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Abstract: Essential oils (EOs) have been gaining popularity in the past decades among researchers due to their
potential to replace conventional chemicals used in the fight against pests, pathogenic and spoilage microbes
and oxidation processes. EOs are complex mixtures with many chemical components the content of which
depends on many factors — not just the plant genus, species or subspecies, but also chemotype, locality and
climatic conditions, phase of vegetation, method of extraction and others. Due to this fact, there’s still much to
study, with antimicrobial effect being one of the key properties of EOs. There are many methods that have been
frequently engaged by researchers for in vitro evaluation; however, although the research has been going on
for decades, an internationally accepted standard is still missing. Most of methods are based on time-proven
standards used for testing of antibiotics. Due to the specific properties of EOs and their components, such as
volatility and hydrophobicity, many modifications of these standard procedures have been adopted. The aim
of this review is to describe the most common methods and their modifications for testing of antimicrobial
properties of EOs and to point out the most controversial variables which can potentially affect results of the
assays.

Keywords: agar diffusion; agar dilution; antibacterial; biofilm; broth dilution; plant extracts; vapor
phase

1. Introduction

Essential oils (EOs) are mixtures of volatile substances present in various parts of plants,
including blossoms (e.g. lavender, orange blossoms, rose or ylang-ylang), buds (e.g. clove buds),
seeds (e.g. anise seed, caraway or cardamom), pericarp (e.g. bergamot or grapefruit) or whole fruit
(e.g. juniper berries), bark (e.g. cinnamon), wood (e.g. camphor, cedarwood or sandalwood),
rhizomes and roots (e.g. ginger, turmeric or licorice) and predominantly leaves and stems (e.g.
eucalyptus, lemongrass, mint, myrtle, oregano, rosemary, sage, tea tree or thyme) [1-3]. In general,
the content of EOs in the plant material is very low (less than 5% of the dry matter) [4]. Thanks to
their healing properties and pleasant aroma, essential oil-bearing plants have been used throughout
the history of humanity to flavor food, cure illnesses, and for spiritual purposes in religious
ceremonies [5]. EOs and their main components have been thoroughly studied in the past decades
and their analgesic, sedative, anti-inflammatory, antibacterial, antifungal, antiviral, antioxidant,
antiparasitic and insecticidal properties have been studied and reviewed in detail [2,3,6].

From the chemical point of view, EOs are formed mainly by terpenes and terpenoids, formed in
the cytoplasm of plant cells [3]. More than 70,000 different terpenes and terpenoids have been
described [4,5]. These substances are also called isoprenoids, as their structure is derived from the
isoprene molecule (CsHs) [4,6]. Whereas basic terpenes are aliphatic or aromatic cyclic (e.g. a-pinene,
B-caryophyllene, y-terpinene, p-cymene, limonene) or acyclic (e.g. myrcene) hydrocarbons,
terpenoids are modified terpenes with various methyl groups and functional groups containing
oxygen. Based on the functional groups, they can be divided into alcohols (e.g. geraniol, linalool,
menthol), aldehydes (e.g. citral), epoxides (e.g. 3-caryophyllene epoxide, 3-cedrene epoxide), esters
(e.g. geranyl acetate, linalyl acetate), ether (e.g. 1,8-cineole, anethole), ketones (e.g. carvone) and
phenols (e.g. carvarol, thymol). Although there are differences in sensitivity between various
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bacterial species, the antimicrobial activity generally decreases in order: phenols > aldehydes >
ketones > alcohols > esters > hydrocarbons [3-5,7]. Terpenes (and subsequently terpenoids) can be
also divided into several classes depending on the number of condensed isoprene molecules.
Monoterpenes (2 isoprene units) are the predominant components of EOs (90%), followed by
sesquiterpenes (3 isoprene units) [3-7].

The last important class of EOs’ components are phenylpropenes and phenylpropanoids. The
name refers to the fact that plants synthesize them from phenylalanine, an aromatic amino acid.
Although they are generally less common than terpenes, they may represent the major component in
some oils like cinnamon EO or clove EO. The major phenylpropanoids are cinnamaldehyde and
eugenol, but also cinnamyl alcohol, chavicol, estragole, isoeugenol, safrone or vanillin belong into
this class [3,5].

EO is generally a mixture of approximately 20-60 chemical substances at various concentrations,
but some EOs may contain even several hundred different components [4]. The primary constituents
of EOs can make up as much as 85% of the total composition, and typically, they determine the
biological characteristics of EOs. Nevertheless, the remaining 15% consists of minor components.
Despite their lower presence, these minor components play a crucial role in biological activities by
synergistically interacting with the major constituents [2,4,8].

The practical utilization of EOs is wide — traditionally in perfumery, aromatherapy and
pharmacy, currently in both human [9] and veterinary medicine [10]. Their flavoring, antimicrobial
and antioxidant properties also find use in cosmetics [11] and food and beverage industry [12-14]; in
agriculture EOs are used against plant diseases, pests, and weeds [15]. The potential for application
of EOs in large scale has been increasing not only due to the higher degree of knowledge and
technological advancement, but also thanks to the inclination of part of population to natural
products as alternatives to industrial, synthetized antibiotics (the efficacy of which is threatened by
increasing resistance among the target organisms) and food additives (with possible negative side-
effects on human health) [16].

Given the number of plant species, subspecies and chemotypes, there are plentiful possible
sources of essential oils with beneficial properties. It has been estimated that about 3000 various EOs
are known so far [8], but only part has been scientifically studied and only about 100 of the most
common EOs have its own ISO norm with specified characteristics. The interest in EOs is
demonstrated by increasing number of publications per year dedicated to EOs (Figure 1) and
establishment of specific scientific journals - Journal of Essential Oil Research (since 1989) and Journal
of Essential Oil Bearing Plants (since 1998).

For assessment of efficacy of conventional antibiotics, standardized procedures have been used
for years. The antibacterial properties of EOs has been studied for a shorter period of time and no
standardized method has been officially established so far. The researchers usually adapt methods
used for antibiotics as described by CLSI (Clinical & Laboratory Standards Institute) or EUCAST for
EU (European Committee on Antimicrobial Susceptibility Testing) organizations, intended for
determination of susceptibility of microorganisms as surveillance of occurrence and spreading of
resistance to antibiotics [17-19]. However, lipophilic, volatile substances in EOs may not be suitable
for testing by the same methods as conventional antibiotics [18]. Differences in experimental
conditions may lead to big variances between results even when using the same method in principle
[20]. This can lead to variations in results between research groups [18].
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Figure 1. Trend in publications on EOs between 1980-2023 with “Salmonella” as reference topic (Web
of Science survey from 11/07/2024).

