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Abstract

A derivation of the nanoprecipitation technique without the presence of sur-
factants to reduce the nanoparticle size is herein proposed. The absence of sur-
factant in the nanoprecipitation technique allows capturing particles with a sma-
ller diameter than nanoparticles containing surfactants, facilitating the migra-
tion of antioxidant nanoparticles in film packaging. Biodegradable PLA nano-
particles with clove oil were produced and characterized by dynamic light scat-
tering, zeta potential, Fourier transform infrared spectroscopy, retention effi-
ciency, cytotoxicity, and antioxidant activity. The particle sizes obtained were
smaller than those commonly produced by nanoprecipitation, monodispersed
and stable for 6 months. The antioxidant activity showed that the encapsulated
form of clove oil had greater antioxidant activity than unencapsulated clove oil.
The addition of PLA nanoparticles decreased the cytotoxic action of eugenol,
the main antioxidant component of clove oil.
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1. Introduction

Changes in the profile of food consumption without synthetic additives modify
the demand of food companies, stimulating the use of antimicrobial compounds
in food formulations and packaging [1]. Although promised for the addition of
active packaging, the use of inorganic nanoparticles still raises many doubts about
the ecotoxicity and toxicity of these particles for the human organism in case of
migration [2] [3].

In this context, a natural alternative for antimicrobial and antioxidant appli-
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cations are Essential Oils (EOs) that stand out due to their great potential and
application in food packaging [4]. The gradual release of EOs during transport and
storage can increase the shelf life and keep the food during shelf life [5]. Thus,
the development of polymeric nanoparticles based on biodegradable and essen-
tial polymers may represent a more promising and safer perspective than inorgan-
ic particles in this application sector.

Essential oils are aromatic substances naturally produced by plants as second-
ary metabolites and have complex mixtures of terpenes, terpenoids, phenylpro-
panoids. They are also being considered as GRAS (generally recognized as safe)
by the Food and Drug Administration (FDA) [6]. The composition is variable and
plays an important role in determining their activity, being composed of phenolic
groups more effective in terms of antioxidant and antimicrobial activities [7] [8]
[9].

The antimicrobial action of essential oil-containing phenolic groups occurs
with the release or migration on the food surface, rupture of this membrane and
subsequent destruction of the cell. The phenolic compounds of the essentials can
interact with the lipids and proteins present in the cell membranes of gram-posi-
tive and gram-negative bacteria produced in the death of the cell due to changes
in their permeability, fluidity, inhibition of breathing and changes in ion trans-
port. Among oils that have phenolic groups, oils from cloves, basil, cinnamon, pe-
ppermint, and oregano are the most consistent and effective against pathogenic
microorganisms. This activity prolongs the shelf life of food and prevents the in-
cidence of foodborne diseases caused by pathogenic microorganisms [10] [11]
[12].

However, the direct incorporation of the essential oils into polymeric matrices
can be a complicated process because these oils are susceptible to oxidation and
degradation due to high temperature and shear6. A technique capable of mitigat-
ing these limitations is encapsulation, which can overcome active dosage limitations,
increase its oxidation stability and high temperatures, and protect the alternative
antimicrobial and antioxidant activity [13] [14].

When encapsulation produces particles at the nanoscale, the bioavailability and
bio effectiveness of essential oils can be increased, because nanoparticles have larger
surface areas than similar masses of larger-scale materials. This particle size also al-
lows for the reduction of oil doses necessary to achieve antimicrobial and antioxi-
dant activities [15] [16].

Among the methodologies used to produce nanoparticles, nanoprecipitation
is a simple method proposed by FESSI and his collaborators (1989) and it is used
for encapsulation of drugs, nutrients, or assets in nanoparticles, as it is an easy
and reproducible method based on the interfacial polymer deposition after dis-
placement of water-miscible semipolar solvent (organic phase) [17]. The size of
the nanoparticles is dependent on the nature of the polymer and the higher the
molecular mass and hydrophobicity of the polymer are, the greater the nanopar-

ticles are produced. In addition, the absence of surfactant in the nanoprecipita-
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tion technique allows catching particles with a diameter smaller than nanopar-
ticles containing surfactants [18]. The smallest particle diameters are particularly
interesting in packaging applications because smaller particle diameters can faci-
litate the process of migration from the nanoparticle to the food, which is where
in fact the antimicrobial and antioxidant actions are most important [19] [20]
[21].

