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Abstract: The obtainment of new materials with distinct properties by mixing two or more polymers
is a potential strategy in sustainable packaging research. In the present work, a blend of cellulose
acetate (CA) and zein (60:40 wt/wt CA:zein) was manufactured by adding glycerol or tributyrin as
plasticizers (30% wt/wt), and garlic essential oil (GEO), complexed (IC) or not with β-cyclodextrin
(βCD), to produce active packaging. Blends plasticized with tributyrin exhibited a more homogeneous
surface than those containing glycerol, which showed major defects. The blends underperformed
compared with the CA films regarding mechanical properties and water vapor permeability. The
presence of IC also impaired the films’ performance. However, the blends were more flexible than
zein brittle films. The films added with GEO presented in vitro activity against Listeria innocua
and Staphylococcus aureus. The IC addition into films, however, did not ensure antibacterial action,
albeit that IC, when tested alone, showed activity against both bacteria. These findings suggest that
the mixture of CA and plasticizers could increase the range of application of zein as a sustainable
packaging component, while essential oils act as a natural bioactive to produce active packaging.

Keywords: active packaging; bio-based polymer; cellulose acetate; essential oils; food packaging;
inclusion complex; zein

1. Introduction

Plastics revolutionized the food packaging sector since they are available at low cost,
flexible, durable, versatile, and have distinct mechanical and barrier properties, suitable
for food preservation [1,2]. However, the rampant consumption and improper disposal
of plastics has resulted in a worldwide problem, causing damage to the environment and
human health. In order to reduce the manufacture and use of materials from nonrenew-
able sources, various strategies are proposed, such as recycling and the total or partial
replacement of conventional plastics with bio-based materials [2–9].

Derived from several renewable sources (i.e., agroindustrial byproducts and feed-
stock), bio-based materials have become increasingly popular among researchers from
the packaging area since they fulfill the requirements for sustainable development [2,10].
In this context, several bio-based polymers extracted from different sources have been
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investigated as potential compounds for packaging. Cellulose derivatives, such as CA, and
plant proteins, such as zein, are examples of hydrophobic polymers of natural origin that
are already approved by the FDA to be used as food contact substances (CA) or listed as
GRAS (zein) [4,11–13].

However, despite the growing trend, studies have revealed that films elaborated
with bio-based polymers leave much to be desired when compared with the petroleum-
based ones. Regarding food packaging and its role in food preservation, the higher water
vapor permeability and lower mechanical properties that bio-based films usually present
may impair their application as packaging components [2,10]. Aiming at improving the
polymers’ performance as a packaging material, several strategies are considered.

The blend or mixture of two or more polymers for obtaining a new material with
distinct characteristics is one of these proposed strategies [14,15]. The incorporation of
different additives can also allow the elaboration of films with improved properties and/or
functions [4,5,16–18]. Plasticizers, such as glycerol, for example, are widely used since they
can enhance films’ flexibility. They are usually low-molecular weight compounds with low
or no volatility, and able to increase polymer chain mobility [16,17].

Essential oils (EOs) are another example of additives for food packaging due to their
bioactive properties and natural appeal. Some EOs show antimicrobial activity, which
could grant to the packaging a preservative action, contributing to food safety and shelf-life
extension [5,6,19,20]. However, the direct incorporation of EOs into polymer matrices is
not recommended due to several issues (EOs are prone to thermal and light degradation,
for instance) [21]. Thus, their complexation with cyclodextrins (CDs), followed by their
addition into polymeric matrices, is considered an interesting way to protect the EOs’ active
compounds from the degradation caused by light, temperature exposure, and oxygen
presence, as well as to minimize their sensorial impact [18]. βCD, for example, is a low-cost
natural CD recognized as safe and already used in food items and drugs [18–20].

Within this context, the present work aimed to obtain, characterize, and compare
blends of CA and zein with two different plasticizers, glycerol and tributyrin. Although
CA:zein blends have already been studied as nanofibers in the biomedical area, their
potential as a food packaging material is not elucidated in the literature [22,23]. In addition,
GEO was added into the films, free or as an inclusion complex (IC) with βCD, aiming at
elaborating active films with antibacterial action. Two hypotheses were investigated: (1)
that there would be an improvement in the properties of the new material compared with
those of the individual polymers; and (2) that the incorporation of the EO in the complexed
form would ensure a better antibacterial action by the films when compared with the ones
with added non-complexed EO.

