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Nanoencapsulation provides new alternatives for the food industry, enabling a controlled and slow release of
active antimicrobial agents, such as essential oils (EO). Poly (butylene adipate-co-terephthalate) (PBAT) nano-
capsules loaded with linalool EO were prepared using an extrusion method with 1, 3, and 5% w/v (PBAT to
chloroform). Nanocapsules’ sizes ranged from 100 to 250 nm and were spherical. The release profile was studied
using an ethanoic medium over 24 h, and according to the Korsmeyer-Peppas model, a Fick diffusion mechanism

was involved. FT-IR and thermogravimetric analyses confirmed EO encapsulation with an encapsulation effi-
ciency of 55%, 71%, and 74% for 1, 3, and 5%, respectively. The results indicated that encapsulation depended
on organic phase concentration, with higher PBAT contents achieving better results. The resulting nanocapsules
had antimicrobial activity against E. coli, which could be extended to develop active packaging systems.

1. Introduction

Biodegradable polymers are promising materials for the develop-
ment of new sustainable products due to their environmentally friendly
characteristics. These types of material can be used for packaging, films,
and membranes, and their biodegradable nature would reduce the
amounts of wastes associated with food packaging. Antimicrobial active
agents may be incorporated into packages to improve food quality, shelf
life, safety, and integrity (Espitia & Otoni, 2018). Natural materials have
attracted considerable attention due to their efficiency and low toxicity,
including essential oils (EO), which are recognized as possessing anti-
microbial and antifungal properties (Shetta, Kegere, & Mamdouh, 2019;
Soji¢ et al., 2018).

However, EO present some application challenges because they
present high volatility, low water solubility, and oxidation susceptibility
(Liu et al., 2017; Zanetti et al., 2018). The nanoencapsulation is a
promising method to overcome the EO limitations since this process
avoids unwanted reactions with media, masks odors and flavors, and
protect EO against possible oxidations, moisture, and heat (de Matos
et al., 2019; Rao, Chen, & McClements, 2019; Van de Vel, Sampers, &
Raes, 2019). Antonioli et al. prepared PLA nanocapsules loaded with
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lemongrass essential oil and reported excellent protection against
volatilization (Antonioli et al., 2020). Besides, encapsulation reduces the
migration rate of active compounds material to the external environ-
ment (Wen et al., 2016).

The nanoencapsulation is a promising way to develop an active
system for incorporation into packaging since it does not affect poly-
mers’ transparency. Also, greater encapsulation efficiency can be
attained due to higher surface area at the nanoscale (Rao & Geckeler,
2011; dos Santos et al., 2016). Different wall materials are used to
develop nanocapsules, such as chitosan, alginate, polylactic acid, and
others (Natrajan et al., 2015; Quesada, Sendra, Navarro, & Sayas-Bar-
bera, 2016; Sun et al., 2017; Wu et al., 2016). However, most of them
show low encapsulation efficiency and large particle size (Lee, Yun, &
Park, 2016; dos Santos et al., 2016). Thus, new alternatives have been
sought, and the use of new biodegradable materials to produce poly-
meric nanocapsules have attracted attention (dos Santos et al., 2016).

In this work, we have developed innovative biodegradable nano-
capsules by using Poly (butylene adipate-co-terephthalate) — PBAT
polymer. The capsules were prepared by the extrusion method and
loaded with Linalool essential oil, which is known for its antimicrobial
activity. There are no studies in the literature that present the use of the
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PBAT as an encapsulating agent. The loading of EO and their controlled
release, chemical, thermal, dimensional (i.e., sizes), and morphological
properties were studied.

2. Materials and methods
2.1. Materials

BASF (Ludwigshafen, Germany) supplied Poly(butylene adipate-co-
terephthalate) (PBAT), with a molar mass of 66,500 g mol L. Linalool
essential oil was provided by Quinaris (Ponta Grossa, PR, Brazil).
Chloroform, Polysorbate 80 (Tween 80), Ethanol, and Mueller-Hinton
agar (KASVI) were purchased from Sigma-Aldrich (Sao Paulo, SP,
Brazil), and used as received. Distilled water was used in all
formulations.

