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Abstract: The objective of this work was to evaluate the phytochemical composition and the
antibacterial and antibiotic-modulating activities of the essential oils of Eugenia brasiliensis Lam
(OEEDb) and Piper mosenii C. DC (OEPm) singly or in association with blue LED (Light-emitting
diode) light. The antibacterial and antibiotic-modulatory activities of the essential oils on the
activity of aminoglycosides were evaluated to determine the minimum inhibitory concentration
(MIC, pg/mL) in the presence or absence of exposure to blue LED light. The chemical analysis
showed a-pinene and bicyclogermacrene as major constituents of OEPm, whereas a-muurolol was
the main compound of OEEb. Both OEEb and OEPm showed MIC > 512 pg/mL against the strains
under study. However, the association of these oils with the blue LED light enhanced the action of
the aminoglycosides amikacin and gentamicin. In conclusion, the association of aminoglycosides
with the blue LED light and essential oils was effective against resistant bacteria.

Keywords: bacterial resistance; blue light; Escherichia coli; Eugenia brasiliensis; Piper mosenii;
Staphylococcus aureus

1. Introduction

Bacterial resistance is a phenomenon caused by the evolution or adaptation of microorganisms
to antibiotics, through several molecular mechanisms [1]. Infections caused by multi-drug resistant
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microorganisms represent one of the major public health problems worldwide, both because of
increased morbidity and mortality and due to high hospitalization costs [2,3].

The World Health Organization (WHO) published in February 2017 a document indicating
which bacteria should be prioritized in studies involving new antibiotics, because they have
currently few treatment options. These bacteria include Gram-negative strains of Enterobacteria
resistant to carbapenems and cephalosporins, such as Escherichia coli and Klebsiella pneumoniae, as
well as Gram-positive strains, such as Methicillin-resistant Staphylococcus aureus (MRSA) and
Vancomycin-resistant S. aureus (VRSA) [4].

In this context, natural products, such as essential oils, have been widely studied in the
treatment of various diseases. Because they present secondary metabolites with important biological
activities, these substances have shown promising pharmacological effects [5-7]. In addition, several
studies have shown that the association of essential oils with antibiotics has a synergistic effect,
especially against strains of multi-resistant bacteria [8].

Eugenia brasiliensis Lam (Myrtaceae) is a native forest species popularly known as “grumixama”
[9]. In Brazil, this plant is used as food or for its medicinal properties [10,11]. In fact, previous studies
demonstrated that this plant exhibits anti-inflammatory, antimicrobial, antidepressant, and
antioxidant activities [12].

On the other hand, Piper mosenii C. has no popular name or use as a medicinal plant reported in
the literature [13,14]. Nevertheless, many species belonging to this genus have economic importance,
besides having medicinal properties, such as antimicrobial and antiproliferative activities [15-17].

Light-emitting diode (LED) therapy has been employed in the treatment of some infections [18].
This therapy has presented countless benefits for health, as it promotes wound healing, tissue repair,
and other effects on various skin conditions, without causing side effects to patients [19].

Therefore, this study aimed to evaluate the chemical composition and the antibacterial effect of
the essential oils obtained from Eugenia brasiliensis Lam and Piper mosenii C. DC., as well investigate
their modulatory potential in association with blue LED light and aminoglycoside antibiotics against
standard and multi-resistant strains of Escherichia coli and Staphylococcus aureus.

2. Results

2.1. Chemical Profile of the Essential Oils

After extraction, the essential oils obtained from the leaves of Eugenia brasiliensis Lam and Piper
mosenii C. DC. presented yields of 0.27% and 0.49%, respectively. A chemical analysis of these oils
detected the presence of 20 chemical components in OEEb and 18 components in OEPm, as shown in
Tables 1 and 2. Additionally, this analysis showed a-pinene and bicyclogermacrene as major
constituents of OEPm, whereas a-muurolol was the main compound identified in OEEb (Figure 1).

Table 1. Phytocompounds identified by GC/MS analysis from the essential oil of Eugenia brasiliensis

Lam (OEEDb).
RI Calculated Composition %
935 tricyclene 7.27
980 sabinene 5.39
1030 limonene 8.96
1034 1,8-cineole 4.84
1103 Linalool 1.54
1196 a-terpineol 1.53
1425 (E)-caryophyllene 2.69
1503 -macrocarpene 2.30
1521 Y-cadinene 122
1530 0-cadinene 5.26
1576 longipinanol 1.01
1587 spathulenol 6.16

1593 thujopsan-2-a-ol 6.11
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1603
1613
1624
1638
1651
1657
1665

cubeban-11-o0l
5-epi-7-epi-a-eudesmol
1,10-di-epi-cubenol
1-epi-cubenol
a-muurolol (=torreyol)
valerianol
selin-11-em-4-a-ol

4.40
212
1.23
4.35
12.01
3.60
7.10

Table 2. Phytocompounds identified by GC/MS analysis from the essential oil of Piper mosenii C. DC.