There are many polymers for the preparation of nanoparticles. The ones com-
monly used to encapsulate in nanoprecipitation are biodegradable polyesters, such
as Polylactide (PLA), Polylactide-Coglycolide (PLGA) and Poly-Caprolactone
(PCL). The choice of polymer, among other parameters, affects the properties of
nanocapsules in terms of size, thermal stability, encapsulation efficiency and in-
teraction with food [22]. Semicrystalline PLA, for example, is widely used to pro-
duce nanoparticles through nanoprecipitation, because this matrix has excellent
biocompatibility, undergoes thermal degradation above 200°C and allows process
ability with a wide range of techniques [23].

Due to the growing demand for researching in active packaging, this work aims
to obtain PLA nanoparticles loaded with clove oil by nanoprecipitation and also
do a detailed study to evaluate its potential application for the development of ac-

tive packaging.

2. Experimental

2.1. Nanoprecipitation

The proposed method for preparing nanoparticles was developed through deri-
vation of the nanoprecipitation method used by Oliveira et al [18]. Thus, to ob-
tain the PLA nanoparticles, two phases were obtained: an aqueous phase and an
organic phase formed by a mixture of acetone from Sigma Aldrich >299.5%) and
THEF from Vetec™, reagent grade, anhydrous, contains 100 ppm BHT as inhibitor,
299.8%) (1:1) solvents, containing the semi-crystalline PLA 4530D from Nature-
Works LLC at 1.6mg/mL and the clove oil from Bioessencia in mass contents 10%,
20% and 30%. The ratios 1:1 Acetone/THF and 1:2 of organic phase to aqueous
were used. Initially, the solubilization of PLA in THF was carried out in a closed
system, using light heating (50°C) for 3 h. Clove oil was solubilized in acetone in
different proportions (10%, 20% and 30%). The organic phase was then obtained
from a mixture of THF containing PLA and Acetone containing clove oil in a 1:1
ratio of solvents. After this process, the systems containing 10%, 20% and 30% of
oil obtained remained under stirring for 72 hours in a hood to eliminate the or-
ganic solvents.

Aliquots of the colloidal suspensions were used for: characterization by Dy-
namic Light Scattering (DLS), Zeta Potential (ZP) and others were stored in a
refrigerator at a temperature of 5°C for 90 days to verify the aging and coales-
cence of systems containing different proportions of oil. The remaining aliquots
of the suspensions obtained were frozen in an ultra-freezer Liotop Model UFR30,
Series 24,312 at —90°C for 4 hours and then lyophilized (Liotop, Model L101) for
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96 hours (—49°C at 72 mmHg). The dry particles were characterized by dynamic
light scattering, Zeta potential, Fourier Transform Infrared Spectroscopy, Reten-
tion Efficiency, Antioxidant Potential (DPPH) and Particle Cytotoxicity.

2.2. Characterization

Mean hydrodynamic diameters and polydispersity of the samples obtained were
determined in the zetasizer Nano S90 model from Malvern Instruments, with 12
runs at 25°C.

Zeta potential of each sample was measured using the Brookhaven Instruments
Model NanoBrook Zeta PALS. For all analyzes 12 runs were performed and the
dispersion and dilution conditions used were like those used in the DLS tech-
nique.

The FTIR analyzes were performed at 25°C, in a Perkin Elmer Spectrum de-
vice version: 10.4.2 and Frontier Model FT-IR/FIR with DTGS detector in the
Attenuated Total Reflection (ATR) function in the observation range from 400
to 4000 cm™ using 64 scans.

