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ABSTRACT

With the increase in antimicrobial resistance, it has become necessary to explore alternative approaches for com-
bating and preventing diseases. DB-cinnamaldehyde (CNM) and Benzyl4-amino (B4AM) are bioactive com-
pounds derived from chalcones but with restricted solubility in aqueous media. Nanoemulsions can enhance
the solubility of compounds and can be a promising alternative in the development of novel antimicrobials, with
reduced side effects and prolonged release. The objective of this study was to evaluate the stability of oil-in-water
nanoemulsions loaded with two distinct types of chalcones at two different dosages, to propose a stable formula-
tion with antimicrobial properties. Results showed that nanoemulsions presented high encapsulation efficiency,
low polydispersity index (PDI) and particle size below 200 nm, indicating that emulsification was a suitable meth-
od for nanoemulsion preparation. Nanoemulsions with higher dosages exhibited significant antimicrobial effects
when compared to free chalcones and positive controls. Notably, B4AM nanoemulsions at higher dosages showed
expressive activity against Salmonella minnesota, with a 420% greater inhibitory response compared to the free
form and showing equivalence to the positive control. CNM nanoemulsions showed excellent inhibitory activity
at the highest dosage, equivalent to the positive control against S. minnesota and Staphylococcus aureus. The great-
er number of conjugated bonds in CNM increased the antimicrobial activity in comparison with B4AM, and the
formation of nanometric domains enhanced the bioavailability, being a promising alternative for antimicrobial
applications.
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Nomenclature
CNM DB-cinnamaldehyde
B4AM Benzyl4-amino
PDI Polydispersity Index

1 Introduction

Salmonella belongs to the Enterobacteriaceae family and is one of the main food-borne pathogens in the
world [1]. This bacterium can be found in a wide variety of hosts [2] and in a wide variety of foods, including
eggs, poultry, swine and cattle, and raw milk, which are the major foods involved in outbreaks of this
pathogen [3]. Staphylococcus aureus is a spherical bacterium, from the group of gram-positive cocci,
frequently found in the skin and nasal cavities of healthy people. This pathogen can cause a wide variety
of diseases, ranging from moderately severe skin infections to potentially fatal pneumonia and sepsis [4].
Despite the availability of various antibiotics to combat this pathogen, the constant emergence of S.
aureus strains that are resistant to each new antibiotic introduced for treating related conditions causes the
development of alternative approaches to conventional antibiotics [5]. Candida albicans is a kind of
fungus present in the microbiota of the human body, but it is a pathogen when the patient’s immune
system is in decline and causes superficial infections, mainly in mucous membranes, but can cause
invasive infections, common in hospitalized patients [6], leading to the risk of death [7].

Bacterial cells are polarized, and the membrane potential is an important energy source for respiration,
nutrient uptake, and toxin export. Membrane depolarization and hyperpolarization have been suggested to be
primary indicators of injured bacteria [8]. Antimicrobial drugs inhibit or interfere in the peptidoglycan’s
synthesis layer, an important component of the bacterial cell wall. The fungal cell wall is not affected by
antibacterial cell wall inhibitors. Antifungal agents can work through different mechanisms, mainly by
cell membrane disruption, inhibition of cell division or inhibition of cell wall formation [9].

Studies have demonstrated the great pharmacological potential of chalcones, which have been
researched because of their relatively simple structure and the diversity of pharmacological activities,
such as antimicrobial [10,11] and anti-inflammatory [12] activity, among others. Chalcones are naturally
occurring aromatic ketones abundantly found in plants from the Leguminosae, Compositae and Moraceae
families, belonging to the class of open-chain flavonoids [13]. The antimicrobial effects are because of
reactions between these compounds and the cell membrane of the target microorganism [11]. However, as
they are lipophilic organic compounds, they have restricted solubility in aqueous media, which hinders
and restricts their pharmacological applications [14].

The development of nanoemulsions of biodegradable polymers for controlled release systems of several
active principles has been promising, since such systems can present a better performance compared to
conventional administration, with reduced side effects and prolonged effectiveness [15]. Nanoemulsions
are dispersions of kinetically stable immiscible components stabilized by a surfactant, forming a
nanoscale colloidal material that can be used for the encapsulation of bioactive compounds [16]. They
range in size from 10 to 200 nm, and their small size provides advantages such as greater surface area
and stability [17,18]. Long-chain triglycerides (LCT) comprise a wide variety of oils which contain fatty-
acid chains longer than 12 carbons [19]. Olive oil and corn oil were added to glyceryl trioctanoate to
form nanoemulsions and showed an improvement in the physical stability of nanodroplets by limiting the
Ostwald ripening rate [20]. However, Soybean oil is a LCT with low cost largely produced in Brazil and
other countries [21]. Nanoemulsions prepared by spontaneous emulsification or high-pressure
homogenization with Soybean oil, Medium-chain triglycerides and Egg-yolk lecithin showed high
stability when prepared by high pressure homogenization [19]. Nanoemulsions containing polymeric
matrices stand out among the encapsulation systems because of their amphiphilicity, high solubility and
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permeability in water, biocompatibility, and tensile strength [22,23]. To improve the biocompatibility and
biodegradability of the carrier system, there is a tendency to use polymers based on natural
polysaccharides [24]. Alginate is a water-soluble polysaccharide over a wide range of pH and
temperature, producing a thickening and/or gelling effect. Sodium alginate is composed of mannuronic
(M) and guluronic (G) acid sequences and forms a gel in the presence of divalent cations because of the
formation of bridges between the chains, constituting an anionic polysaccharide [25]. Polysaccharides can
act as stabilizers, by the thickening of the aqueous phase, or even can act as emulsifiers, where the chain
can absorb to the surface of freshly formed droplets of an oil-water interface during homogenization,
forming a protective membrane that prevents the droplets from aggregating. These factors can contribute
to the increase of the emulsion’s stability [26].