2.2. Capsules preparation

PBAT was dissolved in chloroform to prepare an organic polymer
solution by magnetic stirring (Fisatom model 753A, Sao Paulo, SP,
Brazil) for 4 h. Based on the literature, three different polymeric con-
centrations were used: 1, 3, and 5% w/v (Antonioli et al., 2020; Pina-
Barrera et al., 2019). Then 300 pl of EO was mixed with 100 mg of
polysorbate 80 in 100 mL of water and stirred for 30 min.

The prepared PBAT solution was added into the EO aqueous solution
using a syringe (diameter of 0.3 um) at 0.2 mL per minute, using a
peristaltic pump (Variable-Flow Peristaltic Pumps, Fisher Scientific,
Hampton, United States). This mixture was stirred for 24 h. Capsules
were separated from the solution through centrifugation at 15,000 rpm
(Thermo Scientific 75,002,426 — Thermo Fisher Scientific, Massachu-
setts, USA), and were then washed with water and centrifugated again at
15,000 rpm. Capsules were dried at room temperature, weighted, and
stored in a glass bottle in the refrigerator.

2.3. Dynamic light scattering (DLS) and static light scattering (SLS)

DLS and SLS tests were performed on an equipment ALV-CGS3 (ALV-
GmbH, Langen, Germany) at a fixed angle of 90°. Polarized HeNe laser
was used (22 mW), with a wavelength of 633 nm, and a pair of APD
detectors operating in pseudo-correlation. The samples were previously
ultrasonicated for 3 min in a VCX-750 (Sonics & Materials, Newtown,
United States). The tests were conducted in triplicate.

2.4. Transmission electron microscopy (TEM)

The nanocapsules microstructure and morphology were investigated
using a Transmission Electron Microscope, Model JEM2010 (JEOL,
Tokyo, Japan). The dried nanocapsules were re-dispersed in an aqueous
solution (0.1 wt%), and a solution drop was deposited on a copper grid
for analysis. The capsules nanosizes were measured using ImageJ soft-
ware, and 25 capsules were used to calculate the nanocapsules’
diameter.

2.5. Thermogravimetric analysis and encapsulation efficiency (EE %)

TGA tests were conducted using STA 6000 (TA Instruments, New
Castle, United States), under an Ny atmosphere, in a flow rate of 50 mL
min~}, at a heating rate of 10 °C min~!, and a temperature range of
30-600 °C.

The oil loading was measured evaluating the weight loss assigned to
the EO according to

Eq. (1):

Wo — Wr

OL(%) = (€Y

0
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where OL (%) is the loaded oil on nanocapsules, wy and w, are the final
and initial weight of capsules, respectively.

The encapsulation efficiency was calculated by the ratio of OL (%),
and capsules’ yield (Y) to the total oil (TO) used, as presented in Eq. (2)

_OLxY

EE(%) =~

(2

2.6. Essential oil release

The release mechanism was evaluated by the dried capsules addition
in ethanoic medium (50% ethanol and 50% water) to stimulate the
encapsulated EO liberation. This system was used as it is a simulant in
food applications. Samples were evaluated in a Cary 50 UV-VIS spec-
trophotometer (Agilent, Santa Clara, United States), at a wavelength of
207 nm (Jabir, Taha, & Sahib, 2018; Jabir et al., 2019). The measure-
ments were carried out in triplicate and followed for 24 h.

The data were fitted with the Korsmeyer-Peppas model, using Eq.
3):

M,
— =K.I" 3
M. (3)

where %is a fraction of EO released at time t, K is the release rate

constant, and n is the release exponent (Wu, Bala, Skalko-Basnet, & di
Cagno, 2019).

2.7. Fourier transform infrared spectroscopy

FTIR analysis was performed on a VARIAN 66 spectrophotometer
(PerkinElmer, Waltham, United States), in the range 4000-600 cm_l, 64
scans, and spectral resolution of 1 cm™!. The capsules were dried at
room temperature in a desiccator, and then the ATR accessory was used
to record the FTIR spectra.

