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Abstract

Eucalyptus citriodora oil has a well-known antimicrobial activity, however, its volatility limits its therapeutic applicability.
Oil-in-water chitosan-based nanoemulsions have been prepared using a high-energy method in variable conditions in
order to produce a stable formulation with an effective antimicrobial action. Physical-chemical characterizations and
antimicrobial activity were performed. Results showed that the nanoemulsions with stability over 60 days and encapsulation
efficiency higher than 90% were the ones with higher surfactant content. An optimal formulation was produced with the
longer chain surfactant, which impacted in a particle size 0of 489.2+0.25nm and encapsulation efficiency of 92.5+0.17%.
This formulation showed sustained release over 72h according to zero order kinetics, where the drug diffusion is lower
than the respective dissolution release rate. The bactericidal action of the tested formulations showed an expressive
inhibition rate against S. typhimurium (73%), with potential for an effective release system for antimicrobial control.
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1. Introduction

The indiscriminate use of conventional antimicrobials
has created resistant pathogens, which lead to the growth of
severe infections and invasive diseases. Given this situation,
research has been conducted in order to find alternative drugs.
Plants are a rich source of pharmacologically interesting
bioactive resources, and the antimicrobial potential of the
Essential Oils (EO) has been explored in the last decade!!).
EOs are mixtures of chemical compounds that present aromatic
structures of natural origin, where their constitution differs
widely among plant species and is generally classified as
terpenes, terpenoids and phenolic compounds!?.

Eucalyptus citriodora belongs to the Myrtaceae family,
and these species are known for the characteristics of their
essential oils. It is known that the E. citriodora essential oil
(ECEO) has a wide spectrum of biological activities, including
herbicidal®#, antifungal®™, insecticide!®, antioxidant#,
antimicrobial®!”! properties. However, the storage of EOs
is a critical matter due to their sensitivity to heat, humidity
and air, being subject to hydrolysis, oxidation, dehydration
and isomerization reactions!'"3), Thus, the encapsulation of
EOs is an important nanotechnological strategy to enable the
use of such constituents, improving their physical-chemical
stability and promoting protection against external factors!*'¥l,
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Nanoemulsions (NEs) are useful alternatives in the
encapsulation of EOs, enabling the improvement of
physical-chemical stability, the modulation of release
rates and bioavailability of such active principles, as it has
been reported in recent studies!'*'”l. The composition of
the formulations, method and preparation conditions are
intrinsically related, and it is necessary to conduct research
to formulate more stable, efficient controlled release systems
for the incorporation of active ingredients with antimicrobial
actionl!2!418],

Chitosan (Cs) is a cationic biopolymer in acid
conditions, and is formed of D-glucosamine and N-acetyl-
D-glucosamine bound by B-glycosidic bonds (1-4), it is
a deacetylation of chitin, which is present in the shell of
crustaceans!'®. Several studies have been carried out to
explore its potential in different types of encapsulation
matrices, such as nanoparticle systems!'*?%, nanogels?"-*,
nanoliposomes®?! conventional emulsions??*** and Pickering
emulsions?*?”). The use of Chitosan in a encapsulation
system can enhance the transport of drugs across the nasal
membrane, increasing the permeability of the epithelial
membrane and retaining a formulation for extended time
periods due to its mucoadhesive properties!!®?’, The addition
of an anionic crosslinker into the chitosan-surfactant-oil
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system may increase the nanoemulsion stability, in order
to retain the oil inside the micelle for a longer time!'#2),
Although the effect of surfactant and oil relative content
in nanoemulsions has been studied to some extent!!*-222>201
the main limitation of nanoemulsion system is caused by
droplet growth and phase separation after a short period of
time, which compromises the applicability. In this study,
chitosan nanoemulsions incorporated with ECEO were
developed adding a ionic crosllinker, aiming to improve
the physical-chemical stability, statistically correlating the
formulations conditions with the nanoemulsion stability
aiming for antimicrobial applications.