Nanomaterials can bind in components of bacterial cells, such as DNA, ribosomes, and enzymes, and
disrupt normal physiological activities of the cell, resulting in the oxidative stress, electrolyte imbalance,
enzyme inhibition and other bacteriostatic effects, and ultimately leading to cell death [9,27].

Nanoemulsions containing chalcones or chalcone-based compounds have been produced in the last
10 years to evaluate their pharmacological potential, such as antimoral [28], anthelmintic [29,30],
antimicrobial [31] and antifungal [32]. Nanoemulsions with synthetic chalcones were developed as a
topical formulation to treat cutaneous leishmaniasis [29,30]. Other study investigated the antimicrobial
activity of synthetic chalcones in the increase of potential activity of Norfloxacin against S. aureus [31].
Another study evaluated the activity of 2-hydroxychalcone-loaded in nanoemulsion against
Paracoccidioides brasiliensis and Paracoccidioides lutzii, showing high antifungal activity, high selective
index value and lack of cytotoxicity in vitro [32]. However, to the best of our knowledge, nanoemulsions
based on di-benzyl cinnamaldehyde (CNM) and benzyl-4-amino-chalcone (B4AM) for the inhibition of S.
aureus, S. minnesota and Candida albicans have not yet been developed. Therefore, the objective of this
study was to evaluate the inhibitory capacity of DBCNN and B4AM free and carried in alginate
nanoemulsions in different dosages against S. minnesota, S. aureus and C. albicans.

2 Materials and Methods

2.1 Materials
Sodium alginate (DINÂMICA), Tween 80® surfactant (VETEC), dihydrated calcium chloride

(Dinâmica), and commercial soybean oil were used. The synthetic chalcones (1E,3E,6E,8E) 1,9-diphenyl
none-1,3,6,8-tetraen-5-one (CNM, 286 g/mol) and (E)-1-(4-(dimethyl-amino) phenyl) but -2-en-1-one
(B4AM, 189,12 g/mol) were produced and provided by the UECE Natural Products Chemistry Laboratory.

2.2 Synthesis of Chalcones
The synthetic chalcone (E)-1-(4-(dimethyl-amino) phenyl) but-2-en-1-one (B4AM) was obtained by

Claisen-Schmidt condensation, as described by Romeu [33]. Similarly, (1E,3E,6E,8E) 1,9-diphenylnone-
1,3,6,8-tetraen-5-one (CNM), was obtained by controlled addition of 7 mL of benzaldehyde: acetone
(5:2), in a mixture of 50 mL KOH 10%(w/v) and 40 mL of ethanol. The reaction was kept under
mechanical stirring at room temperature, and after 30 min the mixture was filtered, and the precipitate
was washed with distilled water. The compound was recrystallized using ethanol as solvent.

2.3 Methodology
Four distinct nanoemulsions were prepared where the type of chalcone and the concentration of

chalcone inserted in the emulsion were varied, keeping the surfactant content in a 1:1 (v/v) proportion in
relation to soybean oil (SO) and calcium chloride constant in relation to the polymer matrix (1:15) (v/v).
The nanoemulsions preparation was prepared by ultrasound, where in a 50 mL falcon tube, 15 mL of the
1% polymeric matrix solution was added. In the oil phase, different dosages of chalcone B4AM and
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CNM were added to 300 μl of DMSO and 300 μl of soybean oil, and then homogenized in a sonicator tip for
30 s. The oil phase was poured with the aid of a syringe into the aqueous phase, where it was homogenized in
a sonicator with a tip at an ultrasonic frequency of 20 Khz at a Power of 160 W for 2 min. Finally, 0.5%
calcium chloride was added as a thickening agent, and the nanoemulsion was stirred by ultrasound for
another 1 min.

2.4 Characterizations
The stability of the nanoemulsions was carried out through visual analysis of the samples in the period

from 7 to 21 days, where the appearance of creaming or sedimentation was verified. Optical microscopy was
performed using a Carl Zeiss Axioscope A1 optical microscope, where a drop of each formulation was
deposited on a slide and covered with a coverslip. The morphology of the samples was visualized with a
20x objective.

