
Volume 9(5): 249-256 (2017) - 249
J Microb Biochem Technol, an open access journal 
ISSN: 1948-5948

Brotzmann et al., J Microb Biochem Technol 2017, 9:5
DOI: 10.4172/1948-5948.1000373

Research Article Open Access

Journal of
Microbial & Biochemical TechnologyJo

ur
na

l o
f M

icr
ob

ial & Biochemical Technology

ISSN: 1948-5948

*Corresponding author: Sudhoff H, Department of Otolaryngology, Head and Neck
Surgery, Klinikum Bielefeld, Teutoburger Str. 50, 33604 Bielefeld, Germany; Tel:
49521 5813301; Fax: 49 5215813399; E-mail: holger.sudhoff@rub.de

Received September 27, 2017; Accepted October 30, 2017; Published October
31, 2017

Citation: Brotzmann V, Schuermann M, Kaltschmidt B, Kaltschmidt C, Sudhoff  H
(2017) Improved Assays to Identify the Antibiotic Effects on Planktonic and Sessile
Bacteria Using the Example of 1.8-Cineol. J Microb Biochem Technol 9:249-256.
doi: 10.4172/1948-5948.1000373

Copyright: © 2017 Brotzmann V, et al. This is an open-access article distributed
under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original 
author and source are credited.

Improved Assays to Identify the Antibiotic Effects on Planktonic and Sessile 
Bacteria Using the Example of 1.8-Cineol
Brotzmann V1#, Schuermann M 1#, Kaltschmidt B 2,3, Kaltschmidt C2 and Sudhoff H1*
1Department of Otolaryngology, Head and Neck Surgery, Klinikum Bielefeld, 33604 Bielefeld, Germany
2Department of Cell Biology, University of Bielefeld, 33619 Bielefeld, Germany
3Department of AG Molecular Neurobiology, University of Bielefeld, 33619 Bielefeld, Germany
# Authors contributed equally

Abstract
Screening of antibiotic substances is a mandatory working step during drug development. A variety of methods 

are available to test their efficiency, they can be divided into diffusion and dilution methods. Diffusion methods in 
agar based media are rather qualitative approaches, whereas dilution methods, commonly executed in polystyrene 
microtiter plates, are frequently used to determine the minimal inhibitory concentration (MIC) and the minimal biofilm 
inhibitory concentration (MBIC50) in a quantitative way. During these standardized assays the physical properties 
of the agent, e.g. its hydrophobic properties and thermal instability, are often neglected. This study compares 
different diffusion assays for their sensitivity and improved dilution assays in respect to the thermal sensitivity and 
the hydrophobic character of antibiotics. We applied 1.8-cineol, a hydrophobic antibacterial component of essential 
oils, on the pathogen Staphylococcus aureus and investigated the influence of incubation time, cell culture vessels 
and commonly employed surfactants on the assay. The presented study describes an optimized diffusion assay and 
a protocol for the exact determination of the MIC and MBIC50 of thermally instable hydrophobic antibiotic substances. 
Our assays can be easily executed since they are based on optical density measurements and simple crystal violet 
staining.

We conclude that preliminary screenings of hydrophobic substances can be executed by the well diffusion 
method. However, for the determination of the MIC and MBIC50 we highly recommend the application of cleaned and 
etched glass tubes instead of polystyrene cell culture plates. The usage of the surfactants Tween 80 or Tween 20 
was found unnecessary and furthermore falsifying the results.

Taken together our improved standard techniques may help to better quantify the antimicrobial potential of 
hydrophobic antibiotics, e.g. essential oils. This may give new insights into the mode of action and furthermore 
enable the development of new antimicrobial substances urgently needed to fight resistances against common 
antibiotics. 