Retention Efficiency (RE%) of nanoparticles, was determined using the spec-
trophotometric method with a microplate spectrophometer from BioTek, model
Winooski. The nanoparticles were separated from non-encapsulated free essen-
tial oil by centrifugation at 4000 rpm for 10 min. The supernatant was removed,
and separated nanoparticles were redispersed and washed for a triple in distilled
water by centrifuging at 4000 rpm for another 10 min. The pellet of each nano-
particle’s formulation was extracted using dichloromethane as an extracting sol-
vent, vortexed vigorously and centrifuged. The extracted oil was collected and quan-
tified spectrophotometrically at 282 nm, using a calibration curve.

DPPH evaluation method e (2,2-diphenyl-1-picrylhydrazyl) was used to estimate
the antioxidant activity of the oil and the formulations. For this purpose, a solu-
tion of DPPH in methanol at a concentration of 6 x 10~ M was obtained. A 5 ml
aliquot of this solution was placed in contact with the free oil and encapsulated
as well as with samples of vitamin E and vitamin C (analysis standards). After 30
minutes of contact of the DDPH solution with the samples at an ambient tem-
perature of 21°C, the absorbance of the solutions was analyzed in a Visible Ul-
traviolet (UV-vis) spectrophotometer, Varian, model Cary 100 at a wavelength of
517 nm.

The system cytotoxicity was evaluated in 1929 lineage cells (provided from Rio
de Janeiro Cell Bank—BCR]) through neutral red dye analysis, following the me-
thodology described by Narayanamurthy et al (2019) [24] and ISO 10993-5 [25].

3. Results and Discussion
3.1. Dynamic Light Scattering (DLS)
Mean nanoparticle size of samples was varied between 60 and 87 nm (Figure 1)

with a polydispersity index (PDI) 0.1, indicating the homogeneity of nanopar-
ticle population in the samples (Figure 2). The recovered systems further exhibited
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Figure 1. Medium hydrodynamic diameter of PLA/CO nanoparticles compared to pure PLA nanoparticle.
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Figure 2. Polydispersion index of PLA/CO nanoparticles compared to pure PLA nanoparticle.

high colloidal stability amplified their size and stable PDI for up to 6 months.
There are no size variations or changes in the polydisperse curves of the systems
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before (Figure 1(b)) and after 6 months of aging (Figure 1(c))

The formation of particles with low dispersion indexes is frequent in the na-
noprecipitation technique. The physicochemical parameters for obtaining these
particles, when well adjusted, lead to the formation of particles with narrow and
monomodal size distributions. The results found are consistent with other works
about this technique [26] [27] [28].

The particle sizes obtained are smaller than those commonly found for PLA
particles obtained via nanoprecipitation, which may reflect the absence of sur-
factants in the adopted methodology [29]. The chemical and steric structure of
the surfactants also influence the size and intensity of the particles, therefore, the
absence of surfactants in this methodology allowed for smaller particle sizes [29]
[30].

The medium hydrodynamic diameter increased proportionally to the increase
in the concentration of added clove oil, related to the increase in the internal
volume of the nanoparticle occupied by the oil. This increase in internal volume
indicates the increase in the supply of CO within the particle as its concentration
increases. This could be also attributed to the possible changes in the organic vis-
cosity and physicochemical properties of solvent release into water [18].

Moreover, the time factor on nanoparticle size distribution is shown in Figure
3 for the same samples and did not show significant changes. The samples show
particle stability for up to 6 months, indicating that the systems do not tend to un-
dergo Ostwald coalescence and aging processes. The stability of these formula-
tions, according to some authors, may be related to the polarity of this oil and its
affinity with the materials chosen for the formulation of these systems [31] [32]
[33]. In this perspective, systems containing compounds with more hydrophobic
characteristics such as CO tend to have greater stability when encapsulated in hy-
drophobic matrices such as PLA [34].

3.2. Zeta Potential (ZP)

Table 1 shows PLA/CO zeta potential with 10%, 20% and 30% clove oil com-
paring to PLA. The load of pure PLA has a value of —22. The negative value can
be attributed to the presence of polyesters that are negatively ionized by the
presence of carbonyl and carboxyl terminals. As the modulus is relatively high,

these particles contribute to the elevation of systems that present colloidal stability,

Table 1. Zeta potential of nanoparticle systems.