2. Materials and Methods
2.1. Materials

CA (SD = 2.5, and average molar mass of 2,024,000 g·mol−1) was donated by Rhodia
Solvay Group (São Paulo, Brazil). Zein was donated by Flo Chemical Corp (F4400, molecu-
lar mass of 15–26 kDa) (Ashburnham, MA, USA). Glycerol (LabSynth, Diadema, Brazil)
and tributyrin (98% purity degree, Acros Organics, Mumbai, India) were the plasticizers
investigated. Anhydrous ethanol (99.8% purity degree, Neon, Brazil) and acetone (99.5%
purity degree, LabSynth, Brazil) were the solvents used for polymer dispersion. GEO suit-
able for food was purchased from Empório Laszlo (Brazil), and βCD (97% purity degree)
was acquired from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Preparation of Geo:βCD Inclusion Complex

IC was prepared using a kneading method following the mass proportion of 88%
of βCD and 12% of GEO [19], which approximately matches the 1:1 molar ratio when
considering the GEO compound’s average molar mass. The IC preparation was performed
according to the methodology of Marques et al. [20], with modifications. In a porcelain mor-
tar, 880 mg of βCD was added to 880 µL of hydroalcoholic solution (1:3 v/v ethanol:water)
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and homogenized for 5 min. Subsequently, 120 mg of GEO was added to the obtained
paste and the mixture was manually macerated for up to 30 min. Samples were dried in a
desiccator containing silica gel for 48 h at 25 ◦C, ground, and stored. A physical mixture
(PM) was prepared for comparison purposes by briefly mixing 880 mg of βCD and 120 mg
of GEO in a mortar.

2.3. Characterization of Inclusion Complex
2.3.1. Entrapment Efficiency (EE%)

Determination of GEO amounts in the IC was performed spectrophotometrically
according to the method of Hill, Gomes, and Taylor [24] with modifications. Initially,
a calibration curve was obtained from GEO solutions ranging from 0.0010 µL·mL−1 to
0.0088 µL·mL−1 in isopropanol:acetonitrile (3:2 v/v) at 209 nm of UV absorbance (UV1800,
Shimadzu, Japan). 20 mg of ICs samples was dispersed in 20 mL of isopropanol:acetonitrile
and mixed for 48 h. After this, samples were centrifuged at 3200× g (model 4K-15, Sigma,
Postfch, Germany), for 15 min. The supernatant was measured at 209 nm of UV absorbance.
The percentage of GEO entrapped in ICs was calculated using Equation (1):

EE% =
GEOR

GEOT
× 100 (1)

in which GEOR and GEOT represent the real and the theoretical amounts of GEO entrapped
in the IC, respectively.

2.3.2. Thermal Stability

Thermogravimetric analysis (TGA) was performed on a thermogravimetric analyzer,
(Model DTG-60H, Shimadzu, Japan), under a nitrogen atmosphere (50 mL·min−1). Ap-
proximately 3 mg of each sample was weighed and heated from 25 ◦C to 360 ◦C at a rate of
10 ◦C·min−1. TG curves were obtained for βCD, IC, PM, and GEO.

The thermal stability of the elaborated films and their components was verified as
well. The parameters were the same, with the exception of the final temperature, which
was 550 ◦C.

2.3.3. X-ray Diffraction (XRD)

X-ray diffractograms for βCD, IC, and PM were obtained through a BRUKER X-
ray diffractometer (model D8 Discover) equipped with an X-ray tube (Cu-Kα radiation,
λ = 0.1514 nm), in a 2θ range from 5◦ to 70◦ with a scanning rate of 0.05◦ s−1.