The aim of this review is to summarize the most frequently used methods and their various
modifications, analyze the variables and the published data, and suggest the most fitting procedures
for analyzing antimicrobial activity of EOs.

2. Determination of Minimum Inhibitory Concentration (MIC)

MIC can be described as the lowest concentration of the tested EO that inhibits the growth of the
tested microorganism. MIC determination allows quantitative measurement of the in vitro
antimicrobial activity, providing results in easily interpreted units. Knowledge of the effective
concentration can be further used in practical application of EO’s in foodstuffs, medicinal products,
etc., although it is a well-known fact that due to the complexity of real matrices the EOs are generally
effective in much higher concentrations than in in vitro studies [6,16,21].

The determination is based on incorporation of different (usually two-fold) concentrations of the
EO into the medium together with a standardized inoculum of the tested microorganism. The series
of EO’s dilutions can be prepared in either liquid (broth dilution) or solid (agar dilution) non-selective
medium. A positive control (without the tested EO) should be always included. Multiple studies used
also one or more antibiotics as negative controls [22-28]. In broth dilution, negative controls without
the testing microorganisms may be used to exclude any contamination during pipetting [29-31].

2.1. Broth Dilution Method

Broth dilution, and especially microdilution, is a popular method, highly standardized for
testing of antibiotics [17-19]. The most important variations of this method include use of solvent
(emulsifier), broth type, units and determination of the MIC endpoint [18,19]. For macrodilution (tube
dilution) method, volume of 1 — 10 mL is used, whereas for microdilution method the volume < 0.5
mL (most usually 0.1 mL in a 96-well microtitration plate) is used [32,33]. The major drawback of the
macrodilution method is the larger amount of EO and medium used, larger space used in the
incubators and greater labor during pipetting due to the impossibility to use a multi-channel pipette,
which may easily lead to errors [19]. The methodologies generally originate from standardized
methods on testing of antibiotics, where 1 mL is required as the minimum for broth macrodilution
[34]. In practice, the final volume of 1 mL [35], 2 mL [36-38] or as much as 10 mL [39,40] has been
used for testing of EOs.

Broth microdilution has been much more in use during the past decades (Figure 2), both for
economic reasons and reproducibility [19]. However, some studies suggest that the transition of the
vapours between wells can affect the microplate assay results [30,37].
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Microplates treated with surface coating intended for tissue cultures should be avoided, as such
surface was proved to partially bind the lipophilic antimicrobials, leading to increased MIC [33,41].
Similarly, microplates with special non-binding, hydrophilic coating showed lower MIC values for
lipophilic antibiotics than the other polystyrene microplate types [41].

MIC 5162

zone of inhibition

2322

MIC microdilution - 1023
MIC macrodilution I 113
MIC mg/mL [ 1150
MIC pl/mL - 588

Figure 2. Trends in reporting the antimicrobial effect of EOs (Scopus survey from 11/07/2024). Note
that for v/v units, percentage is frequently used which cannot be the subject of a search.

2.1.1. Inoculum Density

The protocols originate in standardized antibiotic testing [34,42], which has been described in
detail in several scientific publications [19,33]. A broth microdilution method specifically for EOs has
been proposed in 2021 [43], but has not made into an international standard. Even through inoculum
size may influence the results [20], the vast majority of studies use the final inoculum size 5 x 10°
cells/mL as described in the standards, prepared from a suspension matching the 0.5 McFarland
turbidity standard [34,42]. Although in generally, the cell density in an assay and the EO’s efficiency
are inversely proportional, it may not work the same for all the EOs or their components and for all
the bacterial species [20,44].

2.1.2. Type of Broth

Most studies use Mueller Hinton Broth (MHB) as the cultivating medium for testing antibacterial
properties of EOs [26-28,41,45-56]. The reason is again the CLSI and EUCAST manuals, where cation-
adjusted MHB is the mandatory medium for testing resistance of non-fastidious aerobic bacteria to
antibiotics [34,57]. However, other authors used also Tryptic Soy Broth (TSB) [29,31,37,43,58], Brain
Heart Infusion (BHI) [24,30,59,60], Luria-Bertani broth [35,61-66] or Nutrient broth [39,67-70].
Although TSB showed significantly lower MIC values than MHB (p < 0.001) and BHI (p = 0.006) in
my previous study [71], the differences would be insignificant in a two-fold dilution assay. However,
the disadvantage of MHB is that the medium is less nutritious and requires supplementation to allow
growth of even mildly fastidious microorganisms, which may pose a problem when comparison of
various bacterial species is the aim of study.

2.1.3. Stabilization of the oil-in-Water Mixture

The use of solvents and/or emulsifiers for dissolving of EOs has been long discussed [8,20,55].
The lipophilic nature of EOs is important for their antimicrobial properties, as it allows them to
dissolve in the cell membrane, leading to increased permeability and loss of intracellular matrix, and
to pass through the phospholipid bilayer of the bacterial cell membrane, exerting the inhibitory effect
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on in-cell targets [4,6,16]. On the other hand, the same key feature may lead to problems with
dispersion of the hydrophobic compounds in aqueous phase represented by the cultivation medium.
Although some authors did not find the use of dispersing agent necessary [31,48,59,68], especially
with constant shaking during incubation [64], most studies used various methods how to ensure the
maximum contact of EO with the target bacteria.

