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Abstract: The demand for less hazardous and environmentally friendly surface
disinfectants is growing and essential oils may be efficient alternatives. Vapor phase
assay is a promising technique which explore the volatility of essential oils for
determining the antimicrobial activity. In this study, we modified the conditions of the
inverted Petri dish technique to evaluate the minimum inhibitory concentrations (MIC).
As a proof of concept, the antimicrobial activity of Hesperozygis myrtoides essential
oil (HM) was studied for the first time in the vapor phase. According to the established
protocol the oil volatilization dynamics was used to determine the major compounds
in the vapor phase. After 270 min, the relative percentage was like that observed in
the crude oil analysis. The HM was also evaluated for safety (IC,,=921.2 pg ml"), being
considered safe in case of acute oral exposure. The oil vapors completely inhibited
the growth of Staphylococcus aureus (MIC=0.39 mg V), Candida albicans (MIC=0.83
mg "), Aspergillus brasiliensis (MIC=378 mg |") and Bacillus subtilis (MIC=704.8 mg ).
This protocol offers an economical and efficient alternative for antimicrobial activity
and safety determination of essential oils, can be used for the evaluation of several
applications of essential oils, as disinfectant agent in inhabited environments.

Key words: antimicrobial activity, cytotoxicity for dispersing essential oil, inverted Petri
dish method, vaporization dynamics.

INTRODUCTION

In recent years, there is a growing consensus
that cleaning and disinfecting surfaces in
common environments are important to
prevent infection spreading. Community-based
infections have a strong impact on the most
fragile populations, such as children, the elderly
and the immunosuppressed. Some potential
pathogens include Staphylococcus aureus,
Pseudomonas aeruginosa, fecal coliforms, as

well as molds, yeasts, and viruses (Scott et al.
2020). Although conventional products, such as
bleach, are widely used as sanitizers, the search
for new disinfectants that are less hazardous and
environmentally friendly is growing (Goodyear
et al. 2015).

Essential oils have a recognized range of
antimicrobial activities against bacteria, Gram-
negative and Gram-positive, and pathogenic
fungi (Powers et al. 2019). Some in vitro studies
are conducted with essential oils in liquid
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phase, but their application as a liquid sanitizer
requires large amounts. On the other hand, the
use of essential oil in its vapor phase, applied
as a fumigant, offers advantages, such as the
possibility of reaching hard-to-reach areas by
manual cleaning, greater antimicrobial potency,
since the volatilized components have free
binding to microorganisms, and a lower amount
of used oil, reducing the cost of its use (Reyes-
Jurado et al. 2020).

Many studies have explored the volatility
of essential oils to develop methods to
determine antimicrobial activity, based on
the creating a controlled atmosphere. Some
of them use inverted Petri dish (Kloucek et al.
2012a), agar vapor (Inouye et al. 2006), glass or
plastic apparatus with essential oil atmosphere
(Szczerbanik et al. 2007), microplate with
dissolved essential oil (Feyaerts et al. 2017),
airtight box, and its variations (Amat et al. 2017,
Inouye et al. 2001), allowing the oil volatile
components to be released and come into direct
contact with the microorganisms wall.

However, most of these assays determine
relative antimicrobial potential; it is impossible
to compare the results due to variations
within each technique applied; use of different
units of measurement of minimum inhibitory
concentrations (MIC), when the calculation is
allowed, showing a limited uniformity in the
methodological criteria adopted for the study of
this activity (Amat et al. 2017, Reyes-Jurado et al.
2020) and, in many cases, the use of devices that
are difficult to access. That is why, it is necessary
to modify the testing methodology, making it
reproducible and viable.

To develop an effective approach that can be
used to evaluate essential oils for disinfection of
inhabited environments, we designed a method
based on the inverted Petri dish for simple,
fast, and low-cost determination of the volatile
oils antimicrobial potential in vapor phase

ESSENTIAL OIL VAPOR PHASE APPROACH

accompanied by dynamic volatilization and
cytotoxicity assay for essential oil dispersion.

Inourinvestigation, we verifiedthe suitability
of our method for evaluating essential oils in
the vapor phase using the essential oil from
Hesperozygis myrtoides (St.Hill. Ex Benth.), a
native Brazilian species. This particular essential
oil was chosen due to its demonstrated activity
against a spectrum of microorganisms, including
yeasts, gram-negative, and gram-positive
bacteria such as Candida albicans, Escherichia
coli, and Staphylococcus aureus (Martini et al.
2011).