(OEPm).

RI Calculated Composition %
935 a-pinene 14.59
980 [-pinene 2.72
1445 aromadendrene 2.12
1460 a-humulene 3.85
1468 allo aromadendrene 3.74
1483 germacrene D 1.08
1487 Y-muurolene 2.77
1493 [-selinene 1.92
1504 bicyclogermacrene 12.25
1531 d-cadinene 474
1587 fokienol 8.43
1592 globulol 6.15
1613 sesquithuriferol 1.5

1619 epi-cedrol 1.89
1652 a-cadinol 2.02
1665 neo-intermedeol 1.62
1670 intermedeol 1.66
1695 caryophyllene acetate 4.73
~ H

: H
H
H
a-muurolol bicyclogermacrene  o-pinene

Figure 1. Chemical structure of the main phytocompounds from the essential oils.

The composition of the essential oil of leaves of E. brasiliensis Lam was analyzed by previous
studies, which demonstrated the presence of several chemical components, such as spatulenol, a-
and p-pinene, t-cadinol, and a- and p-selinene [20,21]. A study by Moreno et al. [22], described the
terpene 1,8-cineol as a major constituent present in the essential oil of this plant. However, this
compound was found in lower quantity in the present study, indicating that the composition of the

essential oil may vary according to the conditions of the sample used in each study. On the other

hand, in the study by Fidyt et al. [23], a-f3-carrageenan, a-copaene, and pinene («a and [3) were

identified as major constituents, corroborating with the present study which described a-pinene as a

major component of the essential oil.

Bernuci et al. [16] described for the first time the composition of the essential oil of the species
Piper mosenii, mentioning the presence of compounds such as (-pinene, p-cymene, a-thujene,
(E)-cariophyllene, bicyclogermacrene, y-cadinene, frans-calamene, allo-aromadendrene, globulol,
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viridiflorol, and a-cadinol. It is worth noting that there are far fewer studies on this species than on
E. brasiliensis.

Differences in the composition and concentration of components of essential oils in studies with
the same plant may be justified by variations on ecological and environment factors such as climate,
relief, temperature, and soil type, as well as the part of the plant used in each case [24]. According to
Radiinz et al. [25], the accumulation of active principles can also vary according to the period of the
year or due to genetic and physiological factors of the species, besides the age and the drying process
of the leaves.

2.2. Antibacterial Activity by Direct Contact

An evaluation of the antibacterial activity of the essential oils of the two species demonstrated
that OEPm was active against Staphylococcus aureus, with a MIC of 512 ug/mL (Table 3). Exposure to
blue LED light did not modify the MICs of the treatments, indicating that, under the conditions of
the present study, the blue light exhibited no modulating effect on the antibacterial activity of the
essential oil obtained from Piper mosenii.

Table 3. Geometric mean of the minimum inhibitory concentration (pg/mL) of the essential oils from
Eugenia brasiliensis Lam (OEEDb) and Piper mosenii C. DC. (OEPm), alone and in association with the
ble LED light. Staphylococcus aureus (SA); Escherichia coli (EC).

Bacterial Strains OEEDb EOPm
Normal light Blue LED Light Normal light Blue LED Light
SA ATCC 25923 21024 >1024 512 512
SA 10 21024 21024 512 512
EC ATCC 25922 21024 21024 21024 21024
EC 06 >1024 >1024 >1024 >1024

On the other hand, the essential oil of Eugenia brasiliensis Lam did not present clinically relevant
antibacterial activity against strains of S. aureus and E. coli with MIC values > 1024 ug/mL. These data
differ from those of a study by Magina et al. [26], in which an essential oil obtained from the leaves of
this species presented moderate activity against E. coli (MIC = 624.9 pug/mL) and strong activity
against S. aureus (MIC = 156.2 pug/mL) in tests performed by the microdilution method. These
differences may be related to differences in the chemical composition of the products used in each
study, because, in the essential oil obtained in the work of those authors, spatulenol (12.6%) and
s-cadinol (8.7%) were the major constituents, whereas the essential oil obtained in the present study
had a-muurolol (12.01%) as principal constituent.