2. Materials and Methods
2.1 Materials

The following materials were used: chitosan from shrimp
(Cs) (Polymar, CE, 72% deacetylation degree, M_ = 3,3 x
10° g.mol™), acetic acid (Dynamics). Nonionic surfactants
Tween20® (T,)) and Tween80® (T,,) (Dynamics), Sodium
Tripolyphosphate crosslinker agent (TPP) (Dynamics) and
ECEO (FERQUIMA).

2.2 Preparation of nanoemulsion

Eight oil-in-water nanoemulsions (O/W) were prepared
by means of the high-speed homogeneization method,
adapted from Ribeiro et al.?®), by varying the type of
the surfactant, and the relative content of Cs, ECEO and
surfactant in the nanoemulsion. First, the surfactant agent
(Tween 80 or Tween 20®) was added to ECEO at a mass
ratio of 1:2 or 1:4 and then subjected to a vortex stirring
(model NI1059 - Vortex) at 1000 rpm for 2 min, forming
the oil phase. The oil phase was added to the Cs solution
(1% wv/v in acetic acid) to form the nanoemulsions with
a volume raio with the aid of a mechanical homogenizer
Model ULTRA380 of the Ultrastirrer brand at 25.000 rpm
over 2 min. The proportions 4:2 and 8:2 of the chitosan
in relation to the ECEO were tested. A solution of ionic
crosslinker agent TPP (0.5% m/v) was finally added in the
system in the proportion chitosan:TPP 4:1 and 8:1 and then
the mixture was kept under stirring for 1 min. About 200 ml
of Nanoemulsions were produced, stored in close vials and
kept in the refrigerator. A small portion of the nanoemulsions
(10 ml) was frozen and then freeze-dried (L101, Liobras,
Brazil) for FTIR and Scannin Electron Microscopy (SEM)
analysis.

2.3 Experimental design and statistical analysis

A2 replicate factorial design was performed to evaluate
the influence of the factors in the efficiency of encapsulation
of ECEO. Based on the literature and previous studies,
the independent variables include the following factors:
surfactant type (Tween 20 and 80, Factor A), quantitative
ratio by chitosan and ECEO (4:2 and 8:2, factor B) and
chitosan: surfactant ratio:TPP (4:1:1 and 8:1:1, Factor C).
The dependent variables were the encapsulation efficiency
of ECEO and viscosity. The factorial planning consisted of 8
experiments in replicate and the factors were evaluated at
two different levels, low (-1) and high (+1), as described
at Table 1. The statistical treatment of the data was
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performed through ANOVA analysis in the Excel program
(Microsoft 2013). The significance of the encapsulation
parameters was verified using a confidence level of 95%,
with a (p) value lower than 0.05.

2.4 Characterization of nanoemulsions

A physical stability study was carried out 24 hours,
30 days and 60 days after the preparation of the formulations,
in order to verify visual signs of creaming or phase separation,
adapted from Mwang et al.?”! and Dickinson!®. in closed
vials, protected from light, kept at temperature of 26 °C. With
the aid of a caliper, the thickness of the formed creaming
was measured throughout the observation period. Creaming
index (CI) was determined by measuring serum height (H)
and total height (H ) of an emulsion 1, 30 and 60 days after
sample preparation, and calculated according to Equation 127,

CI(%):%XIOO (1)

The viscosity of the emulsions was measured on an
Ostwald type glass viscometer, timing the flow time.
The viscosities of the samples were obtained through the
calculation described by Almeida et al.*%.

Particle size, polydispersity index (PDI) and zeta potential
were determined after 30 days by dynamic light scattering
using the Malvern Zetasizer equipment (Malvern Instruments,
United Kingdom). The NE samples were dispersed in distilled
water, forming a concentration of 0.1% (v/v) NE/water and
left in agitation for 12 hours, to ensure full matrix dispersion
in aqueous medium. The infrared spectra (FT-IR) were
obtained using a Nicolet iS5 model spectrophotometer from
Thermo Scientific. The samples were prepared in KBr tablets
in the proportion 1:20 (m/m) (sample:KBr) and the spectra
recorded in the range of 4000 to 400 cm™, using 32 scans
and 4 cm™ resolution.