Droplet size, polydispersity index (PDI) and zeta potential from nanoemulsions were determined after
15 days by dynamic light scattering using the Malvern Zetasizer equipment (Malvern Instruments). The
nanoemulsions were dispersed in distilled water, forming a concentration of 1% (v/v) in water and left in
agitation for 12 h to ensure full matrix dispersion in an aqueous medium. Chalcones and Nanoemulsions
were characterized by infrared spectroscopy (FTIR) on a Nicolet iS5 model (Thermo Scientific).

2.5 Encapsulated Chalcone Content
The nanoemulsions code produced, the drug loading and the calculated encapsulation efficiency are

given in Table 1.

The encapsulation efficiency of chalcones B4AM and CNM was determined by placing 1 mL of each
emulsion in 4 mL of ethanol (96%) and allowing it to stand for 24 h. After the phase separation, 1 mL of the
ethanolic phase was withdrawn, diluted to 3 mL with ethanol 96% and taken for reading in the Kazuaki
Spectrophotometer (GENESYS 6 UV-Vis) at a wavelength of 289 nm. Further dilutions until a factor of
100 x were taken place to fit the absorbance into the calibration curve, to ensure the linearity between
absorbance and concentration. The chalcone content in the nanoemulsions was determined through a
calibration curve, prepared in triplicate in a standard solution of 150 mg/L of B4AM e CNM in ethanol
96% (Dinâmica). Further dilutions were made to obtain concentrations from 75 to 1 mg/L. The
calibration curve for chalcones B4AM and CNM are represented, respectively, by Eqs. (1) and (2):

y ¼ 0:0901�� 0:0061 ! R2 ¼ 0:9993 (1)

y ¼ 0:0344�þ 0:0198 ! R2 ¼ 0:9928 (2)

Table 1: Nanoemulsions code according to the chalcone type and theoretical and experimental loading with
the respective encapsulation efficiency (%EE). The drug loading was calculated by the amount of chalcone
added to the total volume of the reaction media

Nanoemulsions code Chalcone type Ratio drug surfactant Drug loading (mg/mL) %EE

15CNM CNM 1:14 1.45 103.4 ± 9.0

15BAM B4AM 1:14 1.45 95.1 ± 2.99

45CNM CNM 1:4 4.50 100.5 ± 1.43

45BAM B4AM 1:4 4.50 92.1 ± 2.07
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The accuracy of the encapsulation efficiency determination might be affected because of high dilution,
leading to fluctuations. Duplicate tests were performed. Eq. (3) was used to determine the Encapsulation
Efficiency (%EE) value.

%EE ¼ Determined chalcone content

Total theorical chalcone content
(3)

2.6 Antibacterial and Antifungal Susceptibility
The S. aureus (ATCC 1901) and S. minnesota (7.301.007) strains were grown in BHI broth at 37°C for

18 to 24 h. Adjusting the suspension to a concentration of 8 log CFU/mL resulted in an optical density of 0.5
(OD 630 nm) in the spectrophotometer (Ultrospec Tm 3100 Pro–Ge, Healthcare England). Then, it was
readjusted to a concentration of 6 log CFU/mL through decimal dilutions. The inoculum was seeded by
introducing a sterile swab into the bacterial suspension and spreading it over the surface of sterile plates
containing BHI agar in three different directions. Then, 10 μL of nanoemulsions were inoculated. Plates
were incubated upside down at 37°C for 18 to 24 h [34].

The C. albicans (ATCC 90028) and (LABMIC 0102) strains were cultivated in Mueller-Agar (HIMedia)
and used according to directions. The antibacterial and antifungal activity was also evaluated for free
chalcones by dissolving each chalcone in DMSO forming a 1.5 mg/mL solution. ALG nanoemulsions
produced without chalcones were used for negative control, and for positive control, sulfamethoxazole
100 μg/mL + trimethoprim 20 μg/mL and Nistatin 100 U.I. were used. Results were read by observing
the presence and/or absence of zones of inhibition for the evaluated compound. The inhibitory zone was
measured in millimeters using photographs with scale and the Image J software, version 1.53t.

The compounds’ minimum inhibitory concentration (MIC) was determined regarding C. albicans
strains were determined by the broth microdilution method, using 96-well plates according to the CLSI
M27-A3 document [34]. A serial dilution covering the concentration range of 0.0024–2.50 mg/mL−1 in
an RPMI 1640 medium with L-glutamine (pH 7.4) was prepared from the compound’s stock solution.
Amphotericin B was used as a standard drug control between 0.015–16 μg mL−1.

