
19.045 Lobophorone E 314.42 —

19.38 6,9,12,15-Docosatetraenoic acid, methyl ester 382.61 Cp3H350,
21.75 Vitamin E (Tocopherol) 430.71 Cr9H500,

22.21 Campesterol 400.69 CogHygO

22.90 [-Sitosterol 414.71 Co9H500
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GC-MS analysis of the CEO was performed to determine its composition, as shown in
Table 3. Cinnamaldehyde was found to be the main bioactive compound (81.0%), along
with D-Limonene (3.5%), Copaene (3.3%), Linalool (2.1%) and a-Pinene (1.6%). The profile
of CEO is well-known, with abundant literature data documenting its marker compounds.
However, the composition and characteristics of essential oils (EOs) differ depending
on various elements such as the plant’s phenotype, soil and climate conditions, how the
plants are harvested, storage practices, as well as the methods used for processing and
extraction [44].

Table 3. GC-MS analysis of cinnamon essential oil (CEO) using NIST library. Rt: experimental
retention time calculated from the elution times of the identified compounds.

Component Rt (min) Area (%)
a-Pinene 2.23 1.61
3-Pinene 2.76 0.51
a-Phellandrene 3.18 0.87
1,3-Cyclohexadiene, 1-methyl-4-(1-methylethyl)- 3.37 0.53
o-Cymene 3.49 0.68
D-Limonene 3.52 3.95
Linalool 4.78 2.14
a-Terpineol 6.17 0.57
Cinnamaldehyde 7.38 81.02
Benzenepropanoic acid, 1-methyl-2-oxoethyl ester 8.45 1.43
Copaene 8.99 3.29
Caryophyllene 9.60 1.24

FE-SEM micrographs were used to study the morphology of ASF and AES, as shown
in Figure 2. ASF exhibited starch granules alongside large fiber structures. These fibers
are lignin—cellulosic materials characterized by their roughness. FE-SEM images reveal
that the starch extraction treatment effectively eliminates most impurities while preserving
the integrity of the granule. AES exhibited lenticular, spherical, and non-conventional
pear-like shape granular morphologies with apparently smooth surfaces, and sizes ranging
from 3 to 37 um. The length and width distribution of the AES granules was obtained
from Figure 2. Their mean length is 14.8 &+ 6.3 um, while the mean width is 10.0 £ 3.0 pm.
Builders et al. [21] reported a comparable binomial distribution in the size of their Miller
variety AES granules.

Figure 2. FE-SEM images of avocado seed: (a) flour and (b) extracted starch granules.

The FTIR spectra displayed in Figure 3 include ASF, AES, glycerol, and CEO. The
starch spectrum features two distinctive regions: the fingerprint area, which encompasses
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the -OH and -CH stretching vibrations of glucose units within the range of 3650-3000 cm ™!,
and the carbohydrate vibration region between 1200 and 800 cm ™! [45]. The spectral bands
observed at 1047 cm~! and 1022 cm ! are associated with crystalline (amylopectin) and
amorphous (amylose) regions, respectively. Nearby secondary peaks at 1077 cm~! and
1148 cm~! correspond to C-O—(H) and C-O-C bond vibrations within polysaccharides.
Additionally, the absorption at 1362 cm~! and 1465 cm ! is linked to O-H bending vibra-
tions on the plane in glucose units, while the band at 931 cm ! reflects O-H out-of-plane
bending vibrations.

C-H Amide (o
L O-H! . In

Transmittance (a.u.)

U

C=0 Cc-0 =CH

T 7

1 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Figure 3. FTIR spectra of avocado seed flour, extracted starch, glycerol and cinnamon oil.

The ASF spectrum presents additional signals associated with lignin, including the
peak at 1438 cm~! (C-H deformation), and the peaks at 1520 and 1610 cm~! (aromatic
bonds) [46]. The prominent peak observed at 1740 cm ™! corresponds to ester linkages present
in the carboxylic groups and ferulic acid derived from hemicellulose or lignin, as well as
acetyl and uronic ester groups associated with hemicellulose [47]. The peaks observed in the
3000-3600 cm~! range are due to the -OH groups involved in hydrogen bonding, which are
present in phenols and alcohols within lignin and cellulose [48]. All these changes between
FTIR spectra demonstrate the reduction in cellulose and lignin content in AES. However,
bands for amide I at 1642 cm ™! and amide IT at 1543 cm ! can be detected in both ASF and
AES samples [36], indicating that the starch extraction process partially removed the protein
content, as confirmed previously in the AES composition results.

FTIR spectroscopy was employed to determine the functional groups in CEO. The
spectral peaks near 1671 cm ! and 1626 cm ™! are indicative of aldehyde carbonyl (C=0)
stretching vibrations, suggesting a significant presence of cinnamaldehyde and aldehyde
compounds. Additional peaks included a band at 683 cm ™! representing alkane vibrations,
a 745 cm~! peak associated with =CH groups in benzene rings, and a 970 cm~! signal
corresponding to C-H bonds. The spectrum also showed a band at 1120 cm ! for C-O
and C-OH bonds, a range between 1235 and 1250 cm ! related to C-O-C linkages in aro-
matic acid esters and phenolic groups, and a peak at 1294 cm ! attributed to alkane -CH,
stretching. Further signals included an alcohol C-OH stretch at 1448 cm !, aromatic C=C
bonds spanning 1450-1626 cm ™!, a peak at 1575 cm ™! for aromatic C=C bonds, a C-H
stretching mode of carbonyl groups at 2814 cm ™!, additional C-H bonds at 2925 cm !, and
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aromatic C-H stretching at 3026 cm ! [49]. The FTIR spectra confirmed that CEO is rich
in phenolic and aromatic compounds, particularly cinnamaldehyde, which matches the
previous GC-MS analysis.