MATERIALS AND METHODS
Chemicals

TheanalyticalsolventswerepurchasedfromSynth
(Brazil) and Merck (Germany). Other reagents
such as (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium inner salt)/phenazine methosulfate
(MTS/PMS) were obtained from Sigma-Aldrich
(USA). Culture media for microorganisms were
purchased from Difco (USA) and Dulbecco’s
Modified Eagle Medium (DMEM), fetal bovine
serum, glutamine for cell cultures from Sigma-
Aldrich (USA). The antibiotics nystatin and
chloramphenicol were purchased from USP
(USA), amikacin and doxorubicin from Sigma-
Aldrich (USA), ciprofloxacin and tetracycline
from Galena (Brazil).

Plant material and essential oil extraction

Hesperozygis myrtoides was collected in
November 2013, in Campos do Jordao, Sao
Paulo, Brazil (22°42'52,8" S, 45°27'42,7" W) (SISBIO
No. 2371522). The botanical identification was
confirmed by Dr. Inés Cordeiro and the voucher
was deposited in herbarium of Institute of
Botany, Sao Paulo, Brazil with reference number
PEREIRA 02. This study is registered on the
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SisGen platform for access to genetic heritage
(Registration number AF1FF34), in accordance
with the Brazilian Biodiversity Law (13.123/2015).

The essential oil (HM) was extracted from
the leaves by hydrodistillation for 4h with a
Clevenger type apparatus, in quadruplicate, and
stored at -22°C. The yield was calculated based
on the dry weight of the plant.

Gas chromatography/mass spectrometry
analysis (GC/MS)

The chemical composition of HM (diluted
in acetone 1:99, v/v) was determined by gas
chromatography coupled to mass spectrometry
performed in Agilent 6890 Series GC (Agilent,
USA) interfaced with a 5973 series quadrupole
MS detector (Agilent, USA), equipped with a DB-5
column (30 x 0.25 mm i.d. x 0.25 um (Agilent,
USA). Injection volume of 1.0 pl. The scan time
0.1scan/sec and mass range m/z 35-500. Helium
was the carrier gas (flow rate of 1 ml min™). The
column temperature was initially held at 40°C
for 1 min and subsequently increased to 240°C
at3°C min”, keeping it at this temperature for 10
min; injection and detection temperature: 250
°C, electron ionization: 70 eV. The components
were identified by comparing retention indices
(calculated inrelation to C.-C, n-alkanes on DB-5
column) and mass spectra evaluated by analysis
with those reported in the literature, software-
based library search and visual interpretation of
the mass spectra (Adams 2007, NIST 2019).

Headspace GC-MS analysis

The headspace volatile compounds of HM were
obtained usinga gas chromatograph Agilent 6890
Series GC (Agilent, USA) interfaced with a 5973
series quadrupole MS detector (Agilent, USA),
equipped with a CP 8944 VF-5ms column (30 m
x 0.25 mm x 0.25 pm, Agilent). In this method, 7
ul (6.3 pg) of HM were added in a 0.062 | sealed
flask, with similar headspace volume as a Petri
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dish (0.054 ). The flask was maintained at 37°C
and the evaporation products were collected (1.0
ml) with a Gastight syringe (Hamilton, USA) at 30,
90, 150, 210 and 270 min and injected into the
chromatograph. The column temperature was
initially held at 60°C and then, subsequently
increased to 240°C at 3°C min™; injection and
detection temperature were 220°C and 209°C,
respectively; electron ionization: 70 eV; the
carrier gas used was helium (flow rate of 1 ml
min™). The compounds identification was carried
out by comparing the retention indices and
mass spectra with data found in the literature.