3 Results and Discussion

Two types of chalcones were encapsulated as nanoemulsions to evaluate the effect of the structure of the
compounds and the presence of amino groups in relation to their antimicrobial potential. The effectiveness of
nanoemulsion formulations composed by non-ionic surfactant Tween 80, soybean oil as co-surfactant and
using sodium alginate as stabilizer agent was evaluated at two different dosages: 1.5 mg/mL and
4.5 mg/mL. Regarding interfacial tension, triglycerides from vegetable oils such as corn and soybean can
concentrate on the oil-water interface of the micelle, competing with other surfactants, and thus further
decreasing interfacial tension [20]. All formulations presented high encapsulation efficiency (see Table 1),
indicating that the emulsification was a suitable method for nanoemulsion preparation Our results indicate
that with a chalcone/surfactant mass ratio of 1:4 a PDI of less than 0.3 and a particle size of less than
100 nm o was achieved compared to those with a chalcone/surfactant mass ratio of 1:14. The high values
of EE (>80%), observed for the nanoemulsions with both chalcones, can be explained by the higher
affinity of the molecules to the oily phase within the droplets than to the aqueous solution phase during
the preparation process, corroborating with the other authors [28]. In the work of Kim et al. [35], a
chalcone derivative was entrapped in droplets using a monomethoxy poly (ethylene glycol)-poly(D,L-
lactide), where their findings indicated that changing the drug/surfactant mass ratios influenced the
properties of resultant nanoparticles, with optimal results with 1:5 drug:surfactant mass ratio.
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3.1 Analysis of the Functional Groups of Chalcones and Nanoemulsions by FTIR
The functional groups of chalcones and nanoemulsions were investigated through FTIR spectroscopy,

which is shown in Fig. 1. The broad absorption band characteristic of ALG is present at 3390 cm−1, referring
to the OH stretching of the polysaccharide chain [24,25]. An asymmetric band at 1610 cm−1 and a narrower
symmetric band at 1414 cm−1 are attributed to stretching of the CO-O-O bond and axial stretching of the
carboxylic ion, respectively. An even wider absorption observed near 1098 cm−1 can be attributed to
COH stretching. These absorption bands are under the literature [36–38].

Soybean oil presents main vibration modes at 3009 cm−1 attributed to =C-H (cis) stretching. The bands
at 2922 and 2852 cm−1 represent the asymmetric and symmetric stretching of (CH2), and -C-H (CH2)
Bending (scissoring) is displayed at 1463 cm−1. At 1743 cm−1, the -C=O bond displays the strongest
ester stretch and at 1160 cm−1, the -C-O bond demonstrates the stretch. The bending out of plane for cis-
CH=CH- is represented by the peak at 722 cm−1, according to [39].

Figure 1: FTIR from the free chalcones, the components ALG and soybean oil and the nanoemulsions with
CNM and B4AM
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Chalcone B4AM presents a broad medium intensity infrared band at 3448 cm−1 attributed to the NH2

anti-symmetric stretching mode [40]. The stretching modes involving the CH3 group are found at 2906 cm
−1

and the carbonyl C=O stretching bands are found at 1676 cm−1 superimposed on the Cα-Cβ stretching
vibrations.

At 1614 cm−1, there are carbon-carbon stretching modes combined with Cα-Cβ stretching are because of
the conjugation effect, according to Santiago et al. [41]. The vibrational mode at 1580 cm−1 corresponds to a
mixture of the C-N stretching mode with modes associated with displacements of HCC atoms. Chalcone
CNM presents carbonyl C=O stretching bands in lower wavenumber, at 1655 cm−1, superimposed on the
Cα-Cβ stretching vibrations, which are the unsaturated carbons connecting the rings. This effect results
from the increase in the conjugation effects that increase the single bond character of the C=O and C=C
bonds in the resonance hybrid and hence lower their force constants, resulting in a lowering of the
absorption frequencies, corroborating with results from [42]. The bands at 1603 cm−1 correspond to
stretching modes associated with the Cα-Cβ carbons, and the bands at 1102 cm−1 and 1069 cm−1 originate
from CC stretching modes associated with deformations of BCC atoms in the aromatic rings.

Within the nanoemulsions, a double peak was detected between 2933 to 2852 cm−1, which was
attributed to the CH2 stretching from ALG and soybean oil. The soybean oil ester peak was observed at
1750 cm−1. The band at 3430 cm−1 for NM_B4AM is attributed to the NH2 anti-symmetric stretching
mode from the amino group from B4AM combined with the OH- stretching from ALG. For NM_CNM,
the broader band with peak at 1625 comprehends the overlapping of peaks 1655 and 1603 cm−1 from
CNM, and 1610 cm−1 from ALG groups. In summary, Nanoemulsion peaks are superimposed with the
free chalcones, ALG and soybean oil, being preponderant of the stretching and vibrations present in the
ALG polysaccharide and soybean oil.

3.2 Physical Stability
The physical stability of chalcone nanoemulsions with ALG was studied by changes in gravitational

separation, particle size, zeta potential, and microstructure.

3.2.1 Creaming and Sedimentation
The physicochemical stability of nanoemulsions is characterized as kinetically stable systems, as these

break down over time due to destabilizing physical mechanisms [18]. Creaming is defined as the upward
movement of droplets because of their lower density in comparison with the surrounding liquid, whereas
sedimentation is the downward movement of droplets because of their higher density than the
surrounding liquid [43]. Nanoemulsions were observed regarding creaming and sedimentation (Fig. 2).
Preliminary results showed that nanoemulsions with only tween and the chalcone are unstable, with
flocculation points and sedimentation after seven days. Nanoemulsions with soybean oil, chalcone and
tween minimized flocculation, however formed creaming. The addition of ALG in the nanoemulsion
minimized creaming formation (Fig. S1 and Table S1, Supplementary Materials).