Chen et al. [55] studied the dispersion of carvacrol in water and MHB after 2 min and 12 h
without shaking. Although carvacrol (unlike the bacterial cells) tended to accumulate in the upper
layer, it was visibly much better dispersed in broth than in water, as vigorous shaking in broth led to
an emulsion like solution and only slow separation into a hydrophilic and a hydrophobic phase,
especially at lower concentrations. Addition of lysed horse blood (2%), a necessary growth
enrichment for fastidious bacteria, was also reported to act as surfactant [41]. In determining if any
stabilizing agent is necessary, the solubility of the major components of the EO in question should be
taken into account, as many of the compounds are partially miscible with water (Table 1). Eucalyptol
(eucalyptus, rosemary), eugenol (clove), linalool (coriander seed, lavender), carvone (spearmint) and
trans-cinnamaldehyde (cinnamon) may not need aid in broth dissolution, carvacrol (oregano) and
thymol (thyme) are less soluble and menthol (peppermint), citral and limonene (lemongrass, citrus)
will need solvent/ stabilizer to prevent stratification in the broth. It is worthwhile to highlight that
terpenes are generally less water soluble than terpenoids and that the solubility may differ between
various batches of EO of the same botanical species, as poorly soluble terpenes p-cymene and y-
terpinene are precursors of much better soluble, phenolic monoterpenoids carvacrol and thymol,
respectively, and their ratio may vary between geographical regions, chemotypes and harvesting
seasons [8].

Table 1. Solubility of major EOs components in water at 25 °C [68].

Compound CAS number  Solubility [mmol/l] Solubility [mg/1]
a-pinene 80-56-8 0.035-0.039 4.80 -5.27
Carvacrol 499-75-2 6.65 —8.32 999 - 1,250
Carvone 6485-40-1 8.65-11.0 1,300 - 1,652

Citral 5392-40-5 1.58 -3.80 241 -578
Eucalyptol (1,8-cineole) 470-82-6 20.1-22.0 3,100 - 3,388
Eugenol 97-53-0 15.0 2,463

y-Terpinene 99-85-4 0.064 8.68
Geraniol 106-24-1 5.00 771
Limonene 138-86-3 0.064 - 0.220 8.71 -30.0
Linalool 78-70-6 9.71-12.0 1,498 — 1,851
Menthol 89-78-1 2.92 456

p-Cymene 99-87-6 0.174-2.98 23.3 - 400
Thymol 89-83-8 5.70 - 6.65 856 — 999
Trans-cinnamaldehyde 14371-10-9 14.0 1,850

The most common solvents for dilution of EOs are dimethyl sulfoxide (DMSO) [23,26—
28,30,49,60,63,70] and ethanol [25,35,45,58,69,73], used alone or in combination with an emulsifier,
followed by methanol [22,24,74]. The solvent is usually used only to prepare stock solution of EO
which is further diluted by broth in the assay [23,30,45,51,58,63,70,74], but some authors spiked the
broth instead [26,27,49,60]. Whatever diluent is used, it is crucial to verify that the maximal
concentration used in the assay won't interfere with growth of the tested bacteria by including it in
the positive control [41,55,75]. In the study of Wadhwani et al. [75] ethanol was found to be the less
appropriate solvent as it was the most inhibitory against the tested bacteria. On the other hand, no
difference between the solvents was found in agar dilution for Escherichia coli [55]. However, both
studies suggest to decrease the final concentration of the solvent in any assay as much as possible,
with the recommended value < 1%, in order to prevent potentiation of antimicrobial effect of the
tested EO. Although many studies are within these parameters [23,26,30,60,62], some used 2%, [75]
3% [49], or even 4.4% [28] of DMSO as the final concentration. The antimicrobial effect of the solvent

d0i:10.20944/preprints202407.2507.v1
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may be species dependent and is necessary to verify in advance, especially for testing of fastidious
species.

Non-ionic surfactants can also stabilize the emulsions of hydrophobic EOs. Polysorbate 80
(Tween 80) [29,37,41,43,50,51,63,77-80] has been used in many studies as emulsifier, either alone or
in combination with solvents [63]. Deceleration of the separation process of EO from the water phase
enables a more efficient inactivation of bacterial cells [44]. It was also suggested that Tween 80
reduced binding of the lipophilic antibiotics to the plastic surface of the microtiter plate [41].
However, 0.5% of Tween 80 had inhibitory effect on Helicobacter pylori [81]. Nielsen et al. [78] noted a
stimulating effect of Tween 80 itself on growth of Staphylococcus aureus and inhibitory effect to
Pseudomonas fluorescens in concentration of 0.1%. It was also stipulated that Tween 80 at higher
concentrations forms such small micelles that EO is entrapped inside and not in contact with bacteria,
whereas the bigger droplets are more effective [20,44]. On the contrary, Tween 80 and Tween 20 has
been repeatedly used to create micro- and nanoemulsions of EOs which showed higher antimicrobial
efficacy than the EO itself, the efficacy increasing with decreasing size of droplets, and higher
concentration of the emulsifier generally creating smaller droplets [80,82,83]. In addition to this
controversy in using Tween, the emulsion may show an increased turbidity, which can pose a
problem for assays measuring optical density [8].

In order to avoid the possible interactions of EOs or bacteria with solvents and detergents,
addition of agar in concentration 0.15% was used in multiple studies to stabilize the dispersion
[8,39,47,56,61-63]. The methodology was introduced by Remmal et al., who produced a stable,
homogenous dispersion using broth with 0.2% of agar [37,84]. MIC in assay with agar was
significantly lower in comparison to Tween 80 (0.25%) or ethanol (0.2%). Similarly, Mann and
Markham [85] reported no evident separation of tea tree EO from nutrient broth supplemented with
0.15% of agar, in comparison to 0.2% of DMSO, 2% of ethanol or 0.5% of Tween. In the study of
Thielmann et al. [28] agarose (0.15%) was used instead of agar. Unfortunately, suspensions of some
EOs were clouded and DMSO had to be used instead. Similarly, Bouyahaya et al. [62] used agar to
stabilize EO for MIC determination by broth microdilution, but for the kinetic measures based on
optical density, the EO was diluted in DMSO instead.

Emulsification may be also achieved by sonication [43,53,81]. The method is often part of
preparation of EOs’” nanoemulsions. Ultrasound waves create local pressure and turbulences in the
liquid leading to collapse of larger oil droplets and creation of multiple droplets with smaller
diameter [81,83].