2.5 Scanning electronic and optical microscopy

Morphological characterization was performed by SEM
(Zeiss DSM, model 940A), using an accelerating voltage
of 20kV and a magnification of 100-3000x. Samples were
previously coated with platinum using a sputter coater
(Electron Microscopy Sciences, Hatfield, PA, USA).

Table 1. Experimental conditions of Chitosan NPs production with
Eucalyptus citriodora essential oil (ECEO).

Formulation Factor A Factor B Factor C
code Surfactant Cs:ECEO Cs:Surf:TPP
Type Ratio Ratio

NEI  T20QO0T421 T, 4:2 4:1:1
NE2  T80QOT421 Ty, 4:2 4:1:1
NE3  T20QOT411 T, 8:2 4:1:1
NE4  T80QOT411 T, 8:2 4:1:1
NE5  T20QOT841 T, 4:2 8:1:1
NE6  T80QOT841 Ty, 4:2 8:1:1
NE7  T20QOT821 T, 8:2 8:1:1

1

NE8  T80QOTS821 T 8:2 8:1:

Factor A: Surfactant type: Tween 20 (-) and Tween 80 (+),
Factor B: Cs:ECEO ratio: 4:2 (-) and 8:2 (+) and Factor C:
Cs:Surfactant: Tripolyphosphate (TPP) ratio:4:1:1 (-) and 8:1:1 (+).
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Optical Microscopy was realized by placing 100 puL
of nanoemulsions between two glass lamins in an optical
microscope (Digital OPTON- 40,model TNB-01-D) using
an objective lens with 40x. Photos were adquired using a
Software ISCapture using a magnification of 400x.

2.6 Encapsulation efficiency assessment

The quantity of encapsulated ECEO was adapted
from Sugasini and Lokesh®!l. 1g of each nanoemulsion
was sonicated for 10 minutes, diluted in ethanol (95%) in
a 10 mL flask and centrifuged at 4000 rpm for 20 minutes.
Subsequently, 1 mL of suspended material was removed
and diluted with ethanol (96%) in a 5 mL flask and taken
for reading in the Thermo Scientific Spectrophotometer
(GENESYS 6 UV-Vis) at a wavelength of 214 nm.

The Encapsulation Efficiency (EE%) was calculated
according to Equation 2:

Determined Oil Concentration

EE(%):IOOX( J )

It was prepared in triplicate in a standart solution
of 500 ppm of ECEO in ethanol 96% (Dinamic). Further
dilutions were made to obtain concentrations of 250, 210,
170, 130, 90, 80, 70, 60, 50, 40, 30, 20 and 10 mg. L.
The oil concentration was determined in the medium through
a calibration curve, available in the Supplementary Material
(Figure Sla), and represented by Equation 3:

Total Theoretical Oil Concentration

Y =0.0024x+0.0615 R’ =0.998 (3)

2.7 Kinetic release profile

The most stable formulations were submitted to in vitro
release tests. 300 mg of each sample was added in dialysis
membranes (10 KDa) in a beaker containing 10 mL of distilled
water at pH=7. Neutral pH was chosen to study the release
in aqueous media, an environment where microorganisms
present higher viability of action®?. Aliquots of 3 mL were
taken from the system at 15-minute intervals, in the first
hour, and each 1 hour up to 8 hours, and after 24h and 72h.
After each measurement, the aliquot was returned to the
release system. A UV-vis spectrophotometer reading was
performed at a wavelength of 214 nm and the concentration
in the aqueous medium was converted using the calibration
curve in water represented by Equation 4, available in the
Supplementary Material (Figure S1b).