Creaming index was measured over 28 days (Fig. 2a). Nanoemulsions with a dosage of 1.5 mg/mL
showed less than 2.5% of creaming even after 21 days, showing good stability. With the increase of the
dose of chalcone to 4.5 mg/mL, there was a distinct behavior; the nanoemulsion DB4_4.5 presented an
even higher stability, with a lack of creaming (Fig. 2a), but showed 4.0% sedimentation (Fig. 1b).
Nanoemulsion CNM_4.5 showed an increasing creaming index to 3.8% (Fig. 1a), and the lack of
sediment formation (Fig. 2b). Alginate used as an emulsion stabilizer may increase the kinetic stability of
emulsions by modifying the rheological properties of the oil phase or by adsorption at the oil-water
interface, thus providing an electrosteric barrier [26]. In another study, Salvia-Trujillo et al. [44] stated
that lipid droplets coated by a non-ionic surfactant (Tween 80) and alginate do not show a powerful
attraction between the polysaccharide and the droplet surfaces. However, at higher alginate concentrations
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(1%), the aqueous phase viscosity increases and slows down the ascendant movement of droplets, which
reduces creaming. In our study, alginate was probably acted by modifying the rheological properties of
the oil phase, retarding the upward movement of droplets. However, there was some sediment formation
for nanoemulsions DB4_4.5 and CNM_1.5. As already described by several authors [44–46] non-
adsorbed polysaccharides can promote droplet aggregation in emulsions through a depletion mechanism
at intermediate concentrations, leading to a small degree of flocculation. Other study [45] discussed that
small amounts of highly extended polysaccharide molecules induce depletion and flocculation in aqueous
solutions.

In summary, there is a need to conduct a very careful balance in the alginate content. If a higher amount
of alginate increases the aqueous viscosity and prevents the ascendant movements of the droplets for
creaming, a small excess of non-adsorbed polysaccharide in the dispersion medium may cause depletion
mechanism and cause flocculation of the nanoemulsion. Considering that a nanoemulsion is a metastable
system and subject to a variety of destabilization mechanisms [46], our stability results indicate
nanoemulsions with low creaming and low sedimentation values.

3.2.2 Microstructure
It was observed that the CNM emulsions presented nanodroplets with relatively uniform size, with some

domains of micrometer size (Figs. 3a and 3b). It is also perceptible the presence of some agglomerated
domains, particularly for the CNM_4.5. As for the B4AM emulsions (Figs. 3c and 3d), nanoparticles
with more uniform domains were observed for both types of dosage, where B4AM_4.5 showed very
dispersed particles with nano-sized dimensions.

Figure 2: (a) creaming index and (b) sedimentation index as a function of the period of analysis for
nanoemulsions of alginate with chalcones B4AM and CNM at different dosages
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Anise oil-based nanoemulsion were developed and exhibited in SEM images of particles with a
spherical shape and micrometric size [47]. Hassanshahian et al. [48] developed chitosan nanoemulsions
loaded with Alhagi maurorum presented spherical nanoparticles with monomodal distribution. Our results
showed a profile where B4AM nanoemulsions showed uniform nanoparticles and CNM nanoemulsions
presented higher size dispersion because of the agglomerated particles. These results are according to the
creaming analysis, once creaming is a sign of instability, therefore they are more likely to show an
increase in droplet size because of aggregation of particles.

3.2.3 Particle Size and Zeta Potential
The nanoemulsions showed variation in micelle particle size and surface charge values according to the

reaction condition. Table 2 shows the Polydisperse Index (PDI), Particle Size and zeta potential values for
nanoemulsions loaded with B4AM and CNM. Size distribution by intensity for nanoemulsions of alginate
with chalcones B4AM and CNM at different dosages is shown in Fig. 4.

Figure 3: Scanning electron microscopy for ALG Nanoemulsions loaded with chalcones at 10.000�:
(a) CNM_1.5; (b) CNM_4.5; (c) B4AM_1.5 and (d) B4AM_4.5
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The particle size defines whether the formulations are in the nanometric range and may affect the
penetration of the active substance through the membrane or bacterial cell [49]. Nanoemulsions loaded
with 1.5 mg/mL presented droplets with a multimodal distribution pattern. There is a first peak with a
size around 50 nm and medium intensity (19–34%), a second peak with a size around 200 nm and high
intensity (63–80%) and a third peak with a size around 5000 nm, representing only from 1% to 3% of the
total intensity. Nanoemulsions loaded with 4.5 mg/mL presented a bimodal distribution, with the main
peak around 90 nm with high intensity (98%), and a second peak with an average size around 5000 nm
(2%). All nanoemulsions presented the main peak with nano-sized dimensions, however, nanoemulsions
produced with lower chalcone content presented a fraction with a size lower than 50 nm, which may
enhance pharmacological properties. A study about the effect of particle size and surface charge of
nanoparticles in penetration through intestinal mucus barrier showed that particles with 50 nm diameter
showed the greatest permeation in comparison with those with 200 nm diameter [50].