The TGA analysis of ASF and AES presents a comparable behavior, with three main ar-
eas of weight loss, as shown in Figure 4. The first step occurs at temperatures below 200 °C,
resulting from the elimination of moisture and dehydration of polysaccharides, which is
slightly higher in AES. The second (200400 °C) primarily describes the degradation of
the polysaccharides. The AES main step occurs at 300-330 °C, while ASF presents a wider
range (250-340 °C) due to the presence of proteins, cellulose and hemicellulose. The last
stage, occurring above 350 °C, involves the gradual carbonization of the solid component
along with the thermal breakdown and volatilization of heavy tars. When comparing both
samples, ASF presents a lower moisture content, lower Tmax and higher residue at 600 °C,
as seen in Table 4, and in accordance with Sanches et al. [46] values for their ASF. In the
TGA carried out under an O, atmosphere, AES presents a complete degradation at 600 °C,
while ASF had a 3.12% residue, as shown in Figure S1.

100
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—_ —— CEO
O\O
> 60
70}
=
5
240+
=
20 A
0 : =

100 200 300 400 500 600
Temperature (°C)

Figure 4. TGA of avocado seed flour and starch, glycerol and cinnamon essential oil.

Table 4. TGA properties of avocado seed flour, extracted starch and extruded plates.

Materials Tso, (°C) Tmax (°C) Residue at 600 °C (%)
Seed Flour (ASF) 114 295 24.3
Extracted Starch (AES) 88 315 16.1
Glycerol 138 259 0
CEO 120 207 0
ASF25 173 316 14.7
ASF35 150 213/312 10.6
ASF45 169 237/298 16.1
ASF35-C1 165 302 17.8
ASF35-C3 172 299 17.9
ASF35-C5 171 300 18.2
AES25 186 311 13.1
AES35 170 217/297 19.2
AES45 153 201/302 13.6
AES35-C1 162 312 6.9
AES35-C3 163 311 12.7

AES35-C5 168 319 14.6
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3.2. Extruded Materials Characterization

The morphology of the cryogenic fractured surfaces of the plates was observed by
FE-SEM, as seen in Figure 5. Generally, all the samples present a smooth and homogeneous
surface, in some cases with some dispersed small voids or cavities. This indicates a
compact and well-plasticized material. No significant visual differences were perceived
between the ASF- and AES-based plates, meaning no big particles or fibers of ASF remained
after extrusion.

| R <

500 pm 500 UM —

e ~c-~<:';.»3(e) o T AN |.~‘+=-v-f':<.r,”‘-'i"‘f‘"(ﬂ -

500 pm

500 pm  e— 500 pm

Figure 5. FE-SEM micrographs of the fractured surfaces of the extruded plates: (a) ASF25, (b) ASF35,
(c) ASF45, (d) ASF35C1, (e) ASF35C3, (f) ASF35C5, (g) AES25, (h) AES35, AND (i) AES45, (j) AES35C1,
(k) AES35C3 and (1) AES35C5.

The incorporation of CEO into the films does not alter the homogenous cross-section
of the plates. Moreover, EOs usually have a plasticizing effect, reducing polymer—polymer
interactions. However, higher CEO concentration leads to a slight increase in the formation
of voids within the polymer matrix, as seen in ASF35C3 or AES35C5. Other authors have
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described the appearance of similar voids. Silveira et al. [50] explain that cavities are a result
of the formation of stable microemulsions within the starch-casted films, while Lépez-Teran
et al. [51] attribute them to the volatilization of the excess EO that does not interact with
the extruded TPS, mainly during processing.

The FTIR spectra of the plates remain similar to those of their unplasticized source,
with some minor changes, as shown in Figure 6. Compared to native ASF/AES, the films
show a broader -OH absorption band at ~3280 cm ™!, attributed to glycerol. Extrusion
heat and shear enhance starch chain mobility and plasticizer diffusion, disrupting starch
hydrogen bonds and forming new ones with glycerol [52]. This plasticization of the matrix
significantly influences the mechanical and barrier properties of the films. Spectra based on
ASF exhibit additional minor peaks within the broad absorption 3000-3600 cm ™! range.
These are usually linked to -OH groups involved in hydrogen bonding with phenols and
alcohols present in lignin and cellulose, as well as their interactions with glycerol and
water. Similarly, a shift in the characteristic absorption bands in the 1150-950 cm ™! region
is observed as a result of the plasticization. This shift indicates the formation of more
stable bonds and stronger interactions between the hydroxyl groups of ASF/AES and the
plasticizer, surpassing the strength of the intramolecular and intermolecular hydrogen
bonds present in the native material [53]. As a result, the plasticization of AES causes a
decrease in the 990/1020 ratio in AES25, which further diminishes with increasing glycerol
and CEO concentrations. In contrast, this trend is reversed in the ASF-based spectra, where
the 990/1020 ratio increases with higher glycerol content but continues to decrease with
increasing CEO concentration. Moreover, the ASF-based spectra present additional peaks
at 1026, 992 and 888 cm !, which also vary with the plasticizer and CEO concentration.
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Figure 6. FTIR spectra of avocado seed (a) flour-based and (b) extracted starch-based injected plates
with different concentrations of glycerol and cinnamon essential oil.

In AES35C3 and AES35C5, some signals corresponding to the CEO spectra become
more pronounced as the concentration of CEO increases. A distinct peak at 1260 cm ™! is
observed, previously attributed to the C-O-C bond in aromatic acid esters and C-OH groups
in phenolic compounds. Additionally, a smaller peak at 1624 cm~! is detected, which
corresponds to the stretching vibrations of the aldehyde carbonyl group in cinnamaldehyde.