2.1.4. Endpoint Determination

Large variability is in how to determine the endpoint — the concentration at which the tested
microorganism does not grow. Many authors use visual determination of the MIC (bacterial growth),
as determined by pellet formation or visible turbidity of the liquid medium
[29,31,39,49,50,67,69,71,74,80]. For a pellet formation, microtiter plates with U-shaped bottom should
be wused, without rotation/shaking during incubation. Unfortunately, some fastidious,
microaerophilic bacteria like Helicobacter spp. may not grow luxuriously in liquid medium, thus
making the growth detection by naked eye unfeasible [81], or they require an addition of lysed blood
for their growth, which darkens the medium and makes the reading difficult. Even for non-fastidious
bacteria it may be hard sometimes to say if the medium is really clear or very slightly hazed.

For easier and more precious MIC determination, various colorimetric assays with a redox
indicator have been published (Figure 3). Resazurin is used most often [23,43,47,52,55,56,62,70,85],
based on the principle of its reduction to fluorescent resorufin by mitochondrial enzymes of
metabolically active cells [47,86]. The addition varies from 5 to 30 puL per 100 pL with final
concentration 0.001 — 0.002% [43,47,52,55,56,62,85]. The dye is added after incubation, and the assay
is further incubated usually for 2 h [47,56,62,85], although 0.5 h [43], 1 h [55] or even 2-4 h [52] were
reported in various studies. Alternatively, 10 pL of resazurin solution (270 mg in 40 mL) can be added
prior incubation [23,70,86]. This procedure is more practical, since the dye can be pre-mixed into
medium used for preparation of EO solutions, reducing the necessity to mix each well. Color changes
from blue (negative) to pink (positive), while discoloration indicates a reversible reduction of
resorufin to dihydroresorufin [85]. The color change is easy to read by naked eye, or by a microplate
reader measuring absorbance or fluorescence [85,87]. However, fluorescence reading is possible only
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in assays where resazurin is added post incubation, since the colorless dihydroresorufin formed after
prolonged incubation does not fluoresce [86].
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Figure 3. Examples of broth microdilution assays used for testing of EOs with different end point
determination: (a) MHB with 0.15% of agar (mMHB); (b) mMHB with resazurin added after
incubation; (c) mMHB with tetrazolium (INT); (d) mMHB with phenol red; (¢) mMHB with resazurin
added before incubation.

Tetrazolium assays are about as much in use as the ones with resazurin. The principle is
transformation of more or less colorless tetrazolium salt to a brightly colored, water insoluble
formazan by reducing cellular (predominantly mitochondrial again) enzymes (oxidoreductases and
dehydrogenases), thus indicating respiratory activity [45,87,88]. Tetrazolium chloride (tetrazolium
red, TTC) has been historically most used [25,35,51,73,88], followed by tetrazolium bromide (thiazolyl
blue, MTT) [30,88,89] and iodonitrotetrazolium chloride (iodonitrotetrazolium violet, INT)
[27,45,81,88]. The color change of tetrazolium usually takes place within 10-60 min [88]. Although
Klan¢nik et al. [45] did not find any differences between TTC and INT, they recommend INT to
indicate the viability of aerobic bacteria. In the study of Ellof [88] INT was also found to be the best
indicator, as its formazan stayed stable and there was no color change in negative control. Moreover,
INT and MTT worked at concentration of 0.2 mg/mL, which was ten times lower than the minimal
working concentration for TTC [45,88]. As is the case of solvents and detergents, toxicity of the chosen
dye should be checked in advance for testing of nonstandard, fastidious bacteria, for which
tetrazolium or resazurin may be toxic [86]. Negative control is also very important, as the antioxidant
(reducing) potential of EOs could in theory affect the results [45,87].

Several authors also used Mueller-Hinton broth supplemented with 0.02 g/L of phenol red
[77,79,90], which works as a pH indicator, changing color during incubation from red (negative;
alkaline pH) to yellow (positive; acidic pH). The color change would be enhanced due to absence of
buffering compounds in Mueller-Hinton broth. Knezevic et al. [60] added Christensen’s urea broth
into BHI after incubation and incubated the assay for the next 4 h for MIC determination of various
EOs against Helicobacter pylori.
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Klanénik et al. [45] used ATP activity to determine MIC of plant extracts against Campylobacter
spp., getting results comparable to the INT and TTC assays. Inhibition of intracellular ATP synthesis
and leakage of ATP outside the bacterial cell is one of the mechanisms of the antimicrobial effect of
EOs [3,4,7]. A commercial reagent causing cell lysis and oxidation of luciferin by luciferase, followed
by measurement of luminescence by a microplate reader was used in the study [45].

The last but not least common method is spectrophotometric measurement of optical density
(OD). A minor variability exists in published wavelength, using 600 nm [37,60,65,68], but also for
example 531 nm [91], 570 nm [92], 620 nm [22] or 655 nm [61], depending on the instrument.
Donaldson et al. [37] found MICs from INT and OD assays highly correlated, when determining
activity of multiple EOs. MIC is defined as the lowest concentration at which OD doesn’t increase
after incubation in comparison to initial measurement [44], although percentage of inhibition (50, 90
or 100%) in comparison to the control reading has been computed instead in several studies [37,91,92].

2.1.5. Units of MIC

Based on the survey of Scopus database, MIC is mostly expressed in mg or pg/mL (w/v),
although many studies use pl/mL or percentage (v/v) (Figure 2). Using different units makes it
difficult to compare MICs from different studies. While using v/v units based on pipetted volumes is
easier for the researchers, w/v represent a more precise result. The conversion of units is based on
density of EO, which is unfortunately not listed in each study. In one of the key reviews on EOs [8]
the results were all conversed to pL/mL for easier comparison, assuming the same density of EOs as
water. The relative density of EOs at 15 °C varies between 0.696 and 1.118 [93]. While most of the EOs
are less dense than water, cinnamon EO, clove EO and sassafras EO show a higher density [94].
Although the results will not differ by an order of magnitude, the unification of units would help in
cross-study comparisons.

2.2. Agar Dilution Method

The principle of the method is mixing of diluted EO at different concentrations with defined
amount of melted agar; after agar solidification, specific number of bacterial cells is spot-inoculated
onto the agar surface [6,19,33]. As with broth dilution, MIC is the lowest concentration that totally
inhibits the bacterial growth [34].