Mouse embryo fibroblast BALB/3T3 clone A31
cell cultures

BALB/3T3 clone A31 cell line (ATCC CCL-163) were
cultivated in DMEM medium supplemented
with 10% fetal bovine serum (v/v), 4 mmol "
glutamine and 100 U ml™ penicillin, 100 mg ml"
streptomycin and 0.025 mg ml" amphotericin
(encoded as: DM10 medium). They were
incubated at 37°C under 5% CO, atmosphere
in a humidified atmosphere until reaching
subconfluency (approximately 80%). The cell
detachment was performed with trypsin 0.05%
(w/v)/EDTA 0.02% (w/v) in phosphate buffer
pH 7.2. The cell suspension was centrifuged,
the supernatant discarded, and the pellet
suspended in DM10 medium.

Cytotoxicity assay

The cytotoxic effect of HM was measured using
the MTS assay (ICCVAM 2006). The HM diluted
in DMSO-DM10 was evaluated at a serial
concentration in well (14.75 to 015 mg ml”, w/v).
In brief, the cells were seeded (2x10* cells/well)
in 96-well plate and incubated for 24h. Then, 50
ulof HM dilution were added in each well plus 50
ul of DM10. After 24 h of incubation, the culture
medium was removed. The cells were washed
with NacCl solution (0.9%, w/v) and 100 pl of
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MTS/PMS was added and incubated during 3 h.
After this period, the supernatant was removed,
the cells were again washed with saline and 150
ul of desorption solution (acetic acid-water-
ethanol, 1:49:50, v/v/v) were added. DMSO at
the maximum concentration used in well (4.67
mg ml”, w/v) did not affect cell viability. Positive
control was given by doxorubicin. All tests were
performed in triplicate.

The absorbance was read at 490 nm
(Biotek Synergy HT, USA). The cell viability dose-
response curves were determined and the IC
and IC,, values were calculated. The IC,, values
were used to determine the medium lethal dose
(LD.,), according to the following equation 3
(ICCVAM 2001, 2006):

Equation 3: log LD, (mg kg") = 0.372 x log IC,,
(mg ml") + 2.2014

Based on LD,, the toxicity was estimated
using the classification by categories established
by the United Nations Globally Harmonized
System (GSH) for which categories 1 (LD, <5
mg kg" ) and 2 (LD,, 5 - 50 mg kg") are fatal if
ingested; category 3 (LD, 50 - 300 mg kg") is
toxic if ingested; category 4 (LD, 300 - 2000 mg
kg") is dangerous if ingested; category 5 (LD>
5000 mg kg") not classified (Bulgheroni et al.
2009).

Microbial cultures

The tests were performed against six
microorganism strains recommended for
testing surface disinfection (USP 2014). Fungal
species were the filamentous fungus Aspergillus
brasiliensis (ATCC 16404) and the yeast Candida
albicans (ATCC 10231). Gram-positive bacteria
included S. aureus (ATCC 6538) and Bacillus
subtillis (ATCC 6633). Pseudomonas aeruginosa
(ATCC 9027) and Escherichia coli (ATCC 8739) were
the Gram-negative bacteria tested. C. albicans
and A. brasiliensis cultures were grown at 28°C
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in a Sabouraud dextrose broth (SDB) for 48h
and 96h, respectively. All bacteria cultures were
incubated at 37°C for 24 h in tryptic soy broth
(TSB). An aliquot from each culture was spread
on nutrient agar (Sabouraud dextrose agar, SDA,
for fungi: tryptic soy agar, TSA, for bacteria).

A single colony from each plate was
suspendedinsaline (0.85%, m/v).The cell density
was estimated by comparing turbidity with a
barium sulfate solution according the McFarland
scale (Garzoli et al. 2021). The optical density of
the scale tube 0.5 McFarland was compared to
the measured optical density at 630 nm for the
microorganism suspension (spectrophotometer
Micronal, USA) and the value was estimated
at 1.5 x 10° colony forming units (CFU ml™). For
A. brasiliensis, three slant tubes washing with
sterile saline 0.85% (m/v) containing 1% (m/v)
polysorbate 80 was used, to avoid aggregation
of the spores. Serial dilutions were made with
all microorganisms to obtain concentrations
from 1.5 x 10° to 1.5 x 10* CFU ml™. At the end
of each standardization, microbial dilution was
confirmed by CFU in the agar nutrient.