Y =1.1631x+0.0388 R’ =0.981 “)

2.8 Antimicrobial activity

To standardize the technique and size of the inoculum,
positive and negative gram bacteria were used, Sthaphylococcus
aureus and Salmonella typhimurium, respectively, which
were sown in 2 mL of the Tripticase Soy Agar (TSA) culture
medium, after which they were placed in the incubator
for 24 hours, before the test, for growing the microorganisms.
An antimicrobial investigation was performed using the Miiller
Hinton agar diffusion method. The antimicrobial activity
of NE was evaluated by using 100 uL of NE and 30 cgm
of Chloramphenicol as positive control. A negative control
was made mixing chitosan, tween and TPP solution using
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the same procedure as described for NE production, without
the ECEO oil. Also, distilled water were used as negative
control. The diameter of the inhibition zone was measured
with a caliper up to the closest value of 0.1mm. The total
area of the zone was calculated and subtracted from the disc
area of the film and this difference in the area was reported
as the inhibition zone.

3. Results and Discussions

3.1 Physico-chemical assessment of nanoemulsions

The effect of storage time on droplet size nanoemulsion
was determined within 24 hours, 30 days and 60 days.
The solubility of essential oils in an aqueous solution is
higher than that of lipids composed of medium or long chain
fatty acids!”, therefore, nanoemulsions prepared from them
are particularly prone to Ostwald maturation. During the
analysis time, there was creaming formation for only two
samples. The creaming rates in the respective time intervals
of 24 hours, 30 days and 60 days are shown in Figure 1.

In the evaluation of the stability of the systems, the
analysis of variance (ANOVA) (available in Supplementary
Material, Table S1), revealed that the only significant factor
is factor C, which studies the influence of the relative
ratio between Cs: Surf:TPP. Thus, we can state that for
the stability of the micellar system, the ratio between the
Cs wall material, surfactant and TPP must be maintained
at the relative ratio (4:1:1). It is observed that the first four
formulations (T20Q0T421, T80QOT421, T20QOT411 and
T80QOT411), which were produced with a Cs:Surf4:1 and
Cs:TPP 4:1 ratio were more stable than the others, regarding
the creaming and separation, because they had a percentage
of segregated volume lower than 1%, even after 60 days.

During the interval of 24 hours, 30 and 60 days, the
sample tests T, QOT841 and T, QOT821 were the only
ones that presented a significant creaming formation, with
values of 13.3% and 6.3%, respectively. These results were
corroborated by the optical microscopy, where there was an
increase of the droplets size in these formulations (available
in Supplementary Material, Figure S2). It is observed that
these samples were prepared with Tween 20 using a smaller
amount of surfactant (Cs: Surf 8:1) and also lower TPP
concentration, which lead to a relatively large emulsion
droplets®”. Phenomena related to the separation of phases
of an emulsified system are linked to differences in density
between the component phases of the system!?”), thus, it is
possible to infer that the use of Tween 20 may have favored
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Figure 1. Creaming index at time intervals 24h, 30 and 60 days.
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creaming in the mentioned compositions, since it is denser
(1.1 g.cm?) than Tween 80 (1.07 g. cm™).

In the study of Mwangi et al.’”), they investigated
the effects of Cs concentration in Pickering emulsions
and found that the increase in chitosan concentration
from 0.01 to 0.3% w/v decreased the creaming rates,
making it possible to consider that the polymer delayed
the movement of the droplets. Xiong et al.l*”! evaluated
the addition of Cs in ovalbumin emulsions and reported
that the increase in chitosan concentration (0.3% m/m) in
the system considerably increased stability and decreased
the formation of creaming. Calero et al.®*! observed that
concentrations below 0.5% m/m of Cs tended to a significant
increase in viscosity, which they attributed to the occurrence
of flocculation of oil droplets and formation of creaming.

3.2 Encapsulation efficiency, zeta potential and particle size

Nanoemulsions presented considerable variation in the
Encapsulation Efficiency values according to the reaction
condition. Table 2 describes the values of Zeta Potential,
Particle Size and Encapsulation Efficiency.