2.4. Elaboration of Polymer Blends

Aiming to obtain a CA:zein blend, each polymer was, at first, dispersed separately. CA
was dispersed in acetone (1:10 wt/v) and allowed to rest for 24 h. Zein was dispersed in
ethanol 80% (v/v), at a ratio of 1:10 (wt/v), stirring at 500 rpm at 65 ◦C for 10 min. After they
had cooled back to room temperature (approximately 25 ◦C), the dispersions were mixed
together following the proportion of 60:40 CA:zein (wt/wt), since previous tests conducted
in the laboratory revealed that this ratio allowed the obtainment of a more homogeneous
film when compared with the others (Figure S1 of Supplementary Material). The plasticizer
(glycerol or tributyrin) was also added to the mixed dispersion in a proportion of 30%
(wt/wt) based on the polymer mass, as well as the bioactive agents: GEO (10% wt/wt)
or IC (10% wt/wt), also based on the polymer mass. The dispersion was homogenized at
5000 rpm for 2 min (model T25, Ultra Turrax, IKA), allowed to rest for 30 min, poured onto
a glass plate with machine casting (K-Paint applicator, Litlington, Royston, Hertfordshire,
UK), and allowed to dry at room temperature. A blend without a bioactive agent and
a blend containing 10% βCD were also investigated as control samples. Therefore, four
different blends and four CA-films for each plasticizer were obtained, resulting in 16 assays,
as described in Table 1. For comparison purposes, films with only CA and only zein were
elaborated as well (Figure S2 of Supplementary Material).
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Table 1. Elaborated films with different plasticizers and additives: cellulose acetate and zein blends
(BL) (ratio 60:40 CA:zein wt/wt) and their respective cellulose-acetate-based controls (CA).

Sample Plasticizer
(30% wt/wt)

Additive
(10% wt/wt)

BL-T-CNT Tributyrin -
BL-T- βCD Tributyrin β-cyclodextrin
BL-T-GEO Tributyrin Garlic essential oil

BL-T-IC Tributyrin Inclusion complex
CA-T-CNT Tributyrin -
CA-T- βCD Tributyrin β-cyclodextrin
CA-T-GEO Tributyrin Garlic essential oil

CA-T-IC Tributyrin Inclusion complex
BL-G-CNT Glycerol -
BL-G- βCD Glycerol β-cyclodextrin
BL-G-GEO Glycerol Garlic essential oil

BL-G-IC Glycerol Inclusion complex
CA-G-CNT Glycerol -
CA-G- βCD Glycerol β-cyclodextrin
CA-G-GEO Glycerol Garlic essential oil

CA-G-IC Glycerol Inclusion complex

2.5. Characterization of Polymer Blends
2.5.1. Scanning Electron Microscopy

Micrographs of films’ surface and films’ cross-sectional area, after liquid-nitrogen brit-
tle fracture, were obtained with a scanning electron Tabletop Microscope (model TM3000,
Hitachi High-Technologies, Tokyo, Japan) with a secondary electron detector and operating
under low vacuum. Uncoated samples were attached to stubs’ surface with a double-sided
carbon tape aid, and the accelerating voltage of 15 KV was used.

2.5.2. Thickness and Mechanical Properties

Film thickness was measured, in µm, with a digital micrometer (model 547–401,
Mitutoyo, Japan). Ten specimens of each treatment were analyzed at ten random points
per sample [5]. The films’ mechanical properties were also evaluated; factors analyzed
were tensile strength (TS, in MPa), elongation at break (E, in %), and modulus of elasticity
(Young’s modulus, YM, in MPa) using a Universal Testing Machine (model 3367, Instron
Corporation, USA) equipped with a 1 kN load cell. Five rectangular specimens of each
treatment (175 mm × 25 mm) were tested. The initial distance of grids’ separation was
125 mm, and the rate of separation was 50 mm·min−1 [25].

2.5.3. Water Vapor Permeability (WVP)

WVP was investigated by the gravimetric method according to ASTM E96/E96M
(2010) [26] (with a few modifications), which allowed the calculation of the water vapor
transmission rate (WVTR) as a function of weight gain. The films were cut into circles
(Ø = 83 mm) and sealed with parafilm in poly(methyl methacrylate) cups containing a
saturated solution of lithium chloride (12 ± 5% RH at 25 ± 2 ◦C). After this, the cups were
placed in desiccators containing a saturated solution of sodium chloride (75 ± 5% RH at
25 ± 2 ◦C). The cups were periodically weighted to provide at least ten data points. Graphs
expressing the gain of mass over time allowed the determination of the WVTR according
to Equation (2):

WVTR =
m

t·A (2)

in which m/t is the slope of gain of mass (g) over time (h), and A is the permeation area
(m2). After this, the WVP was obtained according to Equation (3):

WVP =
WVTR·XT

PS·(RH1 − RH2)
(3)



Polysaccharides 2022, 3 281

in which XT is the film thickness, PS is the saline water saturation pressure, RH1 is the
relative humidity in the desiccator containing NaCl, and RH2 is the relative humidity on
the desiccator containing LiCl. WVP was expressed as g·Pa−1·s−1·m−1.