Minimum inhibitory concentration (MIC) in the

broth microdilution method (liquid phase)

The antimicrobial assay was evaluated by
microdilution broth method (Moreno et al. 2009).
The inoculum was prepared by adjusting the
final concentration to 1.5x10°CFU ml™ in each well
of the 96-well plate. HM was diluted in DMSO-
methanol (1:1, v/v) to make a final concentration
in the assay of the 151,000-19 mg L. Microplates
were incubated at 28°C for 48 h for the yeast,
at 28°C for 96 h for the fungus and at 37°C for
24 h for the bacteria. The growth inhibition
was measured by reading the absorbance at
a wavelength of 630 nm, using a multi-well
scanning spectrophotometer (Biotek, Synergy
HT Multi-Mode, USA); except for A. brasiliensis,
where the growth was evaluated only visually. In
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all assays, nystatin, chloramphenicol, amikacin,
ciprofloxacin, and tetracycline were used as
positive controls at concentrations of 50 pg ml™
in the microplate wells. All tests were performed
in triplicate.

The lowest concentration of HM that
resulted in no microbial growth was considered
as the minimum inhibitory concentration (MIC).
HM dilutions with no detectable growth in the
microplate were transferred into agar nutrient
and incubated to determine the lowest lethal
concentration (minimum bactericidal/fungicidal
concentration, MBC/MFC). HM antimicrobial
activity category for surfaces was determined
based on the classification proposed by Djabou
et al. (2013), where MIC value between 50,000
and 25,000 mg | are considered not active;
moderately active for MIC values between 12,500
and 3,000 mg ™ active for MIC values between
2,000 and 400 mg I, and extremely active for
MIC values <200 mg |™.

Minimum inhibitory concentration (MIC) by the
inverted dish method (vapor phase)

The vapor phase method was adapted from
literature (Kloucek et al. 20123, b).

The test was developed in Petri dishes (¢ 85
mm) containing 20 ml of appropriate medium
(SDA for fungi and TSA for bacteria) previously
inoculated with a saline microorganism
suspension with cell density between 2.5 - 3.5
x10”CFU ml™.

HM was diluted in ethyl acetate at serial
concentrations. 500 pl of each HM concentration
was distributed on the surface of a sterile blank
filter paper (i.d. 80 mm) by micropipette, placed
on top of a Petri dish cover (inverted dish
method). For total removal of ethyl acetate, the
solvent could evaporate for 1 min (standardized
time). Using this procedure, ethyl acetate had
no effect on the viability of any of the tested
microorganism and there was no significant HM

ESSENTIAL OIL VAPOR PHASE APPROACH

loss (data not shown). The dishes were closed
with the inoculated bottoms and sealed with
Parafilm® to prevent moisture loss. The dishes
were placed inside a stainless-steel cylinder,
previously disinfected with 70% ethanol (Fig.
1). Plates were incubated following same time
and temperature used in broth microdilution
method. The growth inhibition was determined
by CFU counting were of each dish. Blanks were
prepared by adding 500 ul of ethyl acetate to
the filters paper and the incubation was carried
out in an exclusive incubator. All tests were
performed in triplicate.

The HM concentration (in mg ) in Petri
dish headspace and responsible for growth
inhibition was calculated according to its
expansion volume. For this purpose, the total
volume of the Petri dish (V, in cm’) (Equation
1) was initially determined and this volume was
discounted from the culture medium (ch, in
cm’) (Equation 2):

Equation 1: Vt = h x T x 12

Equation 2: V_ = Vt - Vcm

Where V, = Petri dish total volume (cm’), Ve
= expansion area volume (cm’ or 1), V_ =culture
medium volume (20 cm?), r =diameter (8.5 cm), h
=height (1.3 cm), ™ = 3.14.

MIC values were considered the HM
concentrations where no apparent microbial
growth in the plates was detected (CLSI/NCCLS
2018). Dishes without colonies were opened
in a laminar flow for 5 min (elimination of the
residual essential oil vapor) and incubated
again. The lowest concentration with no growth
of each microorganism was considered as MBC/
MFC value. Aqueous solution of formaldehyde,
in the concentration of 1 mg |, was used as a
positive control due to its recognized fumigant
activity.
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medium + microorganism
(pour plate method)
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, _— essential oil in ethyl acetate

sterile filter paper (g 80 mm)

Treatment 4 Blank

Figure. 1. Schematic representation for the vapor phase antimicrobial assay. The model experiment consists of 1.
Petri dish (¢ 85 mm) containing 20 ml of culture medium inoculated with the desired microorganism (pour plate
method); 2. Sterile filter paper (¢ 80 mm) impregnated with essential oil; 3. Inverted plate, with free area for oil
expansion of 0.054 |; 4. Stainless-steel cylinder containing the triplicate of samples for each microorganism at

concentration tested (treatment) and the blank.