Keywords: Minimal inhibitory concentration; Minimal biofilm
inhibitory concentration; 1.8-cineol; Hydrophobic antibiotics; 
Staphylococcus aureus

Introduction
Human life expectancy has increased in the last century also thanks 

to the use of antibiotic therapy. Nevertheless, the efficacy of these agents 
is at stake since their excessive usage has raised resistances of pathogenic 
bacterial strains against common antibiotics [1]. For this reason, it is 
becoming increasingly important to find new therapeutic agents with 
broad-spectrum activities against multi-resistant bacteria [1]. One 
class of hydrophobic antibacterial agents are essential oils, which 
have been known for many centuries for their antimicrobial activity 
[2,3]. The mode of action of essential oils on bacterial cells is mainly 
linked to their hydrophobic nature, prompting them to integrate into 
the cell membrane resulting in a disruption of bacterial structures and 
an increase in permeability especially in Gram-positive bacteria [4,5]. 
In this context different essential oils were shown to possess activity 
against antibiotic-resistant pathogens such as methicillin-resistant 
Staphylococcus aureus or vancomycin-resistant Enterococcus faecium [6]. 
Furthermore, different combinations of essential oils and antibiotics were 
shown to have synergetic effects on different bacterial strains [7]. Since 
the permeabilizing mode of action of essential oils attacks bacteria on a 
rather fundamental way, the development of bacterial resistances against 
this type of substances is unlikely. In this context a study by Becerril et al. 
reported passaging bacteria up to fifty times in the presence of cinnamon 
essential oil, indicating no resistance to cinnamon bark oil [8]. Besides 

the development of resistances to common antibiotics, the treatment 
of sessile bacterial cells residing in biofilms is a further challenge in 
the medical treatment of bacterial infections. The National Institutes 
of Health (NIH) assumed 80% of all bacterial infections in the human 
body to be biofilm related especially Staphylococcus aureus (S. aureus) is 
very common in this context [9,10]. Unfortunately, a biofilm cannot be 
easily penetrated by common antibiotics [11]. Interestingly, Kavanaugh 
et al. showed that essential oils can eradicate sessile bacteria residing 
in biofilms with a higher efficiency compared to common antibiotics 
[12]. Taken together, essential oils seem to be a promising agent to fight 
antibiotic resistant Gram-positive germs and biofilm formation. For this 
reason researchers try to explore the seemingly inexhaustible reservoir 
of natural products as sources of new antimicrobial molecules [13]. 
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During drug discovery the screening of antibiotic substances 
for their potential is a mandatory working step. To achieve the most 
accurate results, physical properties of antibiotic substances, e.g. its 
hydrophobic characteristics or thermal instability, are features that 
should be considered during its antimicrobial testing. A variety of 
methods are available to examine the antimicrobial activity of specific 
substances. In general the substance of interest is either added in the 
form of a reservoir in contact to the cultivated bacteria (diffusion 
test) or diluted directly into the culture media (dilution test) [14]. 
Diffusion tests are simple and low cost methods to test the efficiency of 
antimicrobial agents, but gain rather qualitative results. One common 
diffusion test is the disk-diffusion method developed in 1940 [15,16]. 
For this assay, sterile filter paper disks with 6 mm in diameter are 
saturated with the agent of interest and placed on the surface of the 
pre-inoculated solid agar. After incubation over night the surrounding 
of the filter paper disk, displaying inhibited bacterial growth (inhibitory 
zone), is measured. A further development of this technique is the agar 
well diffusion method. In this assay wells in an inoculated agar serve as 
reservoirs for the agent [14,16]. The well diffusion method enables the 
application of higher volumes of the agent and potentially resulting in 
an increase in sensitivity. In contrast to most antibiotics, essential oils 
are highly volatile at room temperature. To assay their vapour activity, 
a paper filter is fixed at the inside of the upper lid of the petri-dish and 
impregnated with the desired essential oil [17]. 