Regarding the antibacterial activity of Piper mosenii C.DC., it is emphasized that both standard
and multi-resistant strains of Staphylococcus aureus had their growth inhibited by the essential oil of
this plant. These data are supported by a study using the diffusion disc method that showed that the
Piper species have antibacterial potential. It was demonstrated that the crude ethanolic extract, in
addition to the hexane and chloroform fractions of the Piper mollicomum leaves, showed antibacterial
activity against standard strains of S. aureus [27]. A study demonstrated the bioactivity of a-pinene, a
major constituent of the essential oil of P. mosenii C. DC., against strains of Staphylococcus aureus,
Salmonella pullorum, and Klebsiella pneumoniae as well as other bacterial species [28]. Moreover, this
compound exhibited significant activity against Mycobacterium tuberculosis strains [29] and its
positive enantiomer demonstrated to be active against Methicillin-resistant Staphylococcus aureus
(MRSA), Candida albicans, and Cryptococcus neoformans, demonstrating an antimicrobial effect that
appears to be related to the chemical structure [30].

It is hypothesized that bicyclogermacrene (the second major constituent of the oil) contributed
to the antibacterial effect of P. mosenii C. DC. However, the isolated action of this against both
standard and multi-resistant bacterial strains remains to be investigated.

Interestingly, the essential oils of P. mosenii and E. brasiliensis showed no activity against E. coli.
As Gram-negative bacteria, E. coli has a cell wall rich in lipopolysaccharides that inhibit the entry of
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several antimicrobial substances. Therefore, these microorganisms are frequently less sensitive to the
action of essential oils [31].

2.3. Modulating Effect of Essential Oils in Association with Blue LED Light on the Activity of
Aminoglycosides

The antibacterial effect of the blue LED light is well known in the literature [18,19]. However,
against both bacterial strains assayed, the blue LED light alone demonstrated a MIC < 1024 ug/mL.
In the modulation tests, association of OEEb with amikacin and gentamicin presented a synergistic
antibacterial effect against the multi-resistant strain of Escherichia coli (Figure 2). The effect of this
association was further enhanced was by exposure to blue LED light. In the tests with the
multi-resistant strain of Staphylococcus aureus, association with OEEDb or blue LED light increased the
activity of amikacin. However, the simultaneous association of OEEb with blue LED light and the
antibiotics did not present a significant antibacterial effect.

ns
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ns value statistically non-significant with p>0.05

Figure 2. Geometric mean of the minimum inhibitory concentration (ug/mL) of the aminoglycosides
alone or in association with the OEEb and the blue LED light against the MDR strains E. coli 06 and S.
aureus 10.

In the test with OEPm, association of this substance with amikacin did not affect the activity of
this antibiotic against E. coli (Figure 3). However, when this combination was exposed to blue LED
light, the antibacterial effect was potentiated, indicating that light exposure stimulated synergistic
interactions between the treatments. Interestingly, in the tests with gentamicin, blue light, and
OEPm, all combinations showed synergism against this microorganism. Considering these
combinations against S. aureus, all conditions presented synergism with amikacin, but no
modulation was observed with gentamicin.

These results indicate that blue LED light act as a modulator of the antibiotic activity of
aminoglycosides, especially in the presence of the essential oils obtained from the plants under
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study. It is worth noting that the modulating effect of blue light associated with essential oils was
stronger against E. coli, which resisted the modulating effect of OEPm in the absence of light
exposure.

The results obtained in the present study corroborate those described by Pereira et al. [32].
Through the gaseous contact method, the authors observed a synergistic effect from the association
of blue LED light with the essential oil of Eugenia jambolana and antibiotics against strains of
Escherichia coli and Staphylococcus aureus. According to the authors, investigation of the combined
effect of essential oils and LED lights may represent a key step in development of novel therapies
against infections caused by resistant bacteria.
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*** value statistically significant with p<0.001
ns value statistically non-significant with p>0.05

Figure 3. Geometric mean of the minimum inhibitory concentration (ug/mL) of the aminoglycosides
alone or in association with the OEPm and the blue LED light against the MDR strains E. coli 06 and
S. aureus 10.

Promising results were also obtained by Matias et al. [33] studying a combination of blue LED
light, antibiotics, and the essential oil of Cordia verbenacea DC. by the gaseous contact method. In the
presence of ciprofloxacin and norfloxacin, the association of the oil and blue light presented a
synergistic effect against E. coli and S. aureus. However, in the presence of gentamicin and amikacin,
the same combination was effective only against S. aureus. These results differ partially of those
obtained in the present study, which may have occurred because of differences on the
methodologies or in the chemical constitution of the essential oils analyzed.