RESULTS AND DISCUSSION
Essential oil composition

HM had an average yield in the extractions of
1.99% (w/v). The total ion chromatogram (TIC)
detected at least 15 compounds of which 11 were
identified (Table I). The main constituents were
the oxygenated monoterpenes pulegone (48.8%)
and isomenthone (16.2%). Other constituents
were detected in lesser amounts, as isomenthyl
acetate (111%), neoisomenthol (8.3%), limonene
(4.2%) and neoiso-pulegyl acetate (31%). The
results obtained in this study are consistent
with previous works describing the H. myrtoides
leaf oil (Castilho et al. 2017).

Volatilization dynamics

The effectiveness of the vapor phase technique is
aconsequence of the volatility of the compounds
present in the tested essential oil, which have a
direct contact with the microorganism (Reyes-
Jurado et al. 2020). As each compound shows
a different volatilization ratio, according to its
molecular weight, the volatilization dynamic of
HM was performed to know which compounds
are released by vaporization and which must be
related to antimicrobial activity.

Headspace chemical compositions were
measured at 37°C every 60 min during 270
min experiment using a VF-5ms column. The
complete analysis is provided in Table II. This test
was carried out to simulate the oil evaporation
at the temperature conditions of the bacterial
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Table I. Essential oil composition from Hesperozygis myrtoides leaves.

Compounds
1 a-pinene
2 B-pinene
3 limonene
4 1,8-cineole
5 isomenthone
6 not identified (M"152)
7 not identified (M"154)
8 neoisomenthol
9 pulegone
10 isomenthyl acetate
N neoiso-pulegyl acetate aceacetateacetate
12 not identified (M*152)
13 not identified (M"154)
14 B-caryophyllene
15 caryophyllene oxide

Total

Monoterpene hydrocarbons
Oxygenated monoterpenes
Sesquiterpene hydrocarbons

Oxygenated sesquiterpenes

RIM RI® Relative amount (%)

932 933 0.6
974 979 0.5
1024 1029 4.2
1026 1033 1.2
1158 1167 16.2
- 177 0.7

- 1180 0.5
1186 1190 8.3
1237 1242 48.8
1305 1305 11

1319 1308 31
- 1343 0.59

- 1399 1.2
1417 1417 1.8
1583 1581 0.8
99.6

53
88.7

1.8

0.8

RI* - Linear retention index found in literature (Adams 2007), RI - Linear retention index calculated.

incubation. In the initial evaporation steps,
the headspace was richer in monoterpene
hydrocarbons (a-pinene, B-pinene and
limonene), limonene being the most abundant
substance. After 90 min, the monoterpene
hydrocarbons decreased and oxygenated
monoterpenes (isomenthone, neoisomenthol,
pulegone and isomenthyl acetate) were the
major vapor constituents, with an increasing
concentration of pulegone and isomenthone.
In the last measurement time (270 min), the
relative percentage of the major components
pulegone, isomenthone, isomenthyl acetate and

neoisomenthol in the headspace was like the
percentages obtained for the crude HM.

The oxygenated monoterpene neoisopulegyl
acetate and the two sesquiterpenes
(B-caryophyllene and its oxide derivative)
detected in the crude HM were not detected in
the headspace perhaps because the heating
temperature used is lower than that required
for the volatilization of these compounds
during the experimental time used (Hamm et al.
2003). Among the monoterpene hydrocarbons,
sabinene was characterized only in the vapor
phase. In addition, its relative quantity was
approximately constant (2.5 - 1.7%) throughout
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Table II. Changes in the headspace composition during the volatilization process of Hesperozygis myrtoides

essential oil.