2.6. Investigation of Antibacterial Properties

The antibacterial activity of GEO was initially investigated against Gram-positive bac-
teria Staphylococcus aureus ATCC 6538 and Listeria innocua ATCC 33090, and Gram-negative
bacteria Escherichia coli ATCC 11229, Pseudomonas fluorescens 0A7, and Salmonella Cholerae-
suis ATCC 10708 Since the EO only showed activity against the Gram-positive bacteria, L.
innocua and S. aureus were used for investigation of minimal inhibitory concentrations of
GEO and IC, as well as for evaluation of the films. P. fluorescens was selected as negative
control.

2.6.1. Inocula Preparation

Selected colonies of the bacteria were taken from a non-selective medium (plate count
agar, PCA, Oxoid, Basingstoke, Hampshire, England) and were suspended in 0.85% (m/v)
saline solution until they reached a visual suspension density similar to 0.5 McFarland
turbidity standard (around 1–2 × 107 CFU·mL−1), then diluted at 1:10 [22].

2.6.2. Minimal Inhibitory Concentration (MIC)

The agar dilution method, with a few modifications, was used to investigate the MIC of
GEO and IC [27]. Samples of both bioactive agents were dispersed in 10 mL of liquefied Brain
Heart Infusion (BHI, Himedia, India) agar (~45 ◦C), resulting in the final concentrations of
2650 µg·mL−1, 1272 µg·mL−1, 636 µg·mL−1, 318 µg·mL−1, 159 µg·mL−1, 79.5 µg·mL−1, and
39.75 µg·mL−1 for GEO, and 9600 µg·mL−1, 4800 µg·mL−1, 2400 µg·mL−1, 1200 µg·mL−1,
600 µg·mL−1, and 300 µg·mL−1 for IC. Negative controls were BHI agar and BHI agar
with 9600 µg·mL−1 of βCD. After allowing the agar to set and solidify, aliquots of 20 µL of
the inoculum (Section 2.6.1) were dispensed on the dried agar surface, resulting in a final
bacterial concentration of approximately 104 CFU·mg−1 per spot. The plates were incubated
at 37 ± 1 ◦C for 24 h. MIC was determined based on the lowest concentration capable of
growth inhibition.

2.6.3. Film Antibacterial Activity by Indirect Contact

The elaborated films were cut into (2 × 4) cm2 shapes and fixed onto the lids of Petri
dishes. The plates were previously prepared with BHI agar and inoculated with S. aureus
or L. innocua (Section 2.6.1) with a swab aid [6]. The incubation conditions were 24 h at
37 ◦C ± 1 ◦C (S. aureus and L. innocua) and 10 days at 7 ◦C ± 1 ◦C (L. innocua). The presence
or absence of microbial growth was evaluated after the incubation period.

2.7. Statistical Analysis

Analysis of variance (ANOVA) was carried out and followed by Tukey’s test at 5%
probability, if suitable. The statistical software R was used [28].

3. Results and Discussion
3.1. Inclusion Complex Characterization

The IC preparation of GEO with βCD was achieved by the kneading method, which
was chosen due to the practicality and quality of the technique [20,29]. To calculate the
GEO entrapped in ICs, the calibration curve was obtained (Equation (4)) with an adjusted
R2 of 0.9942.

Y209 nm = 0.0299 + 69.052XGEO (4)

in which Y209 is the measured absorbance at 209 nm and XGEO is the EO concentration. The
entrapment efficiency calculated was 87.5%.

The thermogravimetric curves, as well as their derivatives, plus the X-ray diffrac-
tograms of IC and pristine materials are displayed in the Supplementary Material,
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Figures S3 and S4, respectively. Regarding the thermal analyses, the βCD mass losses,
exhibited in the TG curve, occurred in two steps: at 25–120 ◦C, losing 12.6%, due to water
loss, and above 309 ◦C, corresponding to 76.7% of material decomposition, corroborating
with Giordano et al. [30]. The EO mass loss displayed in the GEO TG curve started at
room temperature (~25 ◦C) and achieved around 95% of loss until 200 ◦C. A similar
behavior was observed by Piletti et al. [31] when studying the thermal protection of
complexed GEO.