Samples PZ (mV £ 1)
PLA —22a°
PLA 10%CO —22a
PLA 20%CO -23a
PLA 30%CO —23a

b. Means followed by different letters differ from each other (p < 0.05).
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corroborating the findings by the stability data evaluated by DLS. There is no
difference of charge when the clove oil is inside the PLA, indicating physical sta-
bility of the particles in the nano dispersion.

The PZ values found for these systems are consistent with other studies on
non-surfactant coated PLA particles that exhibit a PZ value between —20 and —-25
mV [35] [36]. These systems tend to achieve high stability because of this sur-
face potential that inhibits aggregation of particles by collision processes for
their Brownian motion. The ZP values can serve as indicative of the repulsion or
particle aggregation behavior when in a colloidal suspension. Particles with high
values in module, both negative and positive tend to indicate systems with greater
electrostatic stability. According to some authors, it is desirable zeta potential
equal to or higher than 30 mV to stabilize the module spherical particles [37]
[38].

3.3. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR was used to evaluate the incorporation of clove essential oil in polymeric
matrix. Figure 3 shows the FTIR peaks of PLA (matrix), clove oil and clove oil
nanoparticles. The FTIR spectra profile presents the profiles for the PLA matrix
and for clove oil [39]. FTIR analysis showed the incorporation of clove oil in
PLA nanoparticles. It was evidenced with the presence of chemical bonds specif-
ic to eugenol, a major compound of clove oil. Furthermore, no significant changes
are observed regarding the shape, intensity and positioning of the PLA bands.
This result indicates the non-occurrence of chemical bonding between the matrix
and the encapsulated oil in encapsulation of natural compounds in polyester ma-
trices [40].

PLA + 30% CO

PLA +20% CO W
PLA + 10% CO W
3 W

wﬁf WM

4000 3500 3000 2500 2000 1 500 1 000 500

Transmittance (a.u.)

Wavenumber (cm™)

Figure 3. Infrared spectroscopy analysis of PLA/CO systems compared to pure clove oil
and pure PLA to verify the insertion of oil into the nanoparticle.
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Figure 3 enlists the peaks observed due to bond vibration of functional groups
and basic aromatic structure. The characteristic absorbance peaks of phenolic

O-H and C-H stretching in aromatic ring at 3492 cm™ and 2960 cm™

, respec-
tively were observed that were attributed to O-H group and aromatic structure
of eugenol. The C-H-stretching peak at 3003 cm™ was observed due to allyl group
(C-H attached to olefin) in eugenol.

The PLA has the typical bands in the following regions: carbonyl groups, C=0,
at 1755 cm™ and bending of -CHs, antisymmetric at 1454 cm™ and symmetric at
1361 cm™. Likewise, the stretching vibrations of C-O groups are at 1200 cm™
and at 1050 cm™. It is also possible to identify at 920 and 956 cm™ those corres-
ponding to the main chain vibrations (rocking of CH3), and at 869 and 755 cm™,
which can be assigned to the amorphous and crystalline phases of PLA, respec-
tively. Polylactic acid encapsulating clove oil exhibits three small peaks at wave-
numbers 1767 and 1732 cm™. These peaks may be due to the -C=O stretch in ace-
tate attached to aromatic ring indicating the presence of clove oil in the nano-

particle sample [41] [42].

3.4. Retention Efficiency (RE)

Table 2 contains the retention efficiency of clove oil in PLA. Values were ob-
tained between 83% and 86% for the obtained systems. The increase in oil con-
centration leads to a reduction in the retention efficiency, which may indicate a
saturation of these systems.

The incorporation of the active nanoparticles obtained by this technique greatly
varies over the work available in the literature. These variations are mainly due
to the polymer matrix and active pair used in each case [43] [44]. The values found
are shown much higher than in Casein performs encapsulating eugenol from clove
oil, Which Reached 63.86% encapsulation efficiency. Retentions above 80% are
good retentions for the technique, possibly suggesting the greater the more hy-
drophobic characteristic of the oil, which favors its presence in the PLA phase

over the aqueous phase, favoring greater encapsulations [33] [34] [45].