% Relative amount headspace

RI Compounds or
932 a-pinene 0.6
972 sabinene NF
978 B-pinene 0.5
1029 limonene 4.2
1032 1,8-cineole 12
157 menthone NF
1166 isomenthone 16.2
1190 neoisomenthol 81
1239 pulegone 48.8
1305 isomenthyl acetate 111
1319 neoisopulegyl acetate 31
1422 B-caryophyllene 1.8
1583 caryophyllene oxide 0.8

Total

*Time 0 - Composition of the total liquid oil; NF - not found.

the analysis, which differed from the tendency
towards reduction, observed for the other
compounds in the same group. It is suggested
that this compound is the result of a thermal
degradation process, common for some
monoterpene hydrocarbons, such as limonene
(McGraw et al. 1999).

Menthone, an oxygenated monoterpene,
was also found only in the vapor phase. This
compound, present since the first analysis
time, followed the general trend of oxygenated
monoterpenes, of increasing concentration with
the heating time (5.9 - 10.0%). The biosynthetic
route of p-menthane monoterpenoids in
Lamiaceae shows that menthone precursors
are limonene and pulegone (Bergman & Phillips
2021). Thus, the presence of menthone only
in the vapor phase suggests that even low
temperatures, such as 37 °C, can influence the

Time (min)
30 20 150 210 270
10.3 5.0 2.2 19 1.2
2.5 2.2 19 2.0 1.7
6.2 34 13 11 0.6
28.8 215 8.4 51 3.0
52 5.6 31 2.0 12
59 71 10.2 10.8 10.0
10.0 12.7 15.0 16.2 13.8
2.3 3.2 4.7 4.8 6.1
255 33.6 41.8 44.0 481
33 51 74 8.4 10.0
NF NF NF NF NF
NF NF NF NF NF
NF NF NF NF NF
100.0 99.3 96.0 96.3 95.7

rearrangement/oxidation processes of these
monoterpenes.

Cytotoxicity assay

Most of the essential oils have already been
used for a long time. In general, they are safe to
be used by inhalation, oral and skin but some
of them and their isolated components can
have adverse effects (Tisserand & Young 2014).
Knowledge about their toxicity in applications
as environmental and/or surface disinfectants
is extremely important to ensure the user's
safety. Considering that in the H. myrtoides case
there are no safety data to be used by humans,
HM was evaluated through a validated in vitro
cytotoxicity assay against normal mouse embryo
fibroblast cell line (BALB/3T3 clone A31), using
a specific protocol for dispersing essential oils
(Esteves-Pedro et al. 2018). It is a recognized
alternative method to the animal use in research
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activities for estimating the initial doses for
acute oral systemic toxicity (ICCVAM 2006). Its
applicability is justified because it does not
involve the use of animals and at the same time
generates the same quality of information as the
classic in vivo tests (Esteves-Pedro et al. 2018).

The cytotoxic activity (IC value of 9212 pg
ml") allowed to estimate the HM LD, value for
acute oral toxicity as 2014.0 mg kg™. This value
places the HM in category 5, according to the
United Nations Globally Harmonized System,
which represents safety in case of acute oral
exposure (GHS 2011).

The European Medicines Agency/Committee
on Herbal Medicines Products (EMA/HMPC)
reviewed the toxicity of essential oil from
Mentha species, taxonomically related to H.
myrtoides, and pulegone, concluding that they
are non-genotoxic but can be hepatotoxic and
carcinogenic with prolonged use (EMA 2016).
Moreover, pulegone demonstrated urothelial
cytotoxicity in vitro against rat (MYP3) and
human (1T1) urothelial cell lines, with LC50
values of 0.27 mM and 0.57 mM, respectively.
In vivo studies showed cytotoxic effects when
pulegone was administered at high doses (75
mg kg™ and 150 mg kg”) to female rats. However,
the authors consider it unlikely that humans
would be exposed to such high concentrations
of pulegone necessary to induce cytotoxicity
(Rocha et al. 2012).

Nevertheless, for safe application as a
fumigant agent in occupied spaces, HM still
needs additional cytotoxic evaluations against
lung and brain cell lines as well as assessing its
genotoxic potential.

Antimicrobial activity

Modified vapor phase protocol

Inverted Petri dish is a widely used technique
for vapor phase assay, mainly due to their low

ESSENTIAL OIL VAPOR PHASE APPROACH

cost and less culture medium manipulation,
which reduces the risk of contamination (Reyes-
Jurado et al. 2020). In this study, we developed
a modified version of this assay to provide
qualitative and quantitative measurement of
the vapor phase antimicrobial activity, based on
previously published protocols (Kloucek et al.
20123, b).