Three stages were observed for the TG curve of PM: at 25–120 ◦C, losing 14.5%, at
120–250 ◦C (4.0%), and above 300 ◦C, with 66.2% of material degradation. In the first
and second stages, PM exhibited an intermediary behavior between βCD and GEO mass
loss under temperature increase. The initial mass loss of the PM system was higher than
that of the βCD system, which may have occurred due to water molecule loss besides
non-complexed EO volatilization.

The IC TG curve, in turn, presented an initial mass loss of 7%, a lower value than that
verified for βCD and PM. This occurrence is discussed in the literature as an indication
that the complexation was successfully achieved [31,32]. It can also be observed that
~5% IC mass loss occurred at 100–250 ◦C, which can be attributed to the degradation of
non-complexed EO [20,31]. The material degradation occurred near 300 ◦C, with 62% of
mass loss. A small peak, slightly before material degradation, can be observed in the IC
DTG curve, emphasized by a red arrow in Figure S3. This can be attributed to complexed
GEO volatilization, which occurred at a higher temperature than for non-complexed GEO,
indicating greater thermal stability of the IC compound [31].

Regarding the XRD analyses (Figure S4), the βCD diffractogram exhibited the charac-
teristic peaks for βCD at 2θ = 9.0◦, 12.4◦, 16.9◦, 22.6◦, 27.1◦, 31.9◦, 34.6◦, and 35.5◦ [33]. The
PM diffractogram presented peaks similar to those of βCD, albeit at a lesser intensity. On
the other hand, in the IC diffractogram, it is possible to observe greater changes in the XDR
profile, such as broadening, appearance, and disappearance of some peaks [20,32]. The
decrease in the degree of crystallinity, as can be observed when comparing the IC diffrac-
togram with βCD and PM diffractograms, with the disappearance of some well-defined
and narrow peaks (pointed out with black arrows in Figure S4), can be a result of changes
that occurred in the βCD’s molecular organization, an indicative that the complexation
with GEO was achieved [32,34].

3.2. Polymer Blends Aspect

The manufactured CA:zein blends and the CA-films incorporated with tributyrin or
glycerol as plasticizers and the additives (GEO, IC, or βCD) are displayed in Figure 1. The
blends presented a yellowish color and a porous appearance when compared with the
transparent CA films, probably due to the zein addition (Figure 1 and Figure S2). The films’
aspect also changed as a function of the type of plasticizer used. Tributyrin incorporation
resulted in blends with a more homogeneous surface than blends with added glycerol,
which in turn presented serious defects.

In addition, SEM micrographs revealed the presence of micro-sized globules in the
cross-sectional areas of blends with added glycerol, which were not observed in blends
with added tributyrin, suggesting a poor compatibility between glycerol and the polymers
(Figure 2). Tributyrin is a triglyceride of butyric acid which is more hydrophobic than
glycerol, and since both polymers (CA and zein) used have a more hydrophobic nature, the
obtained result is coherent [35]. The incorporation of βCD or IC into blends or CA films
also resulted in major changes in films’ appearance and thickness, exhibiting more irregular
surfaces than the control samples and the ones containing GEO. The presence of lumps and
aggregates indicates poor compatibility among these additives and the polymers.
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3.3. Thermogravimetric Analysis

The results obtained from the thermal analysis support the ones observed in the SEM
micrographs. TG curves and their respective derivatives of pure materials, CA films, and
CA:zein blends are displayed in Figure 3. Moreover, TG curves and their derivatives of all
16 films can be found in the Supplementary Material (Figure S5).

Both plasticizers lost approximately 100% of their mass close to 200 ◦C. Regarding
the polymers, CA and zein exhibited loss of around 3% of their mass at 100 ◦C due to
water molecule loss [36]. The peak-temperature degradation was 320 ◦C and 360 ◦C for
zein and CA, respectively. A physical mixture (PM) of zein and CA was also prepared
and investigated. In the DTG curve, it is possible to distinguish two peaks in the range
of 320–360 ◦C (Figure 3-1B), indicating that the degradation of each polymer occurred
separately from the other. In contrast, when observing the DTG curves of the blends
(Figure 3-2B), a single peak around 350 ◦C is verified for the blend with added tributyrin,
while a slight double peak can be seen in the DTG of the blend with added glycerol. This
observation is a possible indication that the zein–CA–tributyrin compatibility was higher
than the zein–CA–glycerol compatibility. Both CA films and blends containing tributyrin
lost mass slower than those plasticized with glycerol, and the mass losses matched around
240 ◦C. Films plasticized with tributyrin exhibited only two stages of mass loss (plasticizer
degradation and polymer degradation), while three stages were observed for films with
added glycerol (water loss, plasticizer degradation, and polymer degradation).
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Figure 3. Thermogravimetric curves (A) and their respective 1st derivative (B) of: (1) pristine
polymers (cellulose acetate and zein) and their physical mixture (PM), plus pristine plasticizers
(tributyrin and glycerol); (2) control blends with tributyrin (BL-T-CNT) or glycerol (BL-G-CNT) and
cellulose acetate films with tributyrin (CA-T-CNT) or glycerol (CA-G-CNT).