The thermogravimetric analyses (TGA) of the ASEF, AES, and extruded samples are
shown in Figure S2, while Table 4 compiles the main TGA parameters derived from these

analyses. ASF-/AES-based plates depict akin behavior. In general, the increase in glycerol
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Intensity (a.u.)

concentration resulted in a lower Ts9, due to plasticizer loss, leading to lower thermal
stability and a lower final residue. This is expected, as glycerol has a lower degradation
temperature and undergoes complete decomposition by 300 °C, as shown in Figure 4.
Moreover, glycerol can reduce the number of inter- and intramolecular bonds in the starchy
structure, decreasing the thermal stability of the whole system.

Despite the low degradation temperature of CEO, the additive increases the thermal
stability of the plates. However, this improvement is independent of concentration, as all
compositions containing CEO share similar thermal profiles. The increased thermal stability
could be related to the antioxidant nature of CEO, which protects the polymer from thermal
degradation during processing, as well as to a stronger film network, which was favored
by the interaction between ASF/ASS and CEQ, as seen in the FTIR spectra. Other studies
have reported an increase in thermal stability with CEO incorporation, but also highlight
that high concentrations of CEO (greater than 10%) result in decreased compatibility and
the formation of a multiphased system, which hinders the film’s heat resistance [20]. In
the present work, the CEO incorporation leads to higher Tmax values, supporting the
interaction between all components in the polymeric system at all concentrations.

The XRD patterns of ASF and AES, shown in Figure 7, exhibited starch B-type crys-
tallinity, a characteristic common to tubers and high-amylose cereals. Type B starches
contain hexagonal crystals with more compact structures than type A, and therefore require
more energy to melt because their glycosidic bonds are less exposed [54]. Diffraction peaks
were identified at 15.2°, 17.1°, 19.9°, 22.2° and 26.3° (20), consistent with other studies
using Hass avocados [55]. The crystallinity indexes (Xc) are 0.42 and 0.29 for ASF and AES,
respectively. The higher crystallinity index of ASF can be attributed to the presence of
microcellulose crystals and can influence functional properties such as water absorption

capacity [39].
—— ASF ASF35C1 B [——AES AES35C1
—— ASF25 ASF35C3 —— AES25 —— AES35C3
—— ASF35 —— ASF35C5 —— AES35 —— AES35C5
ASF45 AES45
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Figure 7. XDR of avocado seed: (A) flour-based and (B) starch-based injected plates with different
concentrations of glycerol and cinnamon essential oil.

Following extrusion, the plates display a primary diffraction peak along with broad
amorphous halos, indicating a semi-crystalline polymer with reduced crystallinity. Both
ASF and AES-based plates show similar patterns, marked by a steady decline in peak
intensity as the plasticizer concentration increases. ASF plates present diffraction peaks at
8.9,13.6,17.3,19.0 and 20.9°. In comparison, AES plates show peaks (20) at 7.8, 13.6, 17.7,
20.4 and 21.0°. The main peaks at 13.6 and 21.0° are assigned to the Vy-type crystals of
amylose complexed with glycerol or residual lipids [56]. During processing, VH-crystals
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form as a result of heat treatment, which replaces the hydroxyl group interactions in starch
molecules with hydrogen bonds established between the plasticizer and starch [57]. The
peak at 17.7° is associated with Eg-type crystals formed due to the recrystallization of
amylopectin [58]. CEO incorporation does not cause significant alterations in the XDR
diffraction patterns.

Native starch exhibits low mechanical performance due to its inherent brittleness
and limited flexibility, which can be improved through the addition of plasticizers. Small,
non-volatile molecules such as glycerol diffuse into the intermolecular spaces of starch,
forming interactions (primarily hydrogen bonds) with the hydroxyl groups of starch [52].
This interaction reduces the glass transition temperature (Tg) of TPS, increasing the free
volume between starch chains and thereby enhancing chain mobility and flexibility. As a
result, Young’s modulus and tensile strength decrease, while elongation at break increases.
The mechanical characteristics of the AES and ASF samples were examined to assess
the impact of plasticizer and CEO concentration when subjected to tensile stress. Key
tensile parameters of the extruded dog-bone specimens are listed in Table 5 and Figure S3.
A two-factor analysis of variance (ANOVA) was performed at a 95% confidence level
(e = 0.05) to analyze how the base material (ASF or AES), glycerol concentration, and
their interaction affect the mechanical properties. The ANOVA findings are provided in
Figure S5 and Table S1. Additionally, another two-way ANOVA was conducted to evaluate
the effect of the base material and varying CEO levels (0, 1, 3, and 5%) on the mechanical
features, with results shown in Table S2.

Table 5. Mechanical properties of avocado seed flour and extracted starch-based dog bones.

E (MPa) o (MPa) ¢ at Break (%)
ASF25 1023 +44 A 49 4+0.3 A 154+ 1.5 A
ASF35 76.8 + 6.1 B, a 43+0.2 B, a 189 + 1.0 A, a
ASF45 94 4+ 0.7 C 0.6 +0.1 C 11.6 = 2.0
ASF35C1 237 £22 b 14+0.1 b 18.0 &= 3.0 a
ASF35C3 20.8 1.7 b, c 1.3+0.1 b 182 £ 2.1 a
ASF35C5 184 + 0.5 C 1.2+0.0 b 181+ 2.6 a
AES25 188.0 £ 12.5 D 74 +03 D 243 +19 C
AES35 251+23 E, b 1.8 +0.1 E, c 343 +25 D,b
AES45 6.5+ 0.3 C 0.7 +£0.0 C 332 +27 D
AES35C1 126+ 1.1 d 1.2 +0.0 b 51.7 £5.1 C
AES35C3 10.7 +1.9 d 12401 b 56.8 +5.9 c
AES35C5 10.1 = 0.6 d 1.2 +0.0 b 58.7 £45 C

Different letters within the same property indicate statistically significant differences between films (p < 0.05).
Two-way ANOVA: ASF/AES x % Glycerol (A, B, C) and ASF/AES x % CEO (a, b, c).