The minimum inhibitory concentration (MIC) is defined as the 
lowest concentration of the antimicrobial agent that inhibits the visible 
growth. To detect the exact MIC of antimicrobial substances, dilution 
assays are routinely used [14]. For this method different concentrations 
of antimicrobial substances were prepared and inoculated with bacteria 
of usually 1 × 108 CFU/ml, incubated and afterwards visually checked 
for turbidity. A more exact approach to determine the bacterial 
growth is to measure the optical density at 630 nm. Dilution assays 
offer two advantages compared to diffusion assays. First of all, the 
exact concentration of the antibiotic agent in the medium can be 
determined and secondly they are more sensitive since the agent is in 
direct contact to the microorganism. The parameters mainly affecting 
the MIC are the incubation time, the type of growth medium as well 
as the inoculum preparation method. Therefore, the Clinical and 
Laboratory Standards Institute (CLSI) has standardized the broth 
dilution method for the testing bacteria [14]. The two common dilution 
methods are the macrodilution or microdilution incubated a longer 
time preferably overnight. The macrodilution assay is performed in test 
tubes or other vessel, which are able to hold a few ml of medium, while 
the microdilution is executed in polystyrene 96-well microtiterplates. 
Due to the obvious advantages of the microdilution assay (prepared 
panels, economy of reagents and space) nowadays the macrodilution 
assay is rather rarely utilized [18]. Furthermore, to determine the MIC 
of essential oils surfactants as Tween 20 or Tween 80 are most often 
applied to gain a stable emulsion between the culture media and the 
essential oil [19-23].

To measure the inhibition of biofilm formation by an antimicrobial 
agent, a microdilution assay as described above, is usually performed. 
After an incubation of typically 24 h, planktonic cells are removed and the 
remaining bacteria residing inside the biofilm are stained with crystal violet. 
The biofilm formation is quantified by solubilisation of the bound crystal 
violet and spectrophotometric determination of the absorbance at 595 nm 
[24]. The biofilm inhibition concentration (MBIC50) of an antimicrobial 
agent is defined as the lowest concentration that showed a 50% inhibition 
of the biofilm formation [25]. For essential oils the biofilm formation assay 
is routinely performed in polystyrene multi-well plates [26-28]. 

This study demonstrates an improvement to the standard methods 
utilized to investigate the antimicrobial efficacy of essential oils. For this 
reason different approaches to determine the antimicrobial potential 
(MIC and the MBIC50) of the Eucalyptus globulus oil compound 
1.8-cineol on the Gram-positive bacteria S. aureus (DSM 24167) were 
investigated, compared and optimized. 

Materials and Methods 
Test organism, culture media and 1.8-cineol supplementation

S. aureus DSM 24167 was obtained from the DSMZ - German 
Collection of Microorganisms and Cell Cultures GmbH and stored 
at -80°C on MicroBank (Mast Group, France) beads until required. 
Two beads were used for cultivation in 50 ml of Müller Hinton Broth 
(MHB, Sigma-Aldrich, Germany) overnight at 37°C without agitation. 
1.8-cineol (supplied by Cassella-med GmbH & Co. KG, Germany) was 
aliquoted, stored at -80°C and thawed shortly before it was applied to 
the medium.

Diffusion assays to determine the antibacterial activity 

The disc diffusion, vapour diffusion and agar well diffusion tests 
were performed in order to investigate the antibacterial activity of 
1.8-cineol against the human pathogenic bacteria S. aureus (DSM 
24167). To receive a stock emulsion of 20 mg/ml 1.8-cineol, 215 µl 
of 1.8-cineol was diluted in 9.785 ml pure MHB in a glass tube and 
vortexed vigorously. To compare the sensitivities of the different 
diffusion assays either pure 1.8-cineol or the emulsions of MHB 
containing 20 mg/ml, 10 mg/ml, 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml 
and 0 mg/ml 1,8-cineol were applied into the reservoirs. The reservoir 
containing the undiluted 1,8-cineol was placed on a separate dish 
while the dilutions were placed altogether on one single dish with 
exception of the vapour diffusion assay. For all diffusion tests 100 µl of 
overnight culture was diluted 1:100 in MHB and spread onto Müller 
Hinton nutrient agar plates. To perform the disk diffusion test, sterile 
paper discs (Liofilchem, Italy) of 6 mm in diameter were placed on 
the agar surface and impregnated with 30 µl of the fluids described 
above. To execute the vapor diffusion test sterile filter paper discs with 
a diameter of 4 cm containing 100 µl of the pure 1.8-cineol or the 
1.8-cineol concentration of 20 mg/ml, were placed separately inside 
the upper lid of a dish. To conduct the agar well diffusion test small 
holes with a diameter of 6 mm were punched aseptically with a sterile 
tip (200 µl) and filled with 100 µl of the liquids described above. To 
prevent evaporation, the plates of every diffusion test were sealed with 
parafilm (Sigma-Aldrich). After incubation over night at 37°C, the 
inhibition zone was determined for each plate. 