3.4. Mechanical and Water Vapor Barrier Properties

The blends’ compatibility can also be evaluated from the quality of the polymer
mixing states, and classified as synergism, additivity, or incompatibility [37,38]. Through
the mechanical analysis, it was observed that the TS, YM, and E% parameters of the blends
were lower than those of CA films, as displayed in Table 2. This behavior is justified by the
additivity rule, in which the properties exhibited by the mixed material corresponded with
the average properties of isolated components. In this case, the addition of a polymer to
another does not entail positive (synergism) or negative (incompatibility) changes to the
polymers. It needs to be emphasized that pure zein films, with or without plasticizers, were
brittle and difficult to handle, which hindered the obtainment of the specimens required for
both the mechanical and permeability assays. The blends with added tributyrin, in turn,
were more flexible, allowing the samples to be characterized. Although blends with added
glycerol were also more flexible than zein films, the presence of macro-holes and tears on
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the films’ surface (Figure 1) impaired the obtainment of specimens for the conduction of
these assays.

Table 2. Thickness, mechanical properties (tensile strength, TS, elongation at break, E, and Young’s
modulus, YM), and water vapor permeability (WVP) of blends (BL) and control films (CA) plasticized
with tributyrin (T) or glycerol (G) and with incorporated garlic essential oil (GEO), β-cyclodextrin
(βCD) or inclusion complex (IC).

Sample Thickness
(µm)

TS
(MPa)

E
(%)

YM
(Mpa)

WVP
(10−10 g·Pa−1·s−1·m−1)

BL-T-CNT 121.6 (7.8) abc 4.7 (0.5) a 3.3 (0.4) a 313 (6) a 11.9 (1.3) c
BL-T- βCD 136.7 (18.1) abc 5.1 (0.3) a 2.6 (0.1) a 306 (39) a 11.8 (0.6) c
BL-T-GEO 136.2 (18.5) abc 5.9 (0.8) a 2.7 (0.1) a 338 (16) a 14.0 (1.2) c

BL-T-IC 250.8 (83.4) d 5.3 (0.5) a 3.3 (0.3) a 283 (33) a 27.6 (3.8) d
CA-T-CNT 58.8 (4.3) a 28.9 (4.9) c 7.7 (0.8) b 1203 (203) b 4.7 (0.2) a
CA-T-βCD 112.4 (46.0) abc 16.1 (5.5) b 2.8 (0.4) a 969 (287) b 10.8 (0.7) bc
CA-T-GEO 66.7 (13.1) a 29.1 (3.1) c 6.9 (0.4) b 1273 (97) b 6.5 (1.5) ab

CA-T-IC 155.9 (48.2) bc 7.7 (1.7) a 3.6 (0.5) a 389 (52) a 12.3 (1.9) c
BL-G-CNT 122.2 (5.8) abc np np np np
BL-G- βCD 180.2 (8.8) np np np np
BL-G-GEO 152.2 (4.2) bc np np np np

BL-G-IC 258.5 (49) d np np np np
CA-G-CNT 59.4 (0.9) a np np np np
CA-G- βCD 111 (3.6) abc np np np np
CA-G-GEO 76.8 (4) ab np np np np

CA-G-IC 182.6 (23.5) cd np np np np

np: not performed due to their high number of defects, restricting the obtaining of specimens in the dimensions
required by the methodologies [25,26]. Means are followed by the standard deviation between parentheses. Mean
values followed by the same letter, within the same column, are not significantly different according to Tukey’s
test (p > 0.05).