When comparing the samples with the lowest plasticizer content, AES25 displays a
higher elastic modulus (E) (188.0 £ 12.5 MPa) and tensile strength (o) than ASF25. This can
be attributed to the more homogeneous nature of AES, which allows for better distribution.
Enhanced interaction between starch and glycerol results from their increased hydrogen
bonding ability, which improves o and elongation at break (¢ at break) of the material.
Conversely, ASF exhibits a more heterogeneous structure. This heterogeneity, likely caused
by the presence of large lignocellulosic particles, although not visible in the SEM images,
can generate stress concentration zones within the sample’s cross-section, resulting in
increased brittleness.

As expected, increasing the glycerol content to 35 wt. % significantly decreased E and
o in both materials, while significantly increasing ¢ at break only in AES-based dog-bones.
E and o further decreased in the samples with 45 wt. % glycerol. However, no increase
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in ¢ at break was recorded for both 45 wt. % glycerol formulations compared to 35 wt. %
glycerol, probably due to the anti-plasticizing effect caused by the high plasticizer content.
Anti-plasticization occurs when the concentration of plasticizer exceeds a critical value
(in this case, glycerol > 35 wt. %.), weakening the interaction between the plasticizer and
starch molecules [59].

The CEO also acted as a plasticizing agent, promoting the movement of polymer
chains and enhancing the flexibility of the dog-bones by partially replacing stronger inter-
molecular polymer-polymer interactions with weaker polymer-oil interactions [24]. Similar
plasticizing effects have been observed in starch-based films using other EOs, such as
oregano, orange, and clove essential oils [60]. However, the effect on the mechanical proper-
ties varied depending on the matrix material. ASF samples exhibited significant decreases
in E and o, along with a non-significant decrease in ¢ at break (all group a). In contrast, AES
formulations showed relatively smaller decreases in E and o, but a pronounced increase in
¢ at break upon the addition of CEO. This difference in behavior may be attributed to the
heterogeneous nature of ASF, which likely limits the stretching capacity. When comparing
the 1, 3, and 5% CEO formulations of both materials, only one group letter change can be
seen across all the mechanical parameters. This highlights how the influence of CEO on
the mechanical properties was mostly only relevant between the neat matrix and 1 wt. %
CEO. This contrasts with Zhou et al. [24], as they described a steady trend in their 0, 1
and 2.5 wt. % CEO-cassava starch-based films, reporting an ¢ at break relative increase of
223.8% and 182.5%, and a relative decrease in o of 34.2% and 42.4%, respectively.

The films exhibit mechanical properties within the expected range of starch-based
films, with reported values usually between E: 10-500 MPa, o: 2-20 MPa, and ¢ at
break: 20-100% [51,61-63]. For comparison, conventional LDPE packaging films typi-
cally exhibit o in the 10-25 MPa range, and ¢ at break above 200% [64,65]. In contrast, PET
typically exhibits E in the range of approximately 1-3.5 GPa, o between 40 and 60 MPa,
and ¢ at break around 16—46% [66], notably superior in mechanical strength and ductility
compared to pure TPS. Nevertheless, our materials offer a balance of moderate stiffness
and flexibility, which may be advantageous for applications where biodegradability and
ductility are desired.

The analysis of dynamic mechanical properties was performed at four different fre-
quencies (0.5, 1, 3, and 10 Hz) to examine the viscoelastic characteristics and to identify
the glass transition temperature along with the activation energy (E,). As illustrated in
Figure 8, the variation in the storage modulus (E’), the loss modulus (E”), and the loss
factor (tan 6) for ASF and AES samples across temperature at the specified frequencies is
shown. The storage modulus (E’), which indicates elastic response and material stiffness,
exhibits a continuous decline during heating, a typical response observed in thermoplastic
materials. At room temperature, the injected plates present E” values directly correlated to
the glycerol fraction. As seen in Table 6, the less plasticized samples, ASF25 and AES25,
exhibit values of around 1000 MPa, while formulations with 45 wt. % glycerol is close to
50 MPa. These findings align with the elevated Elastic Modulus values observed during
the mechanical evaluation. Similarly, a higher fraction of CEO generally resulted in lower
modules, which is justified by the relaxation of the interactions between polymeric chains,
as a result of the plasticizing effect of CEO.
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Figure 8. E’, E”, and Tan $ at 10 Hz for avocado seed flour (a—c) and extracted starch-based plates (d-f).

Table 6. Storage Modulus (E) of avocado seed flour and starch-based plates.

Storage Modulus (E’) at 25 °C (MPa)

ASF25 918 AES25 1168

ASF35 129 AES35 240

ASF45 32 AES45 49
ASF35C1 96 AES35C1 157
ASF35C3 134 AES35C3 100
ASF35C5 49 AES35C5 81

Tan & indicates the amount of energy dissipated in a system as a result of deformation,
and it is connected to how resistant a material is to impact. For each formulation examined,
two relaxation processes are identified, each marked by a peak in tan 6, corresponding to
the 3 and « relaxations, as illustrated in Figure 8. The presence of these two transitions in
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plasticized starches has been previously documented by other studies, who attributed them
to the uneven distribution of the plasticizer within the sample. This uneven distribution
leads to the formation of separate regions that are rich in plasticizer and regions that are
rich in starch [67]. Tg (<—20 °C) is attributed to the glycerol glass transition and T (>0 °C)
is attributed to the TPS glass relaxation [68]. Most samples presented two T« local maxima,
except for AES25 and ASF45. The presence of double Ty peaks is clearly defined in the
ASF-based compositions, whereas in the AES-based formulations, only minor secondary
contributions to the main Ty peak are observed, as illustrated in Figure 8. Saparova
et al. [69] assigned the lower point to the more mobile linear amylose chains and assigned
the highest point to the branched amylopectin chains.