The nanoemulsions presented a content of ECEO that
varied between approximately from 55 to 92%. The variance
analysis (ANOVA) revealed that the significant factors
were the relative ratio Cs/ECEO (factor B) and the relative
ratio between Cs/Surfactant (factor C). Thus, we can state
that for the stability of the micellar system, a greater oil
retention capacity is obtained when the ratio between the
wall material and the surfactant is maintained in the quantity
(4:1) (NE1,NE2, NE3 and NE4). In the same way, the wall
material must be in an optimum ratio of 4:2 in relation to the
ECEO (NE1,NE2). In fact, the NE1 and NE2 formulations
presented the highest encapsulation efficiency: 91.1 and 92.5,
respectively. The data obtained showed that formulations
in these proportions favored the occurrence of hydrophobic
interactions between the essential oil constituents and the
proposed matrix, leading to greater incorporation of the
active ingredient.

In the study of Chitosan nanoparticles loaded with
eugenol®, the highest encapsulation efficiency was achieved
using the proportion Cs:eugenol of 1:1 using Tween 60 as
surfactant. In another study, Chitosan nanoparticles loaded with
carvacrol showed an ideal proportion of Cs:carvacrol 1:1 for
an encapsulation efficiency of 31.441.3%/33).

Regarding the effect of the variables on particle size,
as shown in Table 2, nanoemulsions presented a droplet

diameter ranging from about 388 to 1271 nm, in agreement
with the evaluated formulations. The ANOVA analysis
revealed that the significant factors in particle size are
factor A, which corresponds to the type of surfactant, and
factor C, which studies the influence of the relative ratio
between Cs:Surf: TPP. The relative amount of ECEO only
showed significance when in interaction with the relative
surfactant content. It was possible to show that a higher
relative surfactant and higher TPP concentration amount in
the formulation resulted in lower values of droplet diameters.
Thus, we can state that the stability of the micellar system
is achieved when Tween 80 is used with a higher relative
amount and with higher relative amount of TPP (NE 2 and
NE 4). When Tween 80 is used, smaller particle sizes are
obtained, which means that there was less coalescence or
lower degree of Ostwald maturation. At the same time,
particles with increased size suffered from coalescence
process, forming microemulsion instead of nanoemulsions,
and caused an increase in the viscosity of the system!.

Viscosity (1) is related to the colloidal stability of
emulsified systems, where the lower the viscosity, the smaller
the corresponding particle diameter, which in turn influences
the inter-particle interactions!¥. The average viscosity of the
NEs was 2.63 £1.03 ¢P, and the formulations with relative
content of Cs:Surf (4:1) presented significantly lower values
of viscosity (NE1, NE2, NE3 and NE4), an indication of
their stability. In this case, the effect related to a higher
relative content of Tween in the formulation is observed,
and there was a better solubilization of the oily phase to
the surfactant. The surfactant was able to reduce the surface
tension between the phases, influencing the reduction of the
particle size, avoiding the coalescence process, and lower
viscosity, consequently, promoting a single-phase system.
The viscosity values as a function of the NE concentration
are in Supplementary Material (Figure S3).

Regarding the zeta potential, all NEs presented high
potential values (Table 2). The reduction of this potential
leads to the reduction of electrostatic repulsion, facilitating the
aggregation of particles, and is therefore used as an indication
of the stability of a dispersion®®”!. These positive values are
a characteristic of an excellent electronic stabilization and
are related to the protonated amino groups of Cs, which
coat the micelles.

A schematic representation of the hypothetical structure
for the micelle formed in the nanoemulsion are in Figure 2.

Table 2. Zeta Potential, Particle Size, Encapsulation Efficiency, Viscosity Results and Polidispersity Index (PDI).