Similar to broth dilution, the most important variations of this method include use of
solvent/emulsifier, agar type and units. Inoculum is usually used according to official guidelines for
antibiotic testing. Briefly, bacterial suspension of approx. 108 cells/mL is prepared using 0.5
McFarland turbidity standard/OD measurement, tenfold-diluted and 1-2 pL are spot-inoculated on
agar, leading to approx. 10* cells being applied per a spot. The inoculum is not to be diluted if a
replicator with smaller pins (dispensing only 0.1-0.2 pL) is used [34]. The same standard was kept in
miniaturized methods [55,95], but in some of the 24-well plate methodologies, each well was
inoculated with 20 and 50 pL, respectively [96,99].

Although most of studies use Mueller Hinton agar (MHA) as the cultivation medium
[55,95,98,100,103,104], some researchers have used Tryptic Soy agar (TSA) [97,101,102] or BHI agar
[99,105], either alone or nutrients-supplemented in the case of fastidious bacteria. Similarly to the
broth dilution, some studies use solvents/emulsifiers for even distribution of EO in the agar, namely
1-2% of DMSO [95,99] or 0.5% of Tween [103,104]. The question is how much is their presence needed
in a solid medium, with the agar itself working as a stabilizer as described in the chapter about broth
dilution. However, the solvents may be still useful for preparation of the stock solution of EOs.

The method has several advantages and disadvantages to consider before use. Given the method
of inoculation, it allows for testing of multiple bacterial strains using only one set of plates. When
using a multi-point inoculator, up to 60 strains can be inoculated on a 90 mm plate [19], and about
half the amount by hand pipetting technique (Figure 4). This ensures identical testing conditions
suitable for strain comparison when testing a single EO or EO component [33]; however, for testing
of multiple EOs on a small amount of bacterial strains, disc diffusion or broth dilution may be a better
choice. The second major advantage is oxygen or other gases (COz, N2, Hz) availability, making agar
dilution more suitable for fastidious anaerobic or microaerophilic bacteria (e.g. Helicobacter pylori,
Campylobacter spp., Neisseria gonorrhoeae), which may grow more poorly in broth dilution (especially
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macrodilution), where the bacteria are dependent on the dissolution of gases into the liquid medium
[6,19,20]. What more, necessary incorporation of growth promoters (blood, vitamins) into agar has
no effect on MIC readability, as well as natural opacity or coloring of natural substances including
EOs [6,19,95].

Figure 4. Examples of agar dilution assays with visible growth/inhibition of the tested strains (1 pL of
inoculum).

Among disadvantages, larger used up volume of EO and medium is most frequently mentioned.
When using Petri dishes 100 mm in diameter, sufficient amount of agar must be added (about 3-4
mm in height, corresponding to 25 mL) to create a sufficient layer resistant to desiccation [33]. For a
90 mm Petri dish, 20 mL is standardly used [55]. This means that higher amount of EO is used up to
prepare a set of plates with different concentrations in comparison to broth dilution, not to mention
broth microdilution [33]. The amount of the material may be cut down by miniaturization. An agar
mini-dilution method for determination of MIC of EOs has been recently published [55]. The method
used 35 mm Petri dishes with the final volume of 6 mL, mixing 3 mL of double strength MHA with
3 mL of diluted EO. Agar microdilution method of Golus et al. [95] used mixing of EO and MHA in
Eppendorf tubes before dispensing 100 pL into a 96-well microplate, with inoculation of one strain
per a well using a multichannel pipette. Some authors adopted agar dilution method using 24-well
plates [96-102] with the final volume of 500 pL and inoculated with a single strain.

Unlike in broth dilution, the agar must be tempered to 45 — 50 °C [33,34] to stay liquid, which
means that the temperature of EO after mixing is increased. In the agar microdilution method [95],
the mixture was kept at 50 °C in a ThermoMixer before dispensing. Temperature can influence some
physicochemical properties of EOs, including vapor pressure. Since EOs with different composition
may differ in volatility, increased temperature especially with agitation could enhance vaporization
and loss of the highly volatile EO components [20]. The recommended agar temperature should not
be exceeded, and for comparison of different EOs other method of MIC determination should be
considered, although of course some evaporation during incubation will occur even in broth dilution
[30].

The agar microdilution still has a great potential as a rapid and cheap method, as it was reported
to show higher accuracy and reliability than the broth microdilution or agar dilution method [55],
and generally slightly lower MIC values in comparison to broth microdilution. The authors suggested
that due to the small amount of agar in the well (100 pL), the medium solidified sooner than any
separation of EO and water phase could occur [95].

3. Determination of Minimum Bactericidal Concentration (MBC)

Determination of MBC is usually engaged as a complementary measurement to the
determination of antimicrobial activity by MIC by broth dilution. It can be defined as the minimum
concentration of EO which devitalizes the tested microorganism. The usual method of determination
is based on plating out 2 — 100 pL (most frequently 10 pL) from each tube/well showing negative
visible growth after incubation, as the MBC can be either equal to or higher than MIC. The agar for
plating wusually corresponds to the broth used for MIC determination [22-25,27,29,47—

d0i:10.20944/preprints202407.2507.v1
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50,58,61,62,65,67,73,74,77,81]. Subcultivation of 100-fold dilutions in broth instead of plating on agar
has been described, too [69]. By checking for visible growth in medium without the tested EO, it can
be determined if the microorganism was lethally damaged or only inhibited but still able to multiply
under more favourable conditions. The most precise method is based on enumeration of initial
inoculum by plating of serial dilutions and its comparison to CFU counts in various EO’s
concentrations from MIC determination. MBC is determined as the lowest concentration decreasing
the initial inoculum by 99% [64], although the definition by CLSI gives the value 99.9% [19,44].

4. Kinetic Studies

Kinetic studies (time-kill assays, survival curves, curve-assays) are used to determine the time
needed for total elimination of the tested microorganism and to validate the MIC and MBC values.
Kinetic studies may include growth curves, using concentrations lower than MIC (e.g. 1/2, 1/4)
[18,62,65,97], or inactivation curves, using the concentrations around MIC or higher (e.g. MIC, 2x
MIC) [39,45,56,65,90,98,99].

The easiest way how to conduct growth kinetic studies is to use a microplate reader, reading OD
in the liquid medium during incubation at pre-set time intervals [18,62,65,66,97]. Alternatively, small
amount of the medium is diluted, plated out and enumerated at several times
[19,21,39,45,56,65,91,98,99]. While this method is much more laborious in comparison to OD
measurement, it’s actually the only way how to get the inactivation curves.