2.8. Antimicrobial activity

The microbiological test was carried out to evaluate the capsules’
potential application. For that, 100 mg of capsules were placed in
inoculated Petri dishes. Then, a nutrient agar culture medium, Mueller-
Hinton agar (KASVI), was added and inoculated with Escherichia coli
bacteria suspension with a count of 10° colony-forming unit (CFU) ml .
After 48 h of inoculation, in a microbiological oven at 37 °C, the inhi-
bition radius was analyzed to evaluate the biocidal effect. The tests were
conducted in triplicate.

2.9. Statistical analysis

The experimental results were subjected to variance analysis (One-
way ANOVA) to evaluate the concentration effect on capsules diameter.
The mean values were considered to be significantly different at 95%
confidence level (p < 0.05).

3. Results and discussions
3.1. Nanocapsules formation and dimensional evaluation

The essential oil (EO) retention inside a material core depends on
several variables and is associated with EO’s chemical nature (i.e.,
chemical functionality and active groups), polarity, molecular mass, and
the wall material properties (Assadpour & Mahdi Jafari, 2019; Ju et al.,
2019). The EO hydrophobic character affects the encapsulation process,
and surfactants allow a hydrophilic-hydrophobic balance to improve
encapsulation efficiency (Pavoni, Perinelli, Bonacucina, Cespi, & Pal-
mieri, 2020). Tween 80 is a conventional surfactant that reduces inter-
facial/surface tension between two adjacent fluids (Han et al., 2018;
Prakash et al., 2019). Its use above the critical micellar concentration in
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the EO-water mixture results in a stable emulsion with micelles, where
the hydrophobic surfactant group interacts with the EO (Mendes et al.,
2020; Ryu, Corradini, McClements, & McLandsborough, 2019). After
the micelle formation, the polymeric solution addition disturbs the
system, and the PBAT chains coat the micelles and form the biode-
gradable nanocapsules. The expected capsules and their respective in-
teractions are shown in Fig. 1, which illustrates the coated micelles.

The nanospheres were evaluated by the DLS technique (Bhatta-
charjee, 2016), and Fig. 2 presents the capsules hydrodynamic radius
(Rp). The curves showed two distinct peaks: the first one showed an Ry
average of ~ 4 nm and the second of ~ 160 nm. This behavior may be
associated with two systems present in the medium: the micelles and the
nanocapsules.

The first peak indicates that, probably, some micelles were not
coated and did not form nanocapsules, i.e., the encapsulation was not
wholly efficient (the yield of capsules formation is presented in Section
3.3). The second peak is related to polymeric clusters, i.e., nanospheres,
and the peaks differences are associated with the capsule’s preparation
steps, as illustrated in Fig. 2(a) and (b). The peaks observed in DLS
analysis are shown in Fig. 2(c).

The nanocapsules were obtained by polymer interfacial deposition
through a syringe, with the organics’ solution added to the aqueous
phase. The surfactant and essential oil micelles provide a region for
droplet precipitation in the solution. As the solvent evaporates from the
system, a polymer sphere is formed around the micelles (Fig. 2b). Be-
sides, considering the different PBAT contents of 1, 3, and 5%, the
samples showed nanometric Ry values of 170, 232, 157 nm,
respectively.

Complementary to DLS analysis, the SLS allows the evaluation of
particles’ shape using the gyration radius (Rg), which analyzes the
weight averaged root mean square distance from the samples’ center of
mass (Burchard, 2003; Xu, 2015). As stated by Kassalainen et al., Rg is
more sensitive to the particle structure and geometry than the Ry
(Kaasalainen et al., 2017). An analysis of the formed structure can be
obtained by the Rg/Ry ratio, where values of 0.775, ~1, 1.78, and >2 of
Rg have been reported for hard spheres, hollow spheres, random coils,
and rod-like structures, respectively (Burchard, 2003). In this work, all
the systems presented Rg of ~0.7, indicating that they are organized in
spheres and that are not hollow spheres, i.e. indicating that the EO was
trapped inside these structures.