Regarding the effect of the variables on the particle size, the nanodroplets presented a diameter ranging
from 89 to 203 nm. PDI values ranged from 0.256 to 0.445. It should be noted that, according to McClements
[46], any discrepancy between the size of particles evaluated at SEM measurements and by light scattering is
attributed to the fact that any aggregation of particles caused by flocculation in an emulsion that is held
together by osmotic attraction are usually dissociated when the sample is diluted for particle size
measurements.

Nanoemulsions loaded with 4.5 mg/mL resulted in statistically significant lower particle size (p < 0,05),
and lower PDI compared with those loaded with 1.5 mg/mL (Table S2) The higher dosage of chalcone

Table 2: Nanoemulsions code, polydispersity index (PDI), particle size average values, and zeta potential
values

Code PDI Particle size (nm) Zeta potential (mV)

NM15CNM 0.445a 202.8 ± 100 (63%)a −35.6 ± 5a

51.4 ± 16 (34%)

NM15B4AM 0.364b 192.8 ± 93 (80%) a

42.49 ± 16 (19%)
−40.5 ± 5b

NM45CNM 0.256c 89.75 ± 50b −27.2 ± 7c

NM45B4AM 0.261c 94.9 ± 60b −32.7 ± 8a

Figure 4: Size distribution by intensity for nanoemulsions of alginate with chalcones B4AM and CNM at
different dosages
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probably increased the attractive interactions within the droplet, resulting in a more compact droplet.
Nanoemulsions loaded at 1.5 mg/mL have a higher soybean oil content relative to chalcone (15:1)
compared to those loaded at 4.5 mg/mL (5:1). Considering that long-chain triglycerides can increase
droplet size over time, with a lower soybean oil content, it may favor greater stability of nanoemulsions
with smaller size and lower polydispersion index [20]. In another study, it was found that the replacement
of at least 50% of the oil phase by high molar volume insoluble long-chain triglycerides provides a
kinetic barrier to the phenomenon of coalescence and makes them more insoluble and thermodynamically
stable [50]. Another explanation for why a smaller amount of soybean oil was more effective is because
the emulsification occurred via ultra-sonication. Considering that this is a high-energy emulsification
technique, a lower triglyceride content can cause the same barrier effect, since the method requires a low
concentration of emulsifier compared with other mechanical methods [51]. In the work by Dan et al. [13],
five different essential oils had a particle size of 90 to 160 nm, and the differences were attributed to the
composition of the oil phase, corroborating the results of our study.

However, all nanoemulsions in this study had a droplet size equal to or less than 200 nm, and PDI index
values below 0.500, which according to McClements [43] provided long kinetic stability, which can protect
against droplet aggregation and gravitational separation, contributing to increase the long-term stability of
the formulation.

High module zeta potential increases the distance and electrical repulsion between the particles.
Nanoemulsions presented zeta values from −27 mV to −40 mV, as shown in Table 2. These negative
values are characteristic of excellent electronic stabilization and are related to the carboxyl groups of the
ALG, which coat the droplets.

However, there was a statistical influence (p < 0.05) of the dosage on the particle zeta potential values,
where nanoemulsions produced with a dosage of 4.5 mg/mL, therefore with lower surfactant content
presented lower zeta potential than the ones with 1,5 mg/mL (Table S3). Here, the effect is attributed to
the amount of Tween 80 in the droplet. Sorbitan mono-oleate nanoemulsions with negative values have
been attributed to the free fatty acids from MCT, and from the adsorption of hydroxyl ions at the oil-in-
water interface with the subsequent development of hydrogen bonds between these ions and ethylene
oxide groups of Tween [52–54]. With the increase of surfactant: drug content in the nanoemulsion from
4:1 to 14:1, there is a significant increase in the number of molecules of Sorbitan mono-oleate in the
nanoemulsion, which favors the increase in the number of interactions of ethylene oxide groups with the
hydroxyl ions, leading to a higher contribution of the surfactant in increasing the zeta potential values.

All zeta potential values, such as those found in this study, are characteristic of excellent electronic
stabilization. This result indicates that NEs present stability where ALG successfully coated the surface of
droplets, formed by chalcone in the inner core, and the sorbitan mono-oleate may contribute with charges
when added in significantly higher amount, with the vegetable oil in the micellar interface.

3.3 Evaluation of the Antimicrobial Activity of Nanoemulsions
Encapsulation of chalcones is important in improving physicochemical conditions and bioavailability,