5. Agar Diffusion Methods

Diffusion methods are usually used as preliminary screening methods to determine if the tested
EOs have at least some antimicrobial activity. By testing multiple EOs in a rapid, easy and cheap
manner, EOs with very low to none antimicrobial activity can be eliminated from further testing.
Since the result is rather semi-quantitative, it is strongly recommended to follow up with MIC
determination. Diffusion method is considered less comparable between various studies on EOs than
MIC, for parameters such as agar thickness and amount of EO vary considerably [8,20].

Figure 5. Examples of agar diffusion assays with zones of inhibition: (a) agar disc diffusion; (b) agar
well diffusion. 1 = cinnamon EO 10 pL (a) and 20 pL (b), 2 = positive control (tetracycline
disc/solution), 3 = negative control (sterile distilled water). Disc/well diameter 6 mm.

The principle of the assay is diffusion of the antimicrobial components of EO into agar plates
inoculated with test strain, inhibiting the growth of the test strain around the spot (disc or well) where
the EO was applied. Both positive (a conventional antibiotic disc/solution) and negative (sterile
distilled water) control should be used. The plates are left alone for 30 min to allow EO to defund
before incubation. After incubation, a zone of inhibition is created (Figure 5) and its diameter
measured and reported in mm [19,21,44,88]. However, the size of inhibition zone has no practical use,
as it does not indicate which concentration can be effective in applied research (food model, medical
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treatment etc.). Although MIC can be calculated from the zone of inhibition size (and vice versa) for
common antibiotics [19], no such algorithm has been validated for EOs. Several authors used agar
diffusion method to determine MIC, using not the pure EO, but its dilutions. MIC was defined as the
lowest concentration of EO which produced an inhibition zone after incubation [45,80,107]. However,
the MIC obtained by agar diffusion were reported to be generally higher that the MIC obtained by
dilution methods [45]. In many studies, the zone of inhibition size did not even correlate with MIC
values [37,47,62,69,88]. The commonly used explanation is that the EOs diffuse differently into the
agar depending on their polarity. The EOs richer in compounds with better water solubility (Table 1)
will diffuse more quickly and create larger inhibition zones, whereas the hydrophobic compounds
would tend to remain on the agar surface and gradually evaporate during incubation. Thus even if
the zone of inhibition is not created or is small, the EO may be in fact still effective [44,45]. Due to the
volatile nature of EOs, many authors do not consider agar diffusion methods suitable for testing of
EOs at all [45,88,98].

It should be noted that for screening purposes some authors use sensitivity of EO evaluation
based on size of inhibition zone. It would be better described as EO’s efficiency or strain sensitivity.
EOs with inhibition zone diameter < 8 mm can be considered non-efficient, whereas the EOs with
inhibition zone > 15 mm are considered very efficient and > 20 mm is considered extremely efficient
[27,52,54,108]. On the other hand, another highly cited study used the limits for zone of inhibition <
12 mm (not inhibitory EO) and = 20 mm for strongly inhibitory EO [109]. Although slightly different
in the methodology, both original publications use 6 mm discs [108,109].

Last but not least, the zone of inhibition was measured from the edge of the disc/hole to the outer
edge of the inhibition zone in one study [37], whereas in the others it was measured as a diameter or
was not specified. Diameter is the standard measurement for the Kirby-Bauer method according to
CLSI and EUCAST [56,103], whereas the other definition of inhibition zone is used in detection of
residues of antibiotics in animal food products by plate method. Since the diameter of zone of
inhibition is obviously primarily affected by the disc/hole diameter, any variability in disc/hole size
makes for difficult comparability between studies.

5.1. Disc Diffusion Method

Generally, there are two types of diffusion methods: disc diffusion and well diffusion. Disc
diffusion method is much in use, since it is rapid, easy to perform and standardized for antibiotic
testing. Both CLSI[106] and EUCAST [57] use it as the reference method for both common and certain
fastidious microorganisms. Although the method originates from 1940s [19], it has been validated 20
years later and became known as Kirby-Bauer method [106]. Both CLSI and EUCAST prescribe the
use of MHA, if needed supplemented with either 5% of sheep blood [106] or horse blood and 3-NAD
[57]. Most studies on EOs also engage MHA [22,37,45-48,50,51,61,98,103,110], other media such as
nutrient agar [80] or BHI agar [24] are rarely used. Fastidious Anaerobe Agar is recommended for
testing of anaerobes by the EUCAST manual [57]. The manuals offer some level of standardization
for the agar depth (approx. 4 mm) and inoculum size (McFarland standard 0.5, corresponding to
approx. 108 cells/mL). However, the disc impregnation with EO is left to imagination.

When testing EO, pure oil is applied on a paper disc, although some authors used dilutions of
specific weight of EO in ethanol [22], methanol [24], DMSO [27] or water with DSMO with Tween 80
for better diffusion [103]. A 6 mm paper disc can be considered the standard [22,27,45-
47,50,51,59,61,70,80,103,110], but 5 mm [98], 7 mm [107,112], 8 mm [37] or even 10 mm [48] have been
occasionally used. One study mentioned using three layers of the filter paper [46], while the other
studies seem to use only one layer. Most of studies only mention filter paper, a few studies specify it
as grade 1 [67,70] and another as grade 3 [112] or 5 [103]. Most importantly, even the volume of EO
applied onto the disc varies a lot among the studies, with no connection with disc diameter. A 6 mm
disc with 10 puL seems to be the standard [45,47,50,51,59,110], although 4 pL [98], 5 pL [61,112], 15 pL.
[22,37] or 20 pL [24,46,70,80,107] were used in other studies. Dipping of the disc into EO should be
totally avoided, as the volume of EO soaked up by the paper cannot be regulated.

Given the above mentioned variables, the sizes of inhibition zones are entirely incomparable
between different studies.

5.2. Well-Diffusion Method
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This variant of agar diffusion is less in use, since it is more laborious than the disc method.
Instead of placing paper discs on the agar surface, wells/holes are drilled out into the agar and filled
with EO or its solution. A sterile borer can be used or replaced by a sterile pipette tip with a sharp
rim. The agar plugs need to be efficiently removed out of the wells. Some authors use Oxford cups to
either pour agar around to create the wells [62], or the cylinders are simply placed on top of the agar
plate and filled with EO [69]. The inhibition zone is affected by both the diameter and depth of the
well. What more, during drilling the agar layer may separate from the bottom of agar plate resulting
in leakage of EO from the well. The bottom of the well thus should be sealed by a few drops of molten
agar before application of EO [56], which makes the whole method even more laborious.