Since plasticization involves adding plasticizers to soften a material, lower its glass-
transition temperature, enhance flexibility, and boost ductility, it is anticipated that increas-
ing glycerol content would result in a reduction in TP and T. This suggests an intensified
plasticizing effect owing to greater starch chain mobility [70]. As expected, the Tg values
of the materials decreased significantly with increasing glycerol content (25/35/45 wt. %),
as shown in Table 7. Interestingly, the plasticizing effect was stronger on ASF, averaging
a Ty difference of 13.5 °C between ASF25 and ASF45, compared to the 8.0 °C for AES25
and AES45. Moreover, the small difference in Tg between AES35 and AES45, averaging a
difference of 0.35 °C across all frequencies, could be an indicator of excessive plasticization,
in accordance with the mechanical properties. The analysis of T was more complex as
tan o values within this temperature range exhibit greater instability, attributed to the low
E’ and E” values, which result in reduced precision on the T peaks. This phenomenon is
demonstrated by the lower R? regression values observed in the lines used for T activation
energy calculations, as shown in Table 8, compared to those for T. The wide T transition
peaks align well with the existing literature and indicate a high degree of polydispersity in
TPS, stemming from varying polymer chain lengths [71]. When comparing the activation
energies (E,), a clear decreasing trend can be seen as glycerol content increases. This is
expected, as increasing glycerol content reduces the intermolecular forces between starch
molecules, making starch chains more flexible and mobile, thereby lowering the energy
required to overcome the resistance to movement.

Table 7. T3 of avocado seed flour and extracted starch-based plates.

Frequency (Hz)
Tg (°C) E. (kJ/mol) R?
0.5 1 5 10

ASF25 —34.5 -32.5 —28.5 —26.3 182.4 0.9995

ASF35 —42.0 —40.1 —35.5 —33.3 159.2 0.9998

ASF45 —49.4 —47.4 —40.8 —38.3 114.8 0.9977
ASF35 C1 —40.0 —38.8 —33.1 —30.8 146.5 0.9918
ASF35 C3 —38.8 —36.9 —31.6 —29.2 146.7 0.9992
ASF35 C5 —44.5 —41.9 —36.2 —34.7 135.3 0.9931

AES25 —40.0 —38.1 —32.5 —30.5 145.3 0.9999

AES35 —47.7 —45.6 —40.3 —38.3 138.7 0.9988

AES45 —48.1 —46.1 —40.6 —38.1 131.0 0.9991
AES35 C1 —43.7 —41.7 —36.7 —34.4 146.3 0.9999
AES35 C3 —46.0 —43.8 —38.7 —36.3 138.5 0.9979

AES35 C5 —46.2 —44.0 —38.6 —36.6 137.8 0.9992
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Table 8. Ty of avocado seed flour and extracted starch-based plates.
Frequency (Hz) E. (kl/mol) )
T« (°C R
« (O 0.5 1 5 10  (Kfmo

ASF25 -/90.5 -/91.6 60.7/93.5  62.3/94.7 818.4 0.9952

ASF35 20.8/92.8 23.9/89.2 28.0/83.2 31.0/84.5 228.5 0.9875

ASF45 3.5/- 4.5/- 8.5/71.8 10.1/77.6 285.8 0.9947
ASF35C1 248/682 263/691 31.7/751 36.5/76.0 337.9 0.9738
ASF35C3  27.1/722 29.7/73.6 36.1/769  38.1/80.9 355.2 0.9490
ASF35C5 15.7/62.0 17.3/62.8 22.7/672 24.4/69.0 388.3 0.9886

AES25 57.1/94.8 59.5/96.1 60.7/98.7 62.3/99.6 708.4 0.997

AES35 27.5/79.0 28.3/81.3 31.6/849 34.5/88.0 367.6 0.9850

AES45 14.2 15.4 20.1 22.8 242.5 0.9896
AES35C1 29.0/61.5 345/619 36.5/67.6 40.9/68.1 361.3 0.9525
AES35C3  24.0/482 31.1/51.9 -/55.2 -/57.6 295.1 0.9659
AES35C5 23.0/56.5 25.1/58.8 264/61.1 264/63.4 425.0 0.9709

Following the results of the mechanical properties, it was expected that CEO would
have a plasticizing effect, lowering the relaxation temperatures, as the formation of hy-
drogen bonds between EOs, glycerol, and the starch chains is increased. However, DMTA
results show conflicting results. Small increases in T values can be seen for all samples
containing CEQO, except for ASF35C5, compared to their respective 35 wt. % glycerol matrix.
Thus, the CEO had an anti-plasticising effect. Similarly, Estevez-Areco et al. [72] described
how Tp peaks shifted to higher temperatures and widened with increasing rosemary EO
concentration. Moreover, E, calculated with Tg presented a decreasing pattern for both
ASF/AES + CEO samples, indicating a small plasticizing effect. A simultaneous rise in
TP alongside a decline in T« may suggest that phases rich in starch and glycerol are more
compatible following the addition of CEO, as evidenced by the relaxation temperatures
becoming more similar.