. Encapsulation . .
Formulation Zeta Potential Particle Size E figl)ciency Viscosity PDI

mv) %) P)
NE1 T20Q0T421 +50.8+1.6 789+0.6 91.1+£0.3 2.2+0.70 0.535+0.02
NE2 T80QOT421 +48.5+1.2 489+0.3 92.5+0.2 1.4+0.04 0.215+0.03
NE3 T20QO0T411 +52.8+1.3 596+0.8 83.2+0.1 1.2+0.05 0.436+0.03
NE4 T80QOT411 +50.9+1.3 388+0.2 90.7+0.7 1.84+0.62 0.176 +£0.01
NES T20QO0T841 +44.942.2 1248+1.2 73.9+1.1 3.4+0.92 0.684+1.01
NE6 T80QOT841 +40.7+1.9 921+0.9 69.3+£0.9 3.3+0.97 0.687 +1.03
NE7 T20QOT821 +31.0+£2.7 1271+1.1 66.1+0.8 3.8+1.00 0.656+1.01
NES8 T80QOTS821 +39.0+2.4 992+0.8 55.5+0.8 3.9+1.01 0.637+ 1.00
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The micelle is formed by ECEO in the central nucleus,
stabilized by the surfactant. Chitosan entangles with the
surfactant through intermolecular forces, coating the micelle.
Finally, TPP is added and crosslink partially the chitosan
network in order to increase the stability of the micelle.

3.3 Antimicrobial activity of NE formulations

Based on their higher stability, NE1, NE2, NE3 and
NE4 were evaluated regarding their antimicrobial properties.
Table 3 describes the antibacterial activity of nanoemulsions
tested against S. aureus and S. typhimurim pathogens, where
the chloramphenicol antibiotic was used as a positive control,
distilled water and the NE1 Matrix and NE2 Matrix (without
the ECEO oil) were used as a negative control.

Table 3. Antimicrobial activity of NE1, NE2, NE3 and NE4 tested
against S. aureus and S. typhimurim pathogens.

. Inhibition Rate (%)
Formulation
S. Aureus S. Typhimurium
Chloramphenicol 100 100
OECO 21.8+4.9 23.7+1
NE 1 Matrix 22.8+2.2 21.4+14
NE 1 41.6+10.1 56.7+12.8
NE 2 Matrix 21.0+0.4 21.3+1.2
NE 2 55.6+10.0 73.2+13.3
NE 3 21.4+1.3 21.3+04
NE 4 23.4+3.9 21.9+3.6
o ECEO
d\/\/\ SURFACTANT
@ cumosan
@ % e

Figure 2. Schematic representation of the hypothetical structure
for the micelle formed in the Cs-ECEO nanoemulsion.
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Figure 3. FTIR spectra of Chitosan, ECEO, NE1 (T20Q0T421)
and NE2 (T80QOT421).
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NE1 and NE2 formulations showed an enhanced
effect, with higher inhibitory activity when compared to
the trial values with free ECEO, NE3, NE4 and the NE
matrix. The NE1 formulation (T, QOT421) trial showed an
inhibitory rate 0f41.56% (10.37 mm) for S. aureus and 56.7%
(13.61 mm) for S. typhimurium, versus the chloramphenicol
inhibitory zone (25 mm). NE2 (T, QOT421) showed
values of 55.6% for S. aureus (12.89 mm) and 73.32%
(18.33 mm) for S. typhimurium. The OCEO free oil,
which posses a known antimicrobial activity, with values
of aproximately 27% and 31% of inihibition rate against
S. aureus and S. typhimurium, respectively.

On the other hand, NE3 and NE4 presented a discrete
inhibition rate against S. aureus and S. typhymurium, with
values close to those founded by NE matrices, around 21%.
In this case, the antimicrobial activity is attributed to the
chitosan matrix**l. NE3 and NE4 presented lower ECEO
content in the formulation in comparison with NE1 and
NE2 (see Table 1), which probably caused the reduced effect.
In this case, higher dosages would be required for NE3 and
NE4 in order to achieve performance close to NE1 and NE2.