The main variables include hole diameter, volume of EO tested and medium. Although the most
common hole diameter is 6 mm as for the disc method [35,64,69,80], use of 4 mm [37], 7 mm
[54,56,107] and 8 mm [62] wells have been published. Besides MHA [37,54,56,107], many authors
used Luria-Bertani agar [35,62,64,89] or Nutrient agar [69,80]. The volume of EO include 10 [56,89] or
15 pL [37], but also larger volumes such as 50 pL [54,62,80,107], 80 pL [64], 100 pL [35] and even 200
uL [69]. However, the larger volumes are possible only when using the Oxford cups.

Although results of disc and well diffusion method strongly correlate [37], the level of diffusion
and vaporization can be slightly different, creating different concentration gradient and not identical
size of inhibition zone (Figure 5,[37]).

6. Antimicrobial Activity in Vapor Phase

Due to the high volatility of EO’s components at ambient temperature, they exhibit bioactivity
in the vapor phase [30]. This is advantageous for developing inhalation therapies, for room and air
disinfection, sterilization and protection of stored fresh produce (e.g. in controlled atmosphere), and
for extending the shelf-life of foodstuffs by active packaging [44,112]. Incorporating EOs into a
biopolymer matrix offers several benefits, such as avoiding labelling of EOs as food additives, and
reduced negative impact of EO on the sensory properties of the product [5,21,113]. However, similar
to their liquid phase counterparts, vapours are less effective on food than in vitro [113].

Several studies have reported morphological changes in bacteria exposed to EOs’ vapors,
including reduced membrane potential, decreased intracellular pH, increased cell permeability and
loss of intracellular ATP, mirroring the effects observed in the liquid phase [113].

Although many studies concluded that EOs were more potent inhibitors in vapor form
[5,64,113,114], others found it quite the opposite [110,115]. One suggested reason for the increased
efficacy in the vapor phase is that lipophilic molecules cumulate to form micelles in the aqueous
phase, which limits the contact of the EOs with the microorganism, whereas the vapor phase offers
full contact. The antimicrobial activity in the vapor phase is attributed to the presence of highly
volatile compounds. It was found that using the disc diffusion method, only water-soluble molecules
diffused deeply into the agar, while the other molecules created inhibitory effect by redeposition on
the agar surface after previous vaporization. EOs containing alcohols, ketones, esters, oxides, and
hydrocarbons showed more distinctive inhibition from vapors, whereas EOs with higher aldehyde
content showed inhibition primarily through diffusion [113]. Therefore, assessing the antimicrobial
properties in both liquid and vapor phase can provide valuable data.

Despite this, the liquid phase is predominantly used in the studies instead of the vapor phase.
Susceptibility testing of microorganisms to EOs and their volatile components using standard broth
and agar methods is arduous due to their high volatility, viscosity and hydrophobicity. Unlike the
standardized methods for antimicrobial susceptibility of conventional antibiotics, there are no such
assays for volatile compounds in the vapor phase [30,115].

The vapor phase assay for EOs, first described by Lopez et al. [114], is based on disc diffusion
method. Agar plate is prepared in the same way, but EOs are added to sterile filter discs placed on
the inner side of lid of each Petri dish, which is incubated bottom up. Some modifications have been
made to avoid direct contact between the essential oils and the plastic lid [44,113]. As with the disc
diffusion, undiluted EO is used and the diameter of zone of inhibition measured [110,115].
Alternatively, several plates with dilutions of EO are prepared and the MIC is determined as the
lowest concentration that produces a visible inhibition zone [44]. MIC (or MID, the Minimum
Inhibitory Dose) is expressed in pL of EO per volume unit of air inside the Petri dish [44,113-115].
The volume of free atmosphere must be calculated depending on the dish diameter and thickness of
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agar layer and the Petri dish is sealed with parafilm to minimize the leakage. It should be noted that
for this purpose sealing is sometimes, but not always, noted also in direct contact agar diffusion
studies [35,95,103,110].

A four-sectioned Petri dish adaptation of the disc volatilization method has been proposed,
allowing testing of four microorganisms on the same plate [116]. More recently, a broth microdilution
[117] and macrodilution [30] volatilization assays were published, combining broth dilution and disc
volatilization methods. Whereas in the wells of microplate, the EO was tested in liquid phase, small
amount of agar was pipetted on the lid for testing in vapor phase. The growth was visualized by MTT
dying. However, since there were some drawbacks in the microdilution, macrodilution was proposed
[30], using 2 mL Eppendorf tubes. The results were not affected by smaller amount of agar on the
microplate lid in comparison with the tube cap, and the vapors could not affect neighboring wells.

Since the methods of testing in vapor phase have been thoroughly reviewed recently [112] with
11 different procedures found in the literature described, more detailed information was not included
into this review.

7. Antimicrobial Activity against Biofilm Formation

Biofilms are specific microbial communities attached to biotic or abiotic surfaces [118]. Bacterial
cells in biofilm were found to be extremely resistant to unfavorable environmental conditions,
including treatment by antimicrobial compounds [24,70]. Biofilm formation is a major problem in
medicine and medical facilities, but also in food industry as many foodborne pathogens are able to
persist on surfaces, leading to cross-contamination and increased risk of foodborne outbreaks
[80,113,118].

No wonder that biofilm removal and prevention of its formation are important aims in studying
antimicrobial properties of EOs. The principle of the anti-biofilm effect is mostly being connected
with quorum sensing. EOs were found to inhibit expression of several genes responsible for adhesion,
decrease metabolic activity of bacterial cells and the production of proteins and polysaccharides
forming the extracellular matrix [65,80,119].