Besides this, the incorporation of IC or βCD into CA films significantly reduced TS,
YM, and E% parameters compared with the control and the film containing GEO. This is
justified by the insertion of defects in the matrix and interruption of secondary interactions
between polymer chains [39]. However, the same effect was not observed when comparing
the mechanical performance among the blends. This suggests that IC and βCD did not
impair the structural cohesion between the polymers in the blend.

The elaborated CA:zein blends also underperformed compared with the CA control
and GEO films at WVP (Table 2), probably due to their more porous nature when compared
with the more solid appearance of the CA films (Figure 2). The presence of IC or βCD also
impaired the water vapor barrier property of the films, making them more permeable than
the controls. According to Oliveira et al. [3], a film’s thickness heterogeneity may lead to
problems with mechanical and barrier properties, which, in fact, was verified herein, since
the films presenting the most irregular surfaces performed significantly worse on these
assays.

WVP and mechanical properties are important parameters that must be considered
when choosing an appropriate packaging for food. WVP, for example, is crucial for food
preservation, while TS refers to material endurance and resilience. Although hydrophobic
polymers, such as zein and CA, act as a better water vapor barrier than the hydrophilic
ones, they are still less effective than the conventional plastics [40,41]. The mechanical
properties of the biopolymers evaluated, measured in terms of TS and YM, need to be
improved to achieve petrochemical polymer performance. Features such as brittleness,
stiffness, and fragility may limit or even prevent their application [16,42]. To overcome
these problems, several strategies are proposed, such as the investigation of new polymer
nanocomposite-based films [5,14], incorporation of plasticizers [4,17], and mixing two or
more polymers aiming for the obtainment of altered materials [15].
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In the present work, we verified that the blends resulting from the mixing of zein and
CA with tributyrin, despite underperforming compared with the CA control films, showed
improvements when compared with the zein films. Incorporation of the nanoparticles
βCD and IC impaired the film appearance and performance, while the addition of non-
complexed GEO did not affect the films’ properties. Although the direct incorporation
of EOs into polymer matrices is not recommended, IC incorporation harmed the films’
performance. Perhaps the choice of a natural βCD may not have been the best due to its
insolubility in several organic solvents, such as acetone and ethanol, the solvents used for
the filmogenic dispersion preparation [43]. Maybe a derivative CD with a hydrophobic
nature or a higher solubility in polar organic solvents would solve the problem [43,44].

We also investigated two kinds of plasticizers: glycerol, widely used to plasticize
biopolymer films, and tributyrin, a glycerol ester with three butyric acids of natural occur-
rence in milkfat [4,17,35,45]. It was observed that the plasticizer choice had an impact on
the CA-zein blends. Glycerol has been incorporated into hydrophobic CA-films, as reported
by Dias et al. [5], Gonçalves et al. [4] and Teixeira et al. [17]. However, its polar nature may
have been the cause of the poor compatibility with the polymeric matrice blends, CA and
zein, as verified by SEM micrographs and TG curves. Opposite behavior was observed
when tributyrin was added as a plasticizer, resulting in films with a better performance
and a more homogeneous appearance.

3.5. Antibacterial Investigation

S. aureus is an important foodborne pathogen, being considered one of the most sig-
nificant threats to public health [46]. This bacterium is often responsible for foodborne
intoxications through the production of heat-stable enterotoxins in various food prod-
ucts [47]. On the other hand, L. innocua has been used by many researchers as a surrogate
for Listeria monocytogenes (considered a significant causative agent responsible for severe
diseases in both humans and animals) in many food systems [48,49]. Therefore, both
microorganisms were chosen to evaluate IC and GEO antibacterial activity. IC and GEO ex-
hibited inhibitory activity against both bacteria, although the GEO antibacterial properties
stood out (Table 3). However, it is essential to emphasize that the amount of EO present in
IC corresponds to around 10% of the total IC weight (approximately 480 µg·mL−1), thus
reducing the discrepancy between the MIC values found for them.

Table 3. Garlic essential oil (GEO) and inclusion complex (IC) minimal inhibitory concentration (MIC)
against S. aureus and L. innocua after incubation at 37 ◦C for 24 h.