According to Caffarel-Salvador et al. [34], the use of photodynamic therapy is a new form of
antimicrobial therapy, which is already used for treatment of cancerous skin lesions and has been
efficiently evaluated in the treatment of infections. This is a low-cost method that provides a
biophysical and biochemical rebalancing in the treatment of diseases, besides being non-invasive
[35].
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In terms of mechanism, phototherapy can cause activation of chemical compounds, as
previously reported in a study by Brito et al. [36]. This study demonstrated that inactive compounds
present in the skin of the amphibian Rhinella jimi acquired an antimicrobial activity after association
with ultraviolet light.

The blue LED light can act by eliminating both Gram-positive and Gram-negative bacteria by
inducing oxidative stress [32]. This effect is triggered when the light is associated with chemical
compounds found in medicinal plants that act as photosensitizers. Thus, the compounds are excited,
which results in the formation of intracellular reactive oxygen species (ROS), causing oxidation of
essential constituents of the bacterial cells with consequent death of these microorganisms [37,38].

Therefore, it is suggested that components of the essential oils used in the present study may act
as photosensitizing substances, because they had the antibacterial effect improved in the presence of
blue LED light, modulating the activity of aminoglycosides and consequently reducing the MIC of
these antibiotics. This phenomenon has great clinical relevance, because this type of therapy may
reduce the dose of antibiotics required to treat infections, minimizing their side effects [39].
Furthermore, association of LED light and essential oils can be used to improve the effectiveness of
conventional antibiotics against resistant bacteria.

3. Methodology

3.1. Plant Material and Extraction of Essential Oils

The fresh leaves of Eugenia brasiliensis Lam were collected in December 2015 in Atalanta, Santa
Catarina, Brazil with the coordinates 25°29.830' S and 49°00.919' W at an altitude of 640 m. A voucher
specimen was deposited in the Dr. Roberto Miguel Klein herbarium of the Regional University of
Blumenau under the number FURB32094. The fresh leaves of Piper mosenii C. DC. were collected in
August 2015 in the Bom Jesus Biological Reserve in the municipality of Guaraquegaba, Parana,
Brazil, with coordinates 25°13.939' S and 48°34.821' W and an altitude of 13 m. A voucher specimen
was deposited in the Herbarium of the Municipal Botanical Museum (MBM) in Curitiba under the
number MBM396409 (SISGEN No. A37FBDC).

The extraction of the essential oils from Eugenia brasiliensis Lam (OEEb) and Piper mosenii C. DC
(OEPm) was performed by the hydrodistillation method using the Clevenger type apparatus. Fresh
leaves of E. brasiliensis (100 g) and dried leaves of P. mosenii (50 g) were crushed, placed in a glass
flask with 1.0 L of distilled water, and boiled for 2.5 h for extraction of OEEb and 4.5 h for extraction
of OEPm [40]. The leaves were dried with an electric dryer (FANEM, Mod. 320 SE, FANEM ltda.,
Campinas, Brazil) with air circulation at 40 °C for 24 h. After extraction, the samples were collected
with a precision pipette and conditioned in a freezer until the analysis. To determine the essential oil
content in dry basis, the total mass of each essential oil obtained was considered in relation to the
amount of the dry mass of the botanical material used in the extraction.

3.2. Determination of the Chemical Composition of the Essential Oils

The chemical constituents of the essential oils were identified by gas chromatography coupled
to mass spectrometry (GC/MS). The essential oils were diluted to a concentration of 1% in
dichloromethane and 1.0 uL of the solution was injected with a 1:20 flow split into a chromatograph
(Agilent 6890, Palo Alto, CA, USA) coupled to a mass selective detector (Agilent 5973N, Palo Alto,
CA, USA). The injector was maintained at 250 °C and the constituents were isolated in a HP-5MS
capillary column (5% phenyl-95% dimethylpolysiloxane, 30 mm x 0.25 mm X 0.25 uM) using helium
as carrier gas (1.0 mL min™). The oven temperature was programmed from 60 to 240 °C at a rate of 3
°C min™. The mass detector was operated in electronic ionization mode (70 eV), at a rate of 3.15
sweeps s and a mass band of 40450 um. The transfer line was maintained at 260 °C, with ion
source at 230 °C and analyzer (quadrupole) at 150 °C.

For quantification, the diluted samples were injected into a chromatograph (Agilent 78904,
Palo Alto, CA, USA) equipped with a flame ionization detector (FID), operated at 280 °C. The same
column and analytical conditions described above were employed, except for the carrier gas, which
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was hydrogen, at a flow rate of 1.5 mL min™. The percentage composition was obtained by the
electronic integration of the FID signal by dividing the area of each component by the total area
(area%).