3.2. Transmission electron microscopy
Fig. 3 shows TEM photomicrographs of EO-surfactant micelles and
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Fig. 1. Illustration of the nanocapsules and structural arrangement
of compounds.
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nanocapsules prepared with 1, 3, and 5% PBAT. Fig. 3(a) shows
surfactant-EO micelles that presented a spherical shape and 9.2 + 1.5
nm diameter, being within the range observed in DLS analysis.

From Fig. 3(b)-(d), capsules presented mean diameters of 134.7 +
28.9, 133.6 + 24.3, 234.6 + 29.6 nm, for 1, 3, and 5% PBAT, respec-
tively. One-Way ANOVA was applied to evaluate the capsules size sta-
tistically, and the Tukey test was conducted to confirm the similarity
between samples. The system without PBAT addition (emulsion) was
different from all systems, confirming the polymers’ effect in the
emulsion to form nanocapsules. Systems with 1 and 3% PBAT were
statistically similar, indicating that both concentrations generate cap-
sules with similar size; in this case, it is more interesting the 3% con-
centration, considering the higher yield. However, capsules using 1 and
3% presented an asymmetric shape, that could impact capsules stability
and efficiency. The system with 5% PBAT was statistically different from
other samples and presented a regular spherical shape, indicating that
5% was the best condition to prepare PBAT nanocapsules. The observed
dimensions agreed with DLS and SLS analysis.

3.3. Thermogravimetric analysis

Fig. 4(a) shows PBAT, essential oil, and nanocapsules thermograms.
The EO presents a single thermal event associated with its evaporation,
starting at 62 °C and having maximum evaporation at 140 °C, as can be
observed by the derivative thermogravimetry (DTG) curve (Fig. 4(b)).
This thermal behavior confirms EO’ high volatility and justifies its
encapsulation (Xiao, Xu, & Zhu, 2017).

Pristine PBAT showed a single degradation event, with Topset and
Tmax Values of ~ 330 °C and 401 °C, respectively, associated with the
polymer chains scission in random regions that starts in the interface
between adipic acid and 1,4-butanediol (Felipe Jaramillo et al., 2019).
Because of its high thermal stability, PBAT has excellent potential as a
wall material in capsules systems.

Nanocapsules presented a similar mass loss event than the neat
PBAT, associated with the wall material (Barbosa, Souza, & Rosa, 2020).
However, a new thermal event in lower temperatures was verified and is
associated with the EO trapped inside the capsule structure. This ther-
mal event induced a weight loss of 7.1, 9.5, and 11.3 wt% for nano-
capsules with PBAT concentration of 1, 3, and 5%, respectively, and
indicates that the encapsulation process of linalool EO using PBAT was
successful.

The thermal event associated with the encapsulated EO was used to
estimate the encapsulation efficiency by the ratio of encapsulated EO
regarding the EO used during the process (Antonioli et al., 2020; Silva,
Caldera, Trotta, Nerin, & Domingues, 2019). As Bastos et al. presented,
the EO weight percentage inside capsules can be used alongside the
nanocapsules yield to calculate the encapsulation efficiency (Eq. (2))
(Bastos et al., 2020). The measured EE% was 55, 71, and 74% for 1, 3,
and 5% PBAT samples, respectively. These values are similar to recent
literature and highlight the PBAT potential as wall material (Hasani,
Ojagh, & Ghorbani, 2018). The low EE (%) obtained for 1% PBAT was
due to the lower yield, and these values are affected by the molecular
mass of the polymer, the interaction between the components of the
system, and the method used to obtain the capsules (Saifullah et al.,
2019).

3.4. Essential oil release

Innumerous mechanisms can describe the encapsulated EO release
after its encapsulation with different materials (Duman & Kaya, 2016).
The release medium is associated with simulant of food systems, as
presented in EU regulation (European Commission, 2011, 2017), and
the most common is the ethanoic medium. Fig. 4(c) shows the nano-
capsules time-dependent release profiles in an ethanoic medium (50%).
The differences observed in EO release can be attributed to the EE% of
each formulation. The profile for 1% and 3% is quite similar, and a
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Fig. 2. (a) Methodology schematic illustration, (b) Oil encapsulation process according to the method step, and (c) Nanocapsules DLS results.