In this case, this is a clear indication that the proposed
emulsification system optimizes the dispersibility of EO in
aqueous solution and its physical-chemical stability increased
its antimicrobial activity®” and affirming that gram-positive
bacteria are sensitive to plant derivatives, although they are
more resistant due to their thick cell wall of peptidoglycan.
On the other hand, an expressive inhibition rate against
S. typhimurium of NE2 (T, QOT421) with 73.32% can be
observed, being able to confirm that the concentration and
type of surfactant favored the interaction of encapsulated
essential oil with water, making it more available in the action
on lipopolysaccharide membranes and their hydrophilic
clusters found in gram-negative bacteria. In addition, the
physical-chemical stability of the NE2 (T, QOT421) sample,
as well as its reactive condition was ideal for inhibition
activity for the tested microorganisms.

There are some reports in the literature that point to a
strong search for evaluation of the antimicrobial activity
of Eucalyptus plants and their various species!?7-3%-40],
The presence of E. globulus nanoemulsion incorporated with
a relative content of 5% to chitosan films showed greater
activity against S. aureus with an inhibition rate of 78.9%.

Based on the encapsulation efficiency results and the
inhibition rate, NE1 and NE2 were further characterized
regarding their physico-chemical properties.

3.3 Absorption spectroscopy in the infrared region (FT-IR)

Figure 3 shows the infrared spectra (FT-IR) of Cs, ECEO
and NE1 and NE2. Chitosan presents amine groups, which
display broad stretching vibrations at 3,427 cm™. The Cs
main vibration modes are asymmetrical and symmetrical
bending amine vibrations in 1580 and 1417 cm'. The bands
in 1092 cm™, 1089 cm™ and 1093 cm! are related to the C-O-C
stretching of Cs!*!’. On the other hand, a broadband centered
on 3,437 cm is observed in the ECEO spectrum, referring
to the O-H stretching modes of its alcoholic components,
such as citronellol, isopulegol and neo-isopulegol®.
These components are the main constituints of ECEO, as
reported in the literature**#l. The strong-intensity narrow
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band observed in 1727 cm™ and the medium-intensity
band observed in 1454 cm™ for ECEO can be attributed,
respectively, to the stretching of C=0 and bending of C-H
citronellal stretching model*?.

Despite the overlapping of the vibrational modes
from Cs and ECEO around 3,400 cm™, it was possible to
observe the presence of citronellal component of the ECEO
through the peaks in the region of 1727 and 1724 cm™ in
the NE1 (T,,QOT421) and NE2 (T, QOT421) formulations.
NEI1 and NE2 also showed a small peak at 1450 cm™ due to
the =C-H scissoring band present in citronellal and absent
in Cs spectra, indicating the presence of ECEO major
components incorporated in the NEs.

3.4 Morphology of nanoemulsions

The micrographs obtained by MEV of the NE2 are
represented in the Supplementary Material (Figure S4).
It was possible to observe the presence of microspherical
inclusions as discrete particles, aggregated to the polymeric
network, visualized in Figure S4a and S4b. NE2 presented
a porous characteristic, with microspherical micellar
domains embedded in the polymeric network, possibly
caused by the increase of emulsion droplet during freeze
drying process. In fact, the formation of porous structures
in nanoemulsions has been attributed by the formation of
micellar vacuoles in the polymeric network!**\. The addition
of'a cryoprotectan agent has been reported in the literature
in order to preserve structural integrity and improve the
shelf-life of nanoemulsionst**.

3.5 Nanoemulsion in vitro release profile

The ECEO release kinetics of NE 1 (T20Q0T421) and NE2
(T20QOT421) are shown in Figure 4. The NE1 (T20Q0T421)
and NE2 (T80QOT421) formulations presented a similar
release profile, in which they were constant in the first
hours and gradually increased after 20 hours of study, with
a controlled release profile. After 30 hours, it showed a
more prolonged release profile with approximately 50% of
oil released, reaching above 95% after 72 hours of release.