Determination of the MIC of 1.8-cineol for S. aureus in 
suspension

To determine the minimal inhibitory concentration (MIC) of 
1.8-cineol on planktonic S. aureus, a macrodilution assay was performed. 
This assay was either carried out in 24-well cell culture plates or in glass 
tubes. The glass tubes were cleaned thoroughly. First physically with a 
bottlebrush and detergent (Antiseptica, Germany) and subsequently 
chemically by filling them with 3 ml of 65% nitric acid and overnight 
incubation. Just before starting the experiment the overnight culture was 
adjusted to an OD630 of 0.1 with fresh MHB. To receive a stock emulsion 
of 20 mg/ml 1.8-cineol was obtained as described above with pure MHB 
or MHB supplemented with either Tween 20 or Tween 80. The 1.8-cineol 
stock was further diluted geometrically to obtain concentrations of 10 
mg/ml, 5 mg/ml, 2.5 mg/ml and 1.25 mg/ml. The employed surfactant 
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concentrations were 5%, 1%, 0.2%, 0.04%, 0.008% and 0%. The total 
culture volume used in wells or tubes was 1 ml. Plates and tubes were 
sealed with parafilm to avoid evaporation of 1.8-cineol and incubated 
for 6 h (if not stated otherwise) at 37°C without agitation. The MIC 
was determined spectroscopically at OD630 in biological triplicates. In 
addition, a visual check for turbidity was performed.

Determination of the MBIC50 of 1.8-cineol for S. aureus 
biofilm formation

To determine the minimal biofilm inhibitory concentration 
(MBIC50) of 1.8-cineol on S. aureus a modified macrodilution assay was 
performed. As culture vessels served glass tubes, prepared as described 
above 2.3 (if not stated otherwise). Three different geometric dilutions 
were prepared from the 20 mg/ml 1.8-cineol stock. The concentration 
series were 20 mg/ml, 10 mg/ml, 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml and 
0 mg/ml; 5 mg/ml, 2.5 mg/ml, 1.25 mg/ml, 0.625 mg/ml, 0.3125 mg/
ml, 0 mg/ml or 0.625 mg/ml, 0.3125 mg/ml, 0.156 mg/ml, 0.078 mg/
ml, 0.039 mg/ml, 0.019 mg/ml and 0 mg/ml. The media was inoculated 
with overnight culture to gain an OD630 of 0.1. The total culture volume 
used in wells or tubes was 1 ml. Plates and tubes were sealed up with 
parafilm and incubated 24 h (if not stated otherwise) at 37°C without 
agitation. After the incubation time of 18 h, the 1.8-cineol emulsion 
was changed. In the case of a prolonged incubation time of 48 h, the 
1.8-cineol was changed after 6 h, 24 h and 32 h. After incubation, 
planktonic cells were removed and the wells or tubes were washed 
once with phosphate-buffered saline (PBS). To stain the biofilm the 
crystal violet staining solution (0.1% in distilled water, Sigma-Aldrich) 
was incubated for ten minutes, followed by three washing steps with 
distilled water and a visual inspection. To dissolve the dye, 1 ml ethanol 
was added to the tubes. The MBIC50 was determined spectroscopically 
at OD595 in biological triplicates. 

Oil adsorption assay

For the qualitative measurement of the oil adsorbed to the polystyrene 
cell culture wells or glass tubes, a 6 h incubation was carried out at 37°C with 
an emulsion of MHB and 1,8-cineol as described in section 2.2. The applied 
concentrations were 20 mg/ml, 10 mg/ml, 5 mg/ml and 0 mg/ml 1.8-cineol. 
Every value was determined as technical triplicate. After incubation 
the medium was removed and the vessels were washed three times with 
ddH2O. The remaining 1.8-cineol was stained by applying a solution of 
3% Sudan red (Sigma-Aldrich) in 90% acetic acid and 10% ethanol for 1 
min. Subsequently the vessels were washed vigorously with ddH2O until 
no further dye could be detected in the washing solution. The remaining 
1.8-cineol, stained with Sudan red and the unspecifically adsorbed dye was 
solubilized by chloroform. To determine the concentration of Sudan red in 
the chloroform solution, its OD was measured at 525 and 690 nm.