Fig. 3. Transmission electron microscopy images for (a) emulsion showing
micelles, (b) nanocapsules of PBAT at 1%, (c) nanocapsules of PBAT at 3%, and
(d) nanocapsules of PBAT at 5%.

slower release profile is observed for nanocapsules prepared with 5%;
this difference is associated with the polymeric layer thickness and
capsules dimensions and shapes.

For the model used to evaluate the data (Korsmeyer-Peppas), the 'n’
values indicate the release mechanism involved. For n < 0.43, Fickian
diffusion (case I transport) dominates the system; if 0.43 < n < 0.85, it

indicates non-Fickian or anomalous transport, and n > 0.85 corresponds
to zero-order release kinetics (case II transport) (Dima, Patrascu, Can-
taragiu, Alexe, & Dima, 2016). The log cumulative percentage release
plot versus log time obtained the following n values: n = 0.23, 0.34, and
0.43 for 1%, 3%, and 5%, respectively.

The obtained curve can be separated into two stages. The first one
shows a rapid EO release, where ~ 50% of the release occurred in the
first stage; this behavior resulted from a high oil content attached to the
internal surface of capsules and their swelling degree (Hasani et al.,
2018). At the contact with the solvent solution, it penetrates the material
wall, and the polymer passes from a glassy to a rubbery state. Over the
swelling stage, in the polymer coexist inside a glassy state and outside a
rubbery state (Maderuelo, Zarzuelo, & Lanao, 2011). In these condi-
tions, the release rate depends simultaneously on the swelling and the
diffusion process (Dima et al., 2016). A slow-release rate characterizes
the second phase until a constant value is achieved (plateau). There was
no significant difference between the samples release profile after 24 h.

The encapsulated oil delivery mechanism is associated with: i)
adsorbed oil in lower concentrations, on the surface of the capsules,
occupying small porosities and defects, and ii) loosened inside the
capsule. When adding the capsules in an ethanoic environment, the oil
that occupied the pores and interstices possibly leaves the capsules more
quickly, resulting in a faster release profile. The oil inside the capsules
depends on diffusion mechanisms, characterizing a slower release pro-
file (i.e., achieved plateau).

The nanocapsules’ thickness was calculated in ImageJ software, and
the observed values were 8, 9, and 15 nm for samples 1, 3, and 5%,
respectively. According to Cuomo et al. (2014), the amount of retained
oil and the release curves are related to the wall thickness (Cuomo et al.,
2014). The essential oil apparent diffusion coefficients (D,pp) were
calculated following the Eq. (4), according to the model used for Cuomo
etal. 2015 (Cuomo et al., 2015), where h is the wall thickness, and C/Cy
indicates the fraction of oil released at time t.
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Fig. 4. Thermogravimetric curves of neat PBAT, Essential Oil, and Nanocapsules containing EO and using PBAT as wall material with concentrations of 1, 3, and 5%:
(a) TGA and (b) DTG, and (c) release profile of essential oil from nanocapsules with the different polymeric solutions.
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The observed values were 1.12 x 10°, 1.04 x 10°°, and 7.33 x 10710
em?s7, for samples 1, 3, and 5%, respectively. These results show that
the higher thickness provides a barrier that slows the oil diffusion
through the nanocapsules. Considering the release profiles, n, and Dapp
values and the TEM images, higher PBAT contents in the organic phase
resulted in larger wall thickness and lower permeability of the capsules,
which implies low diffusion coefficients and promotes slower oil release,

which is the objective of this work.
3.5. Chemical structure evaluation
The PBAT FTIR spectrum is presented in Fig. 5(a), and its IR peaks

were observed at 3065, 2958, 2875, 1710, 1410, 1366, 1267, and 726
em ™}, assigned as the = C—H absorption in stretching mode; CHs and

CH, stretch; C=0 bond of ester groups; angular deformation of the
—CHjy- bond; C—O group; and off-plane benzene ring deformations,
respectively (Barbosa et al., 2020; Black-Solis et al., 2019; Hernandez-
Lopez et al., 2019; Li et al., 2018). The other raw materials used were
Tween 80 and Linalool, and their spectra are presented in Fig. 5(a).