Food packaging aims to extend the shelf life of foodstuffs by minimizing transfers
between the food and its surrounding atmosphere. Therefore, water permeability deter-
mination is a crucial property, with a lower water vapor permeability (WVP) meaning a
better water barrier performance of the plate. For this study, WVTR was measured at 23 °C
and a relative humidity of 50%, as shown in Figure 9. WVP significantly increases with
the incorporation of glycerol, as ASF35 presents a 163% increase over ASF25, while AES35
shows a 76% increase compared to AES25. AES45 presents the highest value with 6.43 g
mm/m? day mmHg. WVP can be easily correlated with the glycerol content and relative
humidity gradient [73]. Increasing the amount of plasticizer enhances the hydrophilic
nature of the plates and exposes more active hydroxyl groups, enabling better absorption
of water molecules [74]. Additionally, it is well known that increasing the plasticizer con-
tent creates more free volume, which enhances chain mobility in the polymeric structure,
thereby improving the mobility and diffusion coefficients of water molecules. ASF-based
plates presented lower WVP values than AES plates with the same glycerol content, which
is probably related to the cellulose or lignin-cellulose content in ASF, previously observed
in SEM. Even though starch and cellulose share similar chemical compositions, the more
crystalline structure of cellulose, resulting from its dense fibrillar organization, forms a
more complex path, which makes it harder for water vapor to diffuse through [52].
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Figure 9. Water Vapor permeability of avocado seed-based plates.

The results for plates containing CEO demonstrate a consistent trend across both
the ASF-based and AES-based formulations. When comparing WVTR values with their
respective 35 wt. % glycerol matrix, the addition of 1 wt. % CEO significantly decreases,
3 wt. % CEO and 5 wt. % CEO values are very similar. The literature indicates varying
effects on WVP upon incorporating EOs. Research indicating an increase in Water Vapor
Permeability (WVP) often attributes this rise to the creation of cavities resulting from EO
addition, which expands the free space within the polymer structure. Conversely, decreases
in WVP are generally associated with hydrogen bonding and covalent interactions between
the starch network and polyphenolic compounds, which reduce the availability of hydrogen
groups needed to form hydrophilic bonds with water [60].

Antioxidants play a role in safeguarding the contents of packaging films from oxida-
tion, which can lead to spoilage or deterioration of the food. The antioxidant potential
of the plates was tested by immersing them in a fatty food simulant and measuring their
activity using the DPPH assay. The results indicate that ASF-based plates exhibit higher
antioxidant activity, as illustrated in Figure 10. This is expected as ASF presents an intense
brown color, which is linked to antioxidant compounds as mentioned previously. During
the AES extraction process, some bioactive compounds of ASF were lost, decreasing its
oxidation capacity. These findings align with other studies on Hass avocados, which report
high antioxidant activity [75]. Values remain similar across the plates, regardless of the
base material, despite varying plasticizer concentrations. This observation is consistent
with the AES-based films prepared via solvent casting in our previous paper [11], in which
increasing glycerol content only caused a small reduction in radical scavenging activity.
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Figure 10. Antioxidant capacity of the avocado seed flour and extracted starch-based plates.

The HPLC-MS analysis of ASF was carried out to determine the source of the antiox-
idant properties. The analysis revealed the presence of a variety of primary metabolites
and phenolic compounds, as shown in Table S3. Among the early eluting signals, several
organic acids were identified, including quinic, malic, citric and isocitric acids, as well as
perseitol, a characteristic avocado sugar alcohol. In addition, phenolic acids such as proto-
catechuic acid and different caffeoylquinic acid isomers (3-O-, 4-O- and 5-O-caffeoylquinic
acids) were detected, together with coumaroylquinic acid derivatives, all of which are well
known for their antioxidant activity [76]. The presence of tyrosol-glucoside, a compound
with reported antioxidant and cardioprotective effects, was also observed. Flavan-3-ols,
including (+)-catechin and (—)-epicatechin were identified, both of which are recognized
for their strong radical-scavenging properties and contribution to overall antioxidant poten-
tial [77]. Overall, the metabolite profile highlights the richness of avocado seeds in phenolic
acids and flavonoids, which are associated with antioxidant and health-promoting effects.
The proposed identifications are consistent with previously reported retention times and
fragmentation patterns for analogous samples analyzed under comparable experimental
setups [78].

Despite the high antioxidant capacity of CEO, mainly attributed in the literature to
its cinnamaldehyde and eugenol content [79], no improvement is achieved. A significant
limitation of using essential oils (EOs) to produce biodegradable films is their high volatility
and thermal instability. However, the TGA data showed that thermal degradation of CEO
starts at 145 °C with Tmax at 207 °C, which is lower than the extrusion (120 °C) and injection
(135 °C) temperatures. This behavior could be ascribed to the protective effect provided
by the CEO during the melt extrusion process, as already commented on the TGA results.
Moreover, it should be mentioned that GC-MS analysis of the plates confirms that high
amounts of cinnamaldehyde are still present after the extrusion process, as shown in
Figure 54. Nevertheless, all the formulations intrinsically present very high antioxidant
capacity, making them ideal for active food packaging applications. For comparison,
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Estevez-Areco et al. [72] incorporated 10% w/w rosemary extract into starch-glycerol films
to obtain a 123.1 £ 8.0 umol TE/g film.

The antifungal activity of CEO in the vapor phase against Penicillium expansum was
evaluated by determining the minimum fungicidal concentration (MFC). The findings
suggest that adding 1 puL of CEO to each plate fully prevents fungal growth, as depicted in
Figure S6. The antifungal efficacy of CEO is broad, targeting various spoilage fungi and
foodborne yeasts, primarily due to its rich cinnamaldehyde content, which is its principal
bioactive component [80]. Although the exact mechanism of action is not fully understood,
cinnamaldehyde is believed to interfere with fungal cell division and disrupt membrane
integrity, ultimately leading to growth inhibition or cell death [81].