3.5. Antioxidant Activity (DPPH)

Antioxidant activity results show the EC50 of the tested formulations. In this test,
the active content necessary to stabilize 50% of the free radicals generated by the
reagent used is measured. Thus, it can be established that the lower the required

sample content, the greater its antioxidant activity. Vitamin C and E samples

Table 2. Oil retention efficiency in nanoparticles.

Samples RE (%)
PLA 10% CO 86+ 2
PLA 20% CO 87 %3
PLA 30% CO 832
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were used as known standards for analysis. Based on this, it can be established
that clove oil in its free state or after encapsulation has high antioxidant activity,
which is statistically like the antioxidant potential of vitamin E.

Nanoencapsulation is known to increase the antioxidant potential of natural
molecules. Therefore, free radical scavenging activity was evaluated by measur-
ing the scavenging activity of the clove oil nanoparticle (PLA/CO) on the DPPH
radical. DPPH showed lower EC50 values for PLA/CO nanoparticles compared
to pure clove oil, meaning protection from the oxidation of the oil by the nano-
particle [46] [47].

The free and encapsulated clove oil samples were also evaluated after exposure
to heat, to determine the protective capacity of the active by the PLA matrix. Af-
ter exposing the samples to heat, a decrease in the antioxidant activity of pure oil
can be observed. The EC50 values of the nanoparticle were lower than those of
clove oil, indicating thermal protection of the oil by PLA. PLA/CO reduced DPPH
radical formation in a dose-dependent manner, with 30% CON clove oil being more
effective with an EC50 of 34 ug/mL after exposure to 120°C, when compared to
pure clove oil, which was 43 pg/mL, indicating thermal protection of the oil through
nanoencapsulation. As shown in Figure 4, the results showed that the encapsulated
form of clove oil had much greater antioxidant activity than unencapsulated clove

oil.
3.6. Particle’s Cytotoxicity
The results of cell viability of the L929 fibroblast lineage cells after 24 hours contact

* The lines with different letters
differ statistically from each other
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Figure 4. Antioxidant activity results of PLA/CO nanoparticles compared to clove oil.
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Figure 5. Cytotoxicity results of PLA/CO nanoparticles compared to clove oil and pure
PLA.

of the cells with the formulations show different performance for those evaluated
(Figure 5). Pure PLA nanoparticles do not generate any damage to the evaluated
strain exhibiting viability close to 100%. Nanoparticles containing clove oil gen-
erate reductions in cell viability, being more intense in formulations of 20 and 30%
of CO. Therefore, this effect is dependent on the oil content in the formulations.
Finally, the pure oil generated greater viability reductions, generating a final via-
bility around 72%, which shows its slightly cytotoxic character.

It should be noted that even with reductions in cell viability, encapsulated sam-
ples can be considered non-cytotoxic, since, according to the ISO 10993-5: 200925,
the evaluation of materials in contact with cell lines in vitro can only be consi-
dered cytotoxic when they lead to viability below 75%.

The addition of PLA nanoparticles mitigated the cytotoxic action of eugenol,
indicating the protection of the active by controlling the release of the active in
the environment. Nanoparticles containing 20% and 30% clove essential oil have
very close cytotoxicity curves, which may explain the impact of retention efficiency
in cytotoxity [48] [49] [50]. The pure PLA nanoparticle results are consistent with
the literature that emphasizes the high biocompatibility of PLA and its derivatives
in different cell lines [51] [52] [53].

4. Conclusion

Nanoprecipitation has high encapsulation efficiency and can improve the stabil-
ity of clove oil to oxidation, humidity, and high temperatures and, therefore, im-

prove its efficiency. The absence of surfactants allows the reduction of the size ob-
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tained from the nanoparticles, favoring their migration to the food and conse-
quently they have antimicrobial and antioxidative action. The use of natural an-
timicrobial agents, such as clove oil, applied with new nanotechnological techniques,
allowing the successful development of new antimicrobial packaging for food pre-
servation [13] [54].
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