optimizing a controlled release. Alginate is one of the most widely used polysaccharides for
nanoemulsions. Nanoemulsions, because they are prepared by the oil-in-water method using ultrasound
without the presence of harmful substances, are considered a safe method. Regarding their antimicrobial
activity against S. minnesota, the results measured of the inhibition zones in diameters are shown in
Fig. 5a. When there is no halo formation, it indicates that the substance could not prevent the growth of
microorganisms. Larger halo diameters characterize its antimicrobial potential. The results showed that
free chalcones showed differentiated antimicrobial activity depending on the type of microorganism.
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The CNM substance showed a discreet inhibition halo of 8 mm against S. minnesota, representing a
median inhibitory activity, and with an inhibition halo of 20 mm against S. aureus. The free chalcone
B4AM showed low antimicrobial activity against both types of microorganisms. Nanoemulsions loaded
with chalcones at the same concentration as free chalcones showed a distinct pattern (Fig. S2,
Supplementary Materials). The nanoemulsions B4AM_1.5 and B4AM_4.5 showed inhibitory halos of
10.8 and 19.2 mm, respectively, representing an increase of 230% and 420% in the activity in
comparison with the free chalcone B4AM (4.6 mm) against S. minnesota. The B4AM_4.5 nanoemulsion
showed equivalence to the concentration of the positive control in the standard dosage (Bactrim 100 µg).
CNM_1.5 and CNM_4.5 nanoemulsions showed a higher inhibitory activity than Free Chalcone, with
values of 132% and 312%, respectively, against S. Minnesota. The CNM_4.5 nanoemulsion had an
excellent inhibition halo even when compared to the positive control. These results show this
nanoemulsion has a significant antimicrobial effect compared to free chalcones and positive controls. It
can be stated that in the nanoemulsion, the formation of tiny droplets increased activity against S.
minnesota, probably related to the ease of penetration into the cell tissue wall of microorganisms.

The nanoemulsions had their antimicrobial activity tested against S. aureus and the results of the
inhibition zones measured in diameters are shown in Fig. 5b (Fig. S3, Supplementary Materials). In the
halo of inhibition test against S. aureus, only CNM free chalcone and its nanoemulsions with CNM
showed antimicrobial activity. Chalcones’ antimicrobial effects are attributed to a strong unsaturated keto
feature in the molecule [55]. Possibly, the greater number of conjugated bonds in CNM increased the
antimicrobial activity in comparison with B4AM, especially against a resistant microorganism as S. aureus.

The nanoemulsion loaded with CNM at 4.5 mg/mL showed increased activity to 136% compared with
the free chalcone, and an equivalence behavior compared to the positive control. In general, CNM_4.5 was

Figure 5: (a) Inhibition halo (mm) of free CNM and B4AM and nanoemulsions loaded at 1.5 and
4.5 mg/mL against S. minnesota; (b) Inhibition halo (mm) of free CNM, and CNM nanoemulsion loaded
at 1.5 and 4.5 mg/mL against S. aureus. Empty nanoemulsion was used as a negative control and
sulfamethoxazole + trimethoprim at 100 µg/mL as a positive control
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the best formulation of the nanoemulsions, because of the significant antimicrobial effect against the two
types of microorganisms tested. One of the major factors that contributed to its microbial action is
because of the formation of nanometric domains. As stated by Benjemaa et al. [56], the nanoization of a
compound can increase the dissolution rate, wetting, particle surface area and saturation solubility, further
highlighting the bioavailability because of the enhanced in vivo release, as only the solubilized particles
are absorbed via the lipophilic cell membrane. Alginate contributed to the stability of nanoemulsions as it
was at the droplet interface and formed a very thin layer of negative charge, preventing Ostwald maturation.

Regarding the in vitro antifungal activity of chalcones B4AMIN and CNM in its free form, results
showed that B4AM presented inhibition halo (9.0 ± 1.0) and (7.7 ± 0.57) against C. albicans strains
ATCC and LABMIC 0102, where Nystatin presented an inhibition halo of respectively 12.58 ± 0.35 and
14.33 ± 0.578. On the other hand, CNM did not show inhibitory activity. These results agree with the
literature. The fungal cell wall differs from the bacterial cell wall and is not affected by antibacterial cell
wall inhibitors, where antifungal agents may contribute to the cell membrane disruption, inhibition of cell
division or inhibition of cell wall formation [57]. Allylamine has effective activity against dermatophyte
and is noncompetitive inhibitors of the first step in ergosterol biosynthesis [9]. In the study by Kozlowska
et al. [58], the effect of structure of 18 amino-chalones on the biological activity was revealed, where the
presence of an amino group in the meta position with the addition of the aromatic ring in the compound,
increased the hydrophobicity of the molecule, facilitating penetration of Chalcone into the cells of
microorganisms.

The results from the minimum inhibitory concentration against Candida albicans are summarized in
Table 3. Chalcone B4AM and nanoemulsions loaded with B4AM showed significant inhibitory activity
when tested against two strains of C. albicans (ATCC 90028 and LABMIC 0102). Particularly,
ALG_15B4AM, showed equivalent inhibitory capacity with three-fold lower chalcone content.

Their behavior was enhanced in comparison with free B4AM, showing the nanoemulsion loaded at
1.5 mg/mL presented improved fungistatic action in comparison with free DB4AM at a concentration of
10 mg/mL. In the literature, we did not find studies on nanoemulsions with chalcones against C. albicans,
but we found the work of Medina-Alarcon et al. [32] who evaluated the antifungal activity of 2′
-hydroxychalcone loaded in nanoemulsion against Paracoccidioides spp. and found an MIC of
0.06 ug/mL, thus showing a potential new alternative treatment for paracoccidioidomycosis. In our work
we also found this potential for the treatment of infections caused by Candida, candidiasis. The different
MICs were probably due to the fungal species used.