The Tween 80 characteristic peaks are found at 3462 cm™! (O—H
stretching vibrations), 2938 and 2869 cm ! (asymmetric and symmetric
stretching vibrations of methylene (-CH3)), 1730 em~! (C=0 stretching
of the ester group), and the absorption lines in the range 850-1100 cm
refer to the polyoxyethylene chain of the surfactant (Krstonosic et al.,
2019). The EO spectrum showed large bands at 3420, 2979, and 2920
em™!, the peaks at 1644, 1450, 1114, 1000, and 691 cm~! were
attributed to C—=C group, (C—H) vibrations, secondary alcohol group
(C—0), C—O stretching band, and aromatic compound C—H group,
respectively (Jabir et al., 2018; Xiao et al., 2017).

Fig. 5(b) shows the nanocapsules FTIR spectra, and all samples
showed similar peaks to the neat PBAT structure, which is the wall
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Fig. 5. FTIR spectra of (a) raw materials used in the production of nanocapsules (PBAT, Linalool essential oil, and Tween 80 — surfactant) and (b) nanocapsules with

different PBAT contents and zoom of the main peaks.

material (Y. Zhang et al., 2019). Only slight spectral changes were
observed, such as shoulders at ~ 1624 and ~ 1080 cm ™ ?, especially for
the 5% sample. The absence of EO peaks is attributed to the good
encapsulation efficiency, indicating the surfactant and oil absence in the
external capsules’ surface.

3.6. Antimicrobial activity

The disc diffusion assay was performed against E. coli to evaluate the
capsules’ effectiveness against microorganisms. E. coli is a Gram-
negative bacterium with an outer membrane containing lipopolysac-
charides that may protect the bacteria from active compounds and
impose a challenge for its control (Chu et al., 2019). The microbiological
test was carried out with the 5% PBAT capsules, and Fig. 6 shows the
obtained results.

A region without bacterial growth is observed, known as the

inhibition zone, with a diameter of 55 mm. Literature usually reports
inhibition halos in the range of 20 to 50 mm, highlighting the developed
capsules’ antimicrobial potential (Amor et al., 2019; Santos et al., 2019).
Linalool EO acts by changing the bacterium cell structure permeability
and electron transport, impacting the DNA and cell metabolism and
leading to E. coli inhibition growth or death (Gao et al., 2019). In this
work, the developed capsules showed great activity against E. coli,
which is considered a high resistance microorganism, indicating that our
capsules can be suitable against other bacteria, especially against Gram-
positive. These observations point out that the developed capsules pre-
sent potential as active antimicrobial agents to incorporate food
packaging.

3.7. Final remarks

Recent authors highlighted the continuous search for new strategies
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Potential Applications
on Packaging

Antimicrobial Activity

Fig. 6. Result of the antimicrobial test of 5% PBAT capsules of Linalool essential oil, highlighting the inhibition zone and potential use on packaging.

to enhance food product shelf life, and the development of active
packaging or food additives shows promising perspectives (Assadpour &
Mahdi Jafari, 2019; Giannakas et al., 2019). Among the existent addi-
tives, essential oils are natural molecules with good antimicrobial po-
tential, which could slow the food spoilage and improve the food shelf
life (Rezaei et al., 2019). However, EO needs to be protected from
thermal and oxidation degradation (Shetta et al., 2019). In this scenario,
nanoencapsulation have been gaining interest as it provides a greater
loading capacity and encapsulation efficiency, stability, and controlled
release of encapsulated material (Antonioli et al., 2020; Gaber Ahmed,
Gonzalez, & Diaz Garcia, 2020; He et al., 2019). Nanocapsules are easy
to apply and can be introduced in several food applications, avoiding
pathogenic microbial contamination and guaranteeing food safety and
quality (He et al., 2019; Pavoni et al., 2020).