The microorganisms were incubated using
the pour plate technique, which provided
homogeneity and distribution, favoring the
CFU counting and observation of colony size
and development. To standardize the inoculum
concentration, we tested densities between 2.0 x
10°-2.5x10° CFUml". The inoculum concentration
thatshowed the bestvisualization of the colonies
formed was 2.5 - 3.5 x 10° CFU ml™. The medium
volume added to the Petri dish was defined
as 20 ml, because it generated a satisfactory
expansion area. The shape and dimension of
the filter paper soaked with essential oil was
also important for a homogeneous vapor
diffusion. In our case, filter papers with 80 mm
diameter (completely covering the top of the
plate) improved uniformity of the dish internal
atmosphere when compared to 6 - 20 mm, used
in previous studies (Andrade et al. 2016, Garzoli
et al. 2021). Using a 500 ul of HM solution was
enough to cover the whole paper surface. In
this study, the absorption of HM in the culture
medium and the hermeticity of the system were
not considered.

Visualizing the inhibition zones formed, we
decided to countthe CFUs per plate and compare
them with the growth control, which allowed the
determination of the MIC (Fig. 2). This procedure
also enables to observe the individual colony
development with more details and determine
whether HM has a biostatic or biocidal effect,
after the dish aeration for total removal the
vapor HM and subsequent reincubation. At
dosages close to MIC, in which growth inhibition
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Disclaimer: Images a, b, ¢ and e are original. Image d faithfully represents the result obtained In the laboraty but was edited to acheive the resolution requiered by the Joumnal

Figure. 2. Example of a vapor phase assay depicting the effects of different concentrations of Hesperozygis
myrtoides essential oil on the growth of Aspergillus brasiliensis after 96 h incubation. (a-c) oil concentrations

of 258, 298, and 338 mg ", respectively, showing growth inhibition; (d) oil concentration of 378 mg [ showing
minimum inhibitory concentration (MIC); (e) growth control showing total growth of fungus after 96 h incubation.

was not complete, colonies developed slowly
relative to growth control, indicating a delay in
development.

Comparison of the H. myrtoides essential
oil antimicrobial activity in liquid and vapor
phases

After the characterization of the modified
conditions to determine the antimicrobial
activity by vapor phase, antimicrobial activity
of HM against a panel of six microorganisms
recommended for testing surface disinfectants
wasevaluated and compared by exposingthemto
the liquid and vapor phase methods, confirming
the viability of the experimental design against
the bacteria and fungi evaluated. Antibiotics
and formaldehyde were used as positive
controls of microdilution and vapor phase
assays, respectively, and all microorganisms
were sensitive to them. Once the vapor phase
method was developed for colony quantification,
the MICs and MBC/MFC of HM were expressed
in mg . This was also the unit standardized
for expressing the results of the liquid phase,
thus making it possible to compare directly the
antimicrobial tests performed (Table I11).

As reported in study using the agar diffusion
method, H. myrtoides essential oil is active
against S. aureus, E. coli, Lactobacillus casei, A.
brasiliensis and Candida spp. (Martini et al. 2011).
Therefore, we chose to use it in our evaluation
into antimicrobial activity in the vapor phase.

The antimicrobial activity observed for
this oil can be attributed to the monoterpene
ketones pulegone and iso-menthone, its main
components. In fact, it is known that many
compounds in this class have antibacterial
and antifungal properties, depending on
the concentration used (Badawy et al. 2019).
Previously, pulegone in the liquid phase
was tested in vitro against eighteen Candida
species, showing a broad spectrum of activity,
with MIC between 1000 - 2000 mg | (Boni et
al. 2016). Staphylococcus aureus (MIC: 385 mg
[) and Escherichia coli (MIC: 60 mg ") were
also reported to be sensitive to pulegone in a
microdilution assay (Badawy et al. 2019).

Considering the effectiveness of HM, its
vapor phase growth inhibitory effect is reported
for the first time in this study, being more active
about 118 times (C. albicans), 48 times (S. aureus),
4 times (A. niger), 3 times (B. subtillis) and 1
time (P. aeruginosa) than the same essential
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Table IIl. Antimicrobial activity of Hesperozygis myrtoides essential oil determined by microdilution assay and the

modified inverted plate assay.