Table 3: Minimum inhibitory concentration (MIC) in mg.mL−1 of nanoemulsions against C. albicans. NI:
no inhibition

Formulation Chalcone content (mg.mL−1) MIC
ATCC (90028)

MIC
0102 (clinical)

ALG_15B4AM 1.5 0.350 0.175

ALG_45B4AM 4.5 0.625 0.312

B4AM 10.0 0.625 0.625

CNM 10.0 NI NI

ALG ( negative control ) ———— NI NI

ANFOT. B (positive control) ———— 0.001 0.001
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The association of nanostructures with bioactive compounds improves several characteristics, such as
protection against degradation, solubility, stability, and bioavailability, among others [59]. B4AM is an
allylamine, which suggests an action as a noncompetitive inhibitor of the first step in ergosterol
biosynthesis [9]. This study showed that nanoemulsions with B4AM formed stable nanodroplets, favoring
the solubilization of the chalcone in the oily phase and the formation of a fraction with tiny droplets
(51.4 nm) favoring easy passive transport through the fungal cell membrane. As discussed in the
literature, the nanometric size of the droplets increases bioavailability and enhances the diffusion because
of the subcellular size [57].

4 Conclusion

This study showed that alginate nanoemulsions loaded with chalcones have high stability based on
macroscopic and microscopic parameters. Particularly, the emulsions loaded with a dosage of 1.5 mg/mL
showed long kinetic stability, preventing droplet aggregation and gravitational separation. The
nanoemulsions were found to be nanometric in size, with polydisperse indexes that were low, equal to, or
less than 200 nm. According to the antimicrobial inhibition test, nanoemulsions carrying B4AM
displayed activity against S. minnesota, particularly the one with the highest dosage, with a 420% greater
inhibitory response compared to the free form and equivalence to the positive control. Nanoemulsions
loaded with CNM showed excellent inhibitory activity at the highest dosage, equivalent to the positive
control against S. minnesota and S. aureus. B4AM was the only substance with an inhibition halo against
C. albicans, probably by inhibition of cell wall formation. Nanoemulsions with B4AM with nanodroplets
increased bioavailability and enhanced the diffusion because of the subcellular size, facilitating
penetration of chalcone into the cells of microorganisms. As a result, CNM is a potential candidate with
antibacterial action, and B4AM is a potential candidate with antifungal action. The nanoemulsions
showed efficient micellization, favoring the solubilization of chalcones in the oil phase and the formation
of tiny droplets with low PDI, with easy passive transport through the bacterial cell membrane, being
promising for the development of new drugs.
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Supplementary Materials

Table S1: ANOVA – Influence of the parameters on the particle size. Factor A: Chalcone dosage; Factor B:
chalcone type. p < 0.05. SQ – Sum of Quares; DF – Degree of freedom; MS – Median square; Fo
– Calculated F value; Fc – Statistical F value for comparison. When Fo is higher than Fc, then the factor
is significant. p-value < 0.05

SQ DF MS Fo Fcritical

Factor A 26439.4 1 26439.42 33.98 5.318

Factor B 1579.0 1 1578.96 2.03 5.318

Interaction A � B 1934.2 1 1934.21 2.49 5.318

Residue 6225.4 8 778.17

Total 36178.0 11

Table S2: ANOVA – Influence of the parameters on the zeta size. Factor A: Chalcone dosage; Factor B:
chalcone type. p < 0.05. SQ – Sum of Quares; DF –Degree of freedom; MS –Median square; Fo – calculated
F value; Fc – statistical F value for comparison. When Fo is higher than Fc, then the Factor is significant.
p-value < 0.05

SQ GL MQ Fo Fcritical

Factor A 142.83 1 142.83 71.18 5.318

Factor B 79.05 1 79.05 39.39 5.318

Interaction A � B 2.25 1 2.253 1.123 5.318

Residue 16.05 8 2.006

Total 240.19 11

Figure S1: Stability of the nanoemulsions after sevem days as a function of the composition of the system.
(a) Nanoemulsion B1 (water, tween and chalcone B4AM) with significant signs of sedimentation and
floculation; (b) Nanoemulsion B2 (water, tween, soybean oil and chalcone B4AM) with significant
creaming formation; (c) Nanoemulsion B3 (water, tween, soybean oil and ALG) with minimal sign of
creaming and no evidence of sedimentation and floculation
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Table S3: Preliminary study regarding stability of nanoemulsion with tween, tween plus soybean oil and
tween, soybean oil and ALG after seven days

Components Signs of instability

Tw_B4M (B1) Tween Sedimentation (+++)

Floculation (+++)

Tw_Os_B4M (B2) Soybean oil + Tween Creaming (+++)

Tw_Os_ALG_B4M (B3) Soybean oil + Tween + ALG Creaming (+)

Figure S2: Inibition halo of positive control, negative control and the nanoemulsions against S. aureus

Figure S3: Inibition halo of negative control (a), nanoemulsions loaded with chalcones at 1.5 mg/ml (b),
nanoemulsions loaded with chalcones at 4.5 mg/ml (c) and positive control against S. minessota (d)
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