The antifungal effectiveness of the plates incorporated with different concentrations
of CEO is summarized in Table 9, while representative images of P. expansum growth are
shown in Figure 11. The results demonstrate a concentration-dependent antifungal effect,
with complete inhibition observed in both ASF35 and AES35 plates containing 5 wt. %
CEO after 10 days of incubation. This result indicates that the antifungal activity of CEO is
retained even after its direct incorporation through a melt extrusion process, confirming its
effectiveness at higher concentrations. Only partial inhibition is observed at 1 and 3 wt. %
CEO concentrations. Although plates containing 3 wt. % CEO show slightly higher
inhibition rates than those with 1 wt. %, the differences are not significant. This suggests
that some loss of active compounds in CEO may occur during the plate manufacturing
process, and that a minimum threshold concentration (5%) may be necessary to ensure
prolonged antifungal efficacy. This trend aligns with other findings that report raising CEO
concentration significantly reduces the growth of P. expansum [59] or Gram-negative (E. coli)
and Gram-positive (S. aureus) bacteria [18].

Table 9. Antifungal effectiveness of extruded avocado seed flour- and extracted starch-based plates
loaded with cinnamon essential oil against P. expansum.

Inhibition of P. expansum (%)

Time (Days) 7 10
ASF35 C1 57.8 £2.0 425+73
ASF35 C3 59.7£1.3 475 +58
ASF35 C5 100 100
AES35 C1 56.4 £ 1.7 31.8£5.8
AES35 C3 571+ 1.5 342 +£5.1
AES35 C5 100 100

Control | CEO 1% | CEO 3% | CEO 5%

Figure 11. Antifungal effect against P. expansum of extruded avocado seed flour- and starch-based
plates loaded with cinnamon essential oil after 10 days of incubation.
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A visual comparison of the fungal colonies reveals differences in mycelial density
and colony morphology. The control exhibits dense, well-developed mycelial networks,
whereas ASF-based plates with 1 and 3 wt. % CEO results in visibly sparser and thinner
fungal growth. Furthermore, ASF-based plates appear to perform slightly better than AES-
based plates at equivalent CEO concentrations, particularly after prolonged incubation.
This may be attributed to differences in the structure, with the heterogeneous ASF matrix
delaying and prolonging the release kinetics of CEO and its diffusion into the vapor phase.

The biodegradability of the disposable plates was assessed through a disintegration assay
in accordance with the ISO 20200 standard. Within laboratory conditions that mimic real-world
scenarios, the test replicates typical thermophilic composting environments, characterized by
humidity levels around 55% and temperatures at approximately 58 °C. The morphological
changes observed at various composting intervals are illustrated in Figure 12, while the
changes in weight throughout the process are displayed in Figure 13. During the test, the
plates exhibit a sponge-like behavior, absorbing moisture from the compost, adhering small
wooden chips on their surface, and visually changing from a brown color to a darker tone or
black color upon prolonged contact with the dark compost soil.

AL EE N

15 LW

Figure 12. Visual appearance of avocado seed flour and starch-based plates during disintegration.
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Figure 13. Disintegration rate under composting conditions of: (a) avocado seed flour and (b) starch-
based plates.

The initial degradation phase is mainly determined by the plasticizer concentration,
as plates with 25 wt. % glycerol has a lower disintegration compared to those with
35 and 45 wt. %. After the initial 24 h, the disintegration rate is determined by the matrix
base (ASF or AES). At 30 and 50 days, all ASF-based plates present a lower disintegration
rate than their AES counterparts. On day 50 of the experiment, it was observed that all
AES-based plates and ASF45 were degraded (weight loss > 95%), with ASF45 reaching the
90% disintegration mark at day 50 and ASF35 after 70 days. The slower decomposition
of ASF-based plates was probably due to the lignin-cellulose and fiber content in the
seed flour.

In a similar way, Torres et al. [82] described how their starch films displayed a three-
stage degradation behavior: leaching of glycerol during the first 24 h, a main degradation
process marked by biological activity, and a slower final decomposition. In our previ-
ous study [11], solvent-cast ASS-based films with different glycerol concentrations all
disintegrated within 48 h, and glycerol concentration did not significantly alter the disinte-
gration rate. However, solvent-casted films had a thickness of 45-60 pm, compared to the
500-600 um of the injected plates.

Samples containing CEO present an interesting disintegration behavior, with CEO
loaded ASF-based plates degrading like their neat counterpart (ASF35). However, AES-
based plates exhibit a slightly slower degradation rate. The initial phase, which is deter-
mined by the glycerol migration, was similar to the neat sample (AES35). However, after
3 days, when the biological activity starts to determine the rate, the disintegration slowed
down. This is probably due to the high antimicrobial activity of the cinnamaldehyde.
Srivastava et al. [83] describe how the antimicrobial properties of peppermint EO reduced
the degradation rate of corn starch films. In the literature, it is frequently targeted that the
mass of test material residues is less than 10% of the original mass of test material after
being composted with biowaste for 3 months [84]. As all the plates reach this milestone
within three months, all the formulations can be considered disintegrable materials.

4. Discussion

A comparative analysis of all the studied properties of ASF- and AES-based formu-
lations was conducted to determine their suitability for food packaging applications, as
illustrated in Figure 14. All properties were normalized to a 0-1 scale to allow for direct
visual and quantitative comparison across formulations, using a radar chart. Parameters in
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which higher values indicate better performance (e.g., mechanical strength, antioxidant
capacity) were scaled directly, while WVP was inversely normalized, since lower values
represent improved barrier properties.
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Figure 14. Impact on properties of avocado seed flour- and extracted starch-based samples by the
influence of: (A) glycerol and (B) CEO content.