The release profile of the NEs was analyzed applying zero
order, first order, Higuchi and Korsmeyer-Peppas kinetics!*!.
Linear regression was used to calculate the values of the
release constants (k) and the correlation coefficients (R?).
Table 4 shows the correlation coefficients of the kinetic
models for NE1 and NE2 samples.

NE 1 and NE2 showed that the in vitro release of ECEO
was best fitted in the zero order kinetic model, due to the
higher correlation coefficient (R?). This model is based on
the slow release of the active substance from the emulsion
system that gradually tend to disaggregate and disintegrate
in the dissolution medium, where the drug diffusion speed,
from the inside to the outside of the matrix, is lower than
the respective dissolution speed™”.

The release kinetics of the essential oil of Pimenta
dioica presented a transport mechanism case II (zero order
release kinetics) for chitosan/k carrageenan micro spheres
(mass ratio 1:1) and a non-fickian release mechanism for
chitosan/k-carrageenan micro spheres (1:0, 3:1 and 2:1).
The release rate increased along with the chitosan content!**!.
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Table 4. Determination coefficients (R?) for different kinetic
models.

NE1 NE2
Model  Parameters — ),00T421  T80QOT421
Zero order R? 0.9403 0.9391
K, (h") 1.453 1.4351
First order R? 0.8607 0.739
K, (h") 0.0212 0.00226
Higuchi R 0.908 0.9348
K, (h'?) 0.0538 0.0547
Korsmeyer- R? 0.8177 0.8177
Peppas K,, (h") 0.0144 0.0144
1004
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Figure 4. Release kinetics of ECEO for NE 1 (T20Q0T421) e
NE 2 (T20Q0T421)

4. Conclusions

Chitosan Nanoemsulsions enriched with E. Citriodora
were produced, and the studied parameters presented a
direct influence on the stability. Nanoemulsions with higher
stability were the ones using Cs:Tween:TPP 4:1:1 mass
ratio, with and average particle size of 565 mm, stable
agaist creaming over 60 days of storage, verified visualy
and by optical microscopy. NE2 and NE1 presented the
best set of properties, reaching an encapsulation efficiency
value of 92.5% and significative inhibition rate against
S. aureus and S. typhimurium., due to the chitosan:
ECEO oil mass ratio of 4:2. Also, in these conditions, the
type of surfactant influenced in relation to particle size,
where Tween 80 provided smaller micellar sizes due to
the enhanced solubilization of the oil phase, reducing
the surface tension of the phases, implying directly in a
lower particle size and lower viscosity. Kinetics showed
a sustained release over three days, and the release profile
best fitted were zero order kinetic model, corresponding
to a slow release of the essential oil from the emulsion
system that gradually disintegrate in the dissolution medium.
Thus, we conclude that nanoemulsion of chitosan, tween
and TPP enriched with E. citriodora were sucsecfully
optimized with potential for an effective release system
for antimicrobial control.

Polimeros, 30(2), 2020024, 2020
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Figure S1: Calibration curves (a) in Ethanol; (b) in water with surfactant.

Table S1: ANOVA Statistic Results of influence on the parameters on Creaming.

SQ GL MQ Fo Fcritical
SQA 31.21 1 31,2 4,862
SQB 8.41
SQC 50.00 1 50,0 7,79 7,71
SQAB 4.21
SQAC 33.62 1 33,6 5,239
SQBC 9.68
SQABC 3.38
Sqerror 25.67 4 6,4
SQTotal 140.50 7
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Figure S2: Optical Microscopy of Emulsion droplets for NEs a) NEI; b) NE2; ¢) NE3 and d)
NE4 after 30 days (a, b, c, d) and after 60 days (a’, b’, ¢’ d”).
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Figure S3: Viscosity of NEs as a function of the concentration.
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Figure S4. Scanning Electron Microscopy surface images of NE 2 (T80QOT421) at different
magnification a) 667x and b) 2670x.