Most of studies reported both inhibited biofilm formation/cell adhesion in the presence of EOs
[24,26,62,70,80,119,120] and successful removal of pre-formed biofilm [24,35,46,62,70,80,119]. In the
study of da Silva et al. [80] on Listeria monocytogenes, S. aureus, Salmonella spp. and E. coli, oregano EO,
thymol and carvacrol decreased the adhesion by approx. 49 to 99% (concentration ¥ x MIC), while
the removal of adherent cells ranged from approx. 65 to 92% (concentration 2 x MIC). Kavanaugh et
al. [46] also reported that for some EOs, Pseudomonas biofilm was more susceptible than planktonic
cells. On the other hand, other studies demonstrated higher resistance of biofilms in comparison to
planktonic cells [26]. However, while MIC has some merit in comparison of biofilm formation and
planktonic growth inhibition, it is not much valid for biofilm removal, where MBC value for
planktonic cells (which is not always determined) makes much more sense as the testing
concentration.

Since MIC and its multiples are used for biofilm testing, standardized method of MIC
determination has its importance also here. As for methods of biofilm testing, standard methods seem
to be engaged without specific modifications for EO testing. However, as for the previous testing
methods, some authors also used solvent or emulsifiers to increase stability of EOs in the hydrophilic
environment [24,46,80]. Nielsen et al. [78] found that Tween 80 itself led to formation of less biofilm
by both L. monocytogenes and Pseudomonas fluorescens and decreased the effectivity of isoeugenol.

The methods for biofilm testing have been revised previously [118,121]. Static methods for
forming biofilms are highly favored due to their simplicity, high reproducibility, and cost-efficiency.
However, these methods have several drawbacks, including the inability to provide a continuous
supply of fresh medium and inadequate aeration [118]. Based on literature survey, microplate assay
has been engaged most for testing of EOs, using plastic plates intended for tissue culture. The
bacterial culture is either incubated directly with EO (at MIC multiples) to measure the potential to
prevent biofilm formation in comparison to control, or, to measure the potential for biofilm removal,
after biofilm formation, the wells are carefully washed out to remove waste products and planktonic
cells and fresh medium with EO (at MIC multiples) is added in the next step. In both methods, after
incubation, the cells in biofilm attached to the pore wall of the well are stained mostly by crystal violet
solution and the coloration is checked visually or mostly by absorbance measuring at 570, 590 or 595
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nm. For measurement, after rinsing and fixation the bound crystal violet is dissolved to form a
homogenously colored solution fit for measuring [24,26,35,62,65,70,80,102,119,120]. Some studies
detected the metabolic (respiratory) activity by dyeing the cells with tetrazolium salts [24,26,119],
using the wavelength 570 nm. Based on the control OD values, percentage of biofilm
inhibition/removal is calculated.

Calgary biofilm assay is an alternative to classical microplate method. In general, the assay
consists of a microtiter plate with a lid with special plastic pegs attached, so after placing the lid, each
peg is immersed into a microtiter well containing inoculated broth. During incubation with shaking,
biofilm is formed on the peg. The lid is transferred to another microtiter plate for testing of the
antimicrobial compound. This way the planktonic cells are easily removed from the assay and the
biofilm is not disturbed by washing processes [118,121]. Kavanaugh et al. [46] used a commercial
assay for testing of various EOs and EOs’ components and calculated MBEC (minimal biofilm
eradication concentration, in %) as an equivalent of MBC. The cells were released from biofilm by
sonication and enumerated by plating. MIC also has an equivalent in minimum biofilm inhibition
concentration (MBIC) [119].

Testing of biofilm formation/removal on pieces of specific materials such as stainless steel, glass
or specific plastic have been engaged far less [24,119].

Based on the literature survey, there are variations in the incubation conditions for adequate
biofilm formation — e.g. from 6 h [24] to 2 d [80,119] for L. monocytogenes. Various media have been
used in the assays, such as MHB [26,46,80], Luria-Bertani broth [35,62,65,120] or TSB [24,70,119].
However, with percentage of inhibition being a relative value counted form control, the results are
still more comparable between studies than the MIC/MBC values for planktonic cells.

8. Other methods Engaged in Testing of EOs’ Antimicrobial Activities

Since the phenolic components of EOs are known as membrane permeabilizers, microscopy
plays a significant role in observing the structural damage of membranes and cell lysis of both
planktonic cells or biofilm caused by EOs. Scanning electron microscopy (SEM) [65,97,102,119,120],
transmission electron microscopy (TEM) [70,120] and confocal microscopy (CLSM/LSCM)
[65,78,97,119,120] have been engaged in many studies for this purpose. The microscopic techniques
have been well described for example in a review of Azeredo et al. [121].

Structural changes to membranes can be also detected by measuring membrane potential using
a fluorescent probe [65,97], leakage of nucleic acids and/or proteins [62,97,120] and depletion of
intracellular ATP [65].

Other possible parameter to monitor in specific bacteria include decreased motility [70,102,120]
or increased oxidative stress by accumulation of intracellular Reactive Oxygen Species (ROS) [120]
after application of EO.

9. Conclusions and PROSPECT

Although only a small part of the relevant literature could be researched in detail, it is clear that
there’s a great variability in assays testing antimicrobial activity of EOs. Although some variables can
be reduced simply by keeping to CLSI standards for testing of antibiotics, there are still some
variables to be optimized and standardized given the unique properties of EOs, notably their
volatility and hydrophobic nature. Based on the literature research, following suggestions when
designing an experiment can be recommended:

1. Chemical composition of the tested EO/EOs should be always made available, since there’s a
great variability among EOs of the same botanical origin. Note that many journals have already
made that mandatory.

2. It is highly recommended to use multiple assays, especially when agar diffusion method is
engaged — this method is useful for preliminary studies, but should not stand alone as the only
method of investigation.

3. The assays need to be standardized as much as possible at least in the most important
parameters. CLSI guidelines can be recommended for some parameters such as media, media
preparation, inoculum size and quality control. For the disc diffusion method, a disc size of 6
mm soaked with 10 pL of EO is recommended. For broth dilution, MHB with 0.15% of agar for
better dispersion of EO seems to be the most fitting medium, as there’s no doubt about its non-
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toxicity. Use of solvents such as ethanol or DMSO should be further considered and evaluated.
If used, the maximum concentration should be stated and tested for toxicity especially when
fastidious bacteria are to be tested.
4. MIC should be reported in standardized units such as mg or pg/mL.
5. All tests should be performed in triplicate.
Especially the miniaturized dilution assays, alone or in combination with vapor phase
evaluation, should be further explored as they seem to have a great potential.
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