The identification of the chemical constituents was performed by comparing their mass spectra
with those of spectral libraries Wiley (1994) and NIST (2016) and by their linear retention indexes,
calculated from the injection of a homologous series of hydrocarbons (C7-C26) and compared with
data from the literature [41].

3.3. Antibiotics, Culture Media and Microorganisms

The liquid antibiotics gentamicin and amikacin were obtained from LaborClin, Belo Horizonte,,
Brazil. Heart Infusion Agar (HIA) and Brain Heart Infusion (BHI) culture media were acquired from
HIMEDIA.

The microorganisms used in the tests were provided by the Laboratory of Microbiology and
Molecular Biology (LMBM) of the Regional University of Cariri (URCA). The microorganisms used
in the tests were provided by the Laboratory of Microbiology and Molecular Biology (LMBM) of the
Regional University of Cariri (URCA). The standard strains were characterized and classified by the
American Type Culture Collection (ATCC): Escherichia coli (EC ATCC 25922) and Staphylococcus
aureus (SA ATCC 25923). The clinical isolates Escherichia coli (EC 06) and Staphylococcus aureus (SA 10)
were characterized and classified by laboratories of clinical analysis from the region, and the
resistance profile was determined by disk diffusion method. The resistance profile is available in the
literature [32,33].

3.4. Preparation of Test Solutions

The test solutions were prepared using 10 mg of each oil diluted in 0.5 mL of dimethyl sulfoxide
(DMSO). Each solution was placed in a falcon tube and 9265 mL distilled water was added, resulting
in a final concentration of 1024 pg/mL. The solutions of the oils at this concentration were used in the
antibacterial and modulation tests. The antibiotics used in the tests were also prepared at an initial
concentration of 1024 ug/mL.

3.5. Determination of the Minimum Inhibitory Concentration (MIC) by Direct Contact

Bacterial samples were seeded in Petri dishes containing HIA and placed in an oven at 37 °C for
24 h to grow. After this period, the bacterial samples were diluted in test tubes. Then, the turbidity of
the solution was determined according to the 0.5 of the McFarland scale (108 UFC/mL) [42].

To evaluate the antibacterial activity, 100 uL of the inoculum solution were added to each well
of the microdilution plate. Then, the treatments were performed using 100 uL of each oil per column
at final concentrations ranging from 1024 to 0.5 ug/mL. Of note, all treatments were performed in
triplicate. The plates were taken to an oven at 37 °C for 24 h. Then, each well was added with 20 uL
of resazurin (a colorimetric indicator) and the 1 h later the MIC was determined by ocular
observation [42].

The antibiotic activity modulation assay was performed using amikacin and gentamicin
according to the method described by Coutinho et al. [43]. Briefly, test tubes were added with 150 uL
of the bacterial suspension in a solution containing 10% BHI medium and the essential oils at
subinhibitory concentrations (MIC/8). Control tubes were prepared using 150 uL of the bacterial
suspension in a solution containing 10% BHI medium. Then, 100 pL of these solutions were
transferred to corresponding wells in the plate and 100 pL of the antibiotic were added to the first
well and serially diluted, with the final concentrations ranging from 1024 to 0.5 ug/mL. The
antibiotic alone was used as a positive control. All the assays were performed in triplicate and the
MICs were determined as described above.

3.6. Evaluation of Modulating Activity Associated with Blue LED Light Exposure
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This protocol was carried out using the Light Emitting Diodes (LED) device (brand NEW
Estética®). In the experiments, the blue light was used with a wavelength of 415 nm pre-determined
by the apparatus, with 5 cm of distance between the LED and the biological material.

The experimental protocol followed initially the same methodology used to evaluate the
antibacterial and modulating activities by direct contact. Thereafter, the plates were exposed to blue
LED light for 20 min, with a total dose of 40 mW/cm? (180 lumens), and subsequently incubated at 37
°C for 24 h. The assays were performed in triplicate and sodium resazurin was used to determine the
MIC.

3.7. Statistical Analysis

The microbiological results were expressed as geometric mean and analysis of results was
applied to two-way ANOVA followed by Bonferroni posttests using GraphPad Prism 6.0 software.
Results with p < 0.05 were considered as statistically significant.

4. Conclusions

The results obtained in the present study demonstrate that, when associated with
aminoglycosides, the essential oils of Eugenia brasiliensis Lam and Piper mosenii C. DC. presented
antibiotic-modulating activities, especially against the Gram-negative strain. This effect was
potentiated by exposure to blue LED light, possibly through a photosensitizing mechanism.

In conclusion, the association of LED light and essential oils can be used to improve the
effectiveness of conventional antibiotics against resistant bacteria, although further research is
needed to determine the impact of such combined therapy in medicine.
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