This work aimed to prepare PBAT nanocapsules with antimicrobial
activity to cover nanocapsule application possibilities in the food sector
(Fukushima, Rasyida, & Yang, 2013; Rahimi, Aeinehvand, Kim, &
Otaigbe, 2017). Since PBAT is a biodegradable and biocompatible
polymer, its use is considered safe for food contact. Other biodegradable
polymeric materials like polylactic acid and polycaprolactone have been
reported as excellent materials for the encapsulation of essential oils
(Modaresifar, Azizian, & Hadjizadeh, 2016; Stramarkou, Oikonomo-
poulou, Missirli, Thanassoulia, & Krokida, 2020). As PBAT presents
similar characteristics, it may present potential as additive material that
can extend shelf life by controlled delivery of encapsulated essential oil.
However, its use in nanoencapsulation was not exploited yet, since no
works in the literature reported the PBAT capsules production.

Several authors used the encapsulation approach for food technolo-
gies, aiming to extend the food shelf life. Antonioli demonstrated that
lemongrass essential oil nanocapsules were highly effective against
C. gloeosporioides, even at low concentrations (Antonioli et al., 2020).
These results indicate that nanocapsules are an excellent option for
preventing apple fungi contamination and reducing the fruits rot lesions
and necrotic effects. Froiio et al. observed that bergamot and orange
essential oil encapsulated into polymer nanoparticles presented great
antimicrobial activity in active packaging formulation (Froiio et al.,
2019). The authors reported that the nanocapsules are excellent options
to prolong the orange juice shelf life.

Zhang et al. reported the use of nanoencapsulated tarragon essential

oil, using chitosan-gelatin as coating materials, and studied its use as
pork slices coating, showing that the encapsulated EO is advantageous
over the use of free EO, allowing a prolonged storage time and
improving sensory attributed (Zhang, Liang, Li, & Kang, 2020). In
addition to countless others cited in the present work, these works
highlight the importance of nanocapsules containing active compounds
in the food area, either directly in the food or in packaging. Based on
that, this work developed PBAT capsules for the first time and demon-
strated that these have the potential to be applied in active packaging
due to their physicochemical characteristics, slow-release, and antimi-
crobial properties.

4. Conclusions

PBAT nanocapsules loaded with EO were successfully prepared. The
nanocapsules sizes ranged from 100 to 250 nm and presented spherical
shape. The organic phase concentration resulted in different capsules’
size distribution and homogeneity. These slight changes in the
morphology can be attributed to the high PBAT contents in the solution
and the interactions between the three components: polymer, surfac-
tant, and EO. Encapsulation was verified by thermal analysis, and the
encapsulation efficiency was 55%, 71%, and 74% for samples using 1, 3,
and 5 w/v PBAT, respectively. The release profile was mathematically
adjusted according to the Korsmeyer-Peppas model, where it was
observed that the release mechanism is associated with a Fickian
diffusion process. The capsules retained the EO during 24 h in ethanol,
with a rapid release at the start, attributed to the high oil content
attached to the capsules surface, and showed that the EO release de-
pends simultaneously by the swelling and the diffusion processes.
Higher polymer contents in the organic phase resulted in a proportion-
ally larger wall thickness that resulted in a higher concentration of oil
encapsulated in the polymer structure, thus improving encapsulation
efficiency. The thicker the nanocapsule, the lower the permeability and
slower the oil delivery due to the difficulty of its diffusion through the
polymer wall, which highlights the capsules developed using 5% PBAT.
The Fourier transform infrared spectroscopy (FT-IR) confirmed the EO
encapsulation. Capsules presented great antimicrobial activity against
E. coli, highlighting the use of PBAT as wall material for EO’s encapsu-
lation. These observations could expand the application of PBAT and
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broaden the use of essential oils as possible additives in the food industry
package.
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