Bacteria
MIC (µg·mL−1)

GEO IC

S. aureus 78.12 4800
L. innocua 156.25 4800

MIC values also indicated that S. aureus was more susceptible to the GEO antibac-
terial effect than L. innocua. One of the main action mechanisms of GEO is altering the
permeability of the cell membrane due to the hydrophobic nature of the compounds [50,51]
Therefore, the higher GEO effect in S. aureus than L. innocua can be related to the microor-
ganisms’ composition surface. Listeria sp. are Gram-positive bacteria; in spite of this, the
microorganism has a peptidoglycan structure similar to Gram-negative bacteria, such as E.
coli [52]. Thus, the greater hydrophilicity of the surface probably acted as a barrier to the
EOs’ components [52,53].

Regarding the films, their antibacterial activity was evaluated by the indirect contact
methodology, also using S. aureus and L. innocua as target microorganisms at their opti-
mal growth temperature (37 ◦C). Furthermore, L. innocua was tested under refrigeration
conditions (7 ◦C) since this microorganism has the ability to grow under refrigeration.
The polymer matrix did not exert significative influence on the antibacterial properties of
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the films, and a similar pattern was observed when evaluating CA films and the blends.
However, the kind of plasticizer used and the complexation or not of EO compounds did
influence the outcomes. The results are displayed in Figure 4.
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Figure 4. Antibacterial properties of active cellulose acetate films with 10% garlic essential oil
incorporated (GEO) and control films (CNT), produced with glycerol (GLY) and tributyrin (TRI) as
plasticizers, tested by indirect contact against S. aureus (SA) and L. innocua (LI) at 37 ◦C/24 h and
7 ◦C/10 day.

The plasticized films with incorporated GEO completely inhibited the growth of S.
aureus after 24 h at 37 ◦C. On the other hand, differences in the kind of plasticizer were
observed in L. innocua growth, tested under the same conditions. The active films produced
with tributyrin (BL-T-GEO and CA-T-GEO) only partially inhibited the target bacteria,
while the films with added glycerol completely inhibited L. innocua growth. The plasticized
films containing the IC, in turn, did not affect bacteria growth, showing a similar outcome
to the control films.

The differences found for plasticizer type can be attributed to the hydrophobic charac-
ter of tributyrin [35]. This non-polar profile of tributyrin may enhance the entrapment of
the GEO into the film matrix and, therefore, reduce the release of antibacterial agents. As a
result, the films produced with this plasticizer exhibited lower antibacterial performance
during the tests. Corroborating with this hypothesis, the GEO MIC results, previously dis-
cussed, indicated higher susceptibility of S. aureus to GEO components, which may explain
the complete inhibition achieved with the active film; meanwhile, L. innocua exhibited a
certain resistance, being partially inhibited.

Under refrigeration (7 ◦C/10 day), L. innocua, a psychrotrophic bacteria, did not
exhibit visual growth when incubated in the presence of films with 10% GEO incorporated,
independent of the plasticizer (Figure 4). In this case, despite the ability to grow under
refrigeration temperatures [54], the cold conditions contributed to the GEO antibacterial
activity. GEO thermal stability at lower temperatures was not assessed in the present
research; however, low temperatures were already associated with stabilizing some GEO
compounds [55]. This improved activity minimized the possible entrapment effect of
tributyrin, and the films were able to control the bacteria growth during the incubation
period. In addition, films with IC incorporated once again underperformed compared
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with the films with added GEO and only partially inhibited L. innocua growth when under
refrigerated conditions (results not shown). These results are in agreement with the MIC
values found, since it was verified that a much higher concentration of IC was necessary
to inhibit microbial growth, indicating that more IC should be added to the filmogenic
dispersion in order to obtain films with a similar active property to the films with added
GEO. However, this would hardly be viable.

4. Conclusions

In the present work, CA:zein active blends were successfully manufactured by the
incorporation of GEO, as the bioactive agent, and tributyrin, as the plasticizer, into bio-
based polymeric matrices. Despite the blends underperforming compared with the CA
control films, they showed considerable improvements over zein films, which were brittle
and fragile to the extent of impairing their manipulation. This could open a wider range
of applications of zein as a food packaging component. Besides this, the results indicated
that the films elaborated with non-complexed GEO could be used as a potential ally in
food preservation, assisting in maintaining the microbiological quality and safety of food
products. Films with IC incorporated, on the other hand, underperformed compared with
those with added GEO regarding antibacterial activity.
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complex (IC), and physical mixture (PM). * Black arrows indicate the characteristic peaks for βCD.
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