ASF-based plates (ASF25 and ASF35) exhibit superior water vapor barrier perfor-
mance, with ASF25 showing the lowest WVP value (1.5 g-mm/m?-d-mmHg), which is
particularly desirable for reducing moisture transfer in packaged food systems. ASF for-
mulations also demonstrate high antioxidant activity, especially ASF35 (213.4 ug Trolox/g
plate), making them promising materials aimed at preserving food quality and shelf life.

In terms of mechanical properties, AES-based dog-bones (mainly AES25) showed
significantly higher o (7.4 MPa) and E (188 MPa), suggesting greater rigidity and structural
integrity. However, AES dog-bones also displayed higher ¢ at break, with AES35 reaching
34.3%, indicating enhanced flexibility, which can be advantageous for packaging irregularly
shaped products or applications requiring elasticity.

ASF45 and AES45 showed very low mechanical performance, indicating that plasti-
cizer concentrations beyond 35% significantly compromise sample integrity. All formula-
tions achieve 100% disintegration under composting conditions after 90 days, confirming
their environmental compatibility. Similarly, both ASF and AES displayed strong antimi-
crobial properties upon the addition of sufficient CEO (5%), which completely inhibited
fungal growth.

ASF-based plates are more suitable for food packaging applications requiring strong
barrier and antioxidant performance, while AES-based plates offer better mechanical
flexibility, particularly at moderate plasticizer levels.

Although CEO exhibits strong antimicrobial activity, its direct incorporation into food
packaging materials presents several challenges. The volatile nature of CEO components,
such as cinnamaldehyde, can lead to rapid loss during processing and storage, reducing their
long-term efficacy. It should be noted that, although the presence of CEO was confirmed by
GC-MS after extrusion, a quantitative assessment of its retention was not performed. Given
the known thermal sensitivity of CEO, future studies should include quantitative analyses to
establish retention efficiency and its correlation with film functionality.

Furthermore, the intense aroma and flavor of CEO can easily migrate into the pack-
aged food, potentially altering its sensory profile beyond consumer acceptance thresholds.
In this study, film performance was only evaluated under laboratory conditions using
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food simulants. Although this provides valuable standardized information, future studies
should assess the interaction of these films with real food products, with particular attention
to the release kinetics of CEQ, to establish migration profiles and validate their functional
effectiveness in real packaging applications. CEO is also chemically sensitive to light, oxy-
gen, and elevated temperatures, which can promote degradation and diminish bioactivity
over time. From a safety standpoint, while CEO is generally recognized as safe (GRAS),
its release rate and total migration must comply with food contact material regulations.
Achieving a controlled release that ensures antimicrobial performance without exceeding
sensory or regulatory limits remains the main limitation for its practical application in
active food packaging systems.

5. Conclusions

Avocado seeds are a noteworthy byproduct for creating eco-friendly packaging be-
cause of their abundant starch levels. Utilizing the seeds, often considered a byproduct,
would align with the principles of a zero-waste and circular economy. This work demon-
strates that it is possible to obtain environmentally friendly thermoplastic starch materials
from avocado seeds. A comparison was carried out between the starch-rich lignocellulosic
seed flour (ASF) and the extracted starch (AES) with different glycerol concentrations.

The homogeneous nature of AES allowed glycerol to have a higher influence capacity,
producing plates with a wide range of mechanical properties, with AES25 showing the
highest E (188 MPa) and o (7.4 MPa) of all samples, and AES45 the lowest. On the other
hand, the heterogeneous composition of ASF offered a better barrier and higher intrinsic
antioxidant properties. Increasing the glycerol content facilitates the processability of the
material but reduces the tensile strength and barrier properties of the plates. Samples with
45 wt. % glycerol presented excessive plasticizer, resulting in poor mechanical and barrier
properties. The plates with 35 wt. % glycerol content presented a good compromise of these
properties and were selected to incorporate cinnamon essential oil (CEO). CEO provided
strong antifungal properties to the final material, especially the 5 wt. % formulations, which
completely inhibited the growth of P. expansum during the 10-day test. Although CEO
does not provide additional antioxidant capacity, it can protect the starch from thermal
degradation during processing and act as a plasticizer, decreasing E and water barrier
properties as concentration increases. All formulations achieve 100% disintegration under
composting conditions after 90 days, confirming their environmental compatibility.

By extruding ASF directly, the need for all the starch extraction resources is eliminated
and the use of the raw material is maximized. ASF25 presents a good equilibrium of me-
chanical properties (E: 102 MPa), water barrier, and antioxidant properties. In ASF35C5, the
high intrinsic antioxidant activity of the seed, combined with the antimicrobial properties
of CEO, creates ideal characteristics for active packaging materials. Given their composition
from widely available and low-cost components and compatibility with conventional extru-
sion and injection molding processes, the developed films show promise for scale-up and
potential adoption in industrial packaging applications. Future research should concentrate
on new combinations of additives, reinforcements, blends, and synergies with ASF to
provide a broader range of properties.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/polysaccharides6030083 /s1: Figure S1. TGA of avocado seed
and starch in O2 atmosphere. Figure S2. TGA of avocado seed: (A) flour-based and (B) starch-based
plates. Figure S3. Mechanical properties of avocado seed flour- and starch-based plates. Figure S4.
GC-MS spectra of cinnamon essential oil and AES35-C5. Figure S5. Interaction on mechanical
properties. Table S1. ANOVA analysis of the effect of the material with glycerol on the mechanical
properties. Table S2. ANOVA analysis of the effect of the material with CEO on the mechanical
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properties. Table S3. Proposed compounds identified by HPLC-MS of the avocado seed flour.
Figure S6. MFC study of cinnamon essential oil.
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