Microdilution (mg ")

Microorganism (ATCC) MIC
Aspergillus brasiliensis (16404) 1447
Candida albicans (10231) 95
Bacillus subtillis (6633) 1,884
Escherichia coli (8739) >151,000
Pseudomonas aeruginosa (9027) 3170
Staphylococcus aureus (6538) 19

Vapor Phase (mg L)
MBC/MFC MIC MBC/MFC
1,740 378 594
158 1 2
2153 705 1,044
ND >30,000 ND
4,900 2,600 3,700
55 1 1

MIC - minimum inhibitory concentration, MBC - minimum bactericidal concentration, MFC - minimum fungicidal concentration,

ND - not detected.

oil in solution, in microdilution test. Despite
the increment in activity for vapor phase has
varied between 1 - 118 times, the classify of the
category for surface antimicrobials (Djabou et
al. 2013) did not change. For the two methods
of assessment of antimicrobial activity, HM was
considered extremely active for S. aureus and C.
albicans, active for B. subtilis and A. brasiliensis,
moderately active for P aeruginosa, and not
active for E. coli.

Through the HM volatilization dynamics,
it was observed that, pulegone and some
monoterpene hydrocarbons with a broad
antimicrobial spectrum were released in
higher concentrations in the beginning of the
process, and these might have contributed to
the observed growth inhibition of the evaluated
microorganisms. Among these, pulegone
(ranged from 48.8 - 481%) and limonene (ranged
from 28.8 - 3.0%) (Table 1) are known for its
bacteriostatic and antifungal activities against
several microorganisms (Kim et al. 2013, Badawy
et al. 2019). a-pinene (ranged from 10.3 - 1.2%) is
also active against a variety of microorganisms,
acting on increasing membrane permeability
or destroying cell integrity (Dai et al. 2013).
Additionally, during the HM volatilization there
was the formation of menthone (ranged from

5.2 - 10.0%). This oxygenated monoterpene has
moderate anticandidal activity (Boni et al. 2016)
and may have contributed to increase the HM
activity against C. albicans. Still on antimicrobial
activity, it is interesting to notice that although
S. aureus and B. subtilis are the bacteria more
susceptible to HM, this activity cannot be related
only to the characteristics of the Gram-positive
cell wall, which allows hydrophobic molecules
to penetrate the cell (Laird & Phillips 2012).
Studies have suggested that essential oil vapors
may act by different mechanisms of action from
those reported for the oils added directly to the
culture medium (microdilution), which may also
explain its greater potency (Wu et al. 2019).

Vapor phase technique is described as an
interesting tool to evaluate the antimicrobial
activity of essential oils as surface disinfectants
(Matusiak et al. 2018), natural preservatives
(Oliveira Filho et al. 2021) or even for the
treatment of respiratory tract infections (Acs et
al. 2018), being created the term “vaportherapy”
(Inouye et al. 2001). Its application has been
carried out using various apparatuses, ranging
from simple ones, such as an inverted Petri dish,
to others specially designed for this purpose
(Reyes-jurado et al. 2020).
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The inverted Petri dish method is quite
popular and has the advantages of using
commercially available plates at low cost, the
possibility of being used for the evaluation of
bacteria, yeasts and molds, reduced number of
steps and lower risk of cross-contamination, by
no transfer of inoculum. Studies describe its
use with several commercial oils, applied to a
paper disc of varying sizes (generally 6 - 20 mm),
where the inhibition zones formed are evaluated
(Andrade et al. 2016, Garzoli et al. 2021). However,
it is observed that paper size is important for
atmosphere homogeneity (Kloucek et al. 2012b).
The results of our method, using a paper disc
that covers the whole dish lid, allows the
distribution of the essential oil on the total agar
surface and the consequent uniformity in the
inhibition of the microorganism to determine
the MIC plus the mode of action of the essential
oil, static or cidal, without the need for re-
inoculation. Therefore, the test based on the
vapor phase of essential oils presented here
offers an economical and effective alternative
for the determination of antimicrobial activity
and can be used for the development of several
applications of essential oils, such as fumigantin
inhabited environments, medicinal, agricultural
and food.
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