Thermal treatment of 1.8-cineol

To verify the thermal instability of 1.8-cineol, a stock of 20 mg/ml 
1.8-cineol dissolved in MHB was stored at 37°C for 24 h. Thereafter, the 
MIC assay using the broth dilution method was applied, with thermal 
treated and freshly thawed 1.8-cineol. Finally, the MIC was determined 
spectroscopically in biological triplicates.

Results
The antimicrobial activity of 1.8-cineol can be verified by 
three different diffusion test methods

To determine the antimicrobial activity of 1.8-cineol on the Gram-
positive bacteria S. aureus (DSM 24167), several diffusion tests were 
performed. The susceptibility of S. aureus to 1.8-cineol was investigated 
by the disk diffusion, the vapor diffusion and the agar well diffusion test 
(Figure 1). The disk diffusion test exhibited an inhibition zone of 11 

Figure 1: Effect of 1.8-cineol on S. aureus in different diffusion tests. A Effect of pure and diluted 1.8-cineol according to the disk diffusion test. If using pure 1.8-cineol, 
an inhibition zone of approximately 11 mm was detected. Filter paper discs moistened with a diluted 1.8-cineol solution resulted in no visible inhibition zones. B The 
inhibitory effect of the vapour phase of 1.8-cineol in the vapor diffusion test. Using pure 1.8-cineol, an inhibition zone with an average diameter of approximately 3 cm 
was visible. No inhibition was found by the use of diluted 1.8-cineol of 20 mg/ml. C The effect of 1.8-cineol in the agar well diffusion test. In the case of pure 1.8-cineol, 
an inhibition zone appeared to be larger than the agar plate. With diluted 1.8-cineol solutions, no inhibition could be detected.
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mm after treatment with pure 1.8-cineol but was not sensitive enough 
to detect any effect of diluted 1.8-cineol (Figure 1A). In comparison 
to that, the executed vapor diffusion test showed a greater inhibition 
zone, if pure 1.8-cineol was applied but likewise the highest 1.8-cineol 
dilution of 20 mg/ml showed no inhibition of S. aureus (Figure 1B). The 
agar well diffusion test exhibited the greatest sensitivity of all diffusion 
tests. If pure 1.8-cineol was applied the inhibition zone exceeded the 
diameter of the petri dish. However, similar to the results from the 
other diffusion assays employed, no inhibitory effect was detectable if 
1.8-cineol was further diluted (Figure 1C). 

The improvement of the macrodilution assay for hydrophobic 
substances led to the MIC of 5 mg/ml after 6 h of incubation. 

In order to determine the MIC of 1.8-cineol against planktonic 
S. aureus, the optimal incubation time for the determination of 
1.8-cineol on S. aureus was investigated (Supplementary Figure S1). 
Compared to 1 h or 24 h of incubation the cultures cultivated for 6 
h showed the maximal inhibition and enabled a distinct detection of 
the MIC. The decrease in inhibitory effect after 6 h can be explained 
by the thermic instability of 1.8-cineol. To verify this instability, the 
biological activity of 1.8-cineol after different thermal treatments was 
investigated. When 1.8-cineol was stored for 24 h at 37°C before it was 
added to the culture, a clear reduction in its antibacterial potential 
could be detected, if compared to 1.8-cineol that was freshly thawed 
(Supplementary Figure S2). 

Due to these findings further MIC assays were carried out with 
incubation times of 6 h in cell culture plates (polystyrene material) and 
glass tubes (Figure 2). The convenient usage of cell culture plates for the 
MIC assay exhibited the inhibition of growth at a concentration of 10 mg/
ml (Figure 2A). In contrast, by the use of glass tubes a clear inhibition of 
bacterial growth at a concentration of 5 mg/ml was shown. To analyse 
the cause of the mismatch between the detected MICs, the amount 
of oil adsorbed to the cell culture plates was qualitatively determined 
and compared to the oil adsorbed to glass tubes (Supplementary 
Figure S3). The hydrophobic 1.8-cineol was partly adsorbed to the 
polystyrene surface of cell culture plates at low concentrations of 5 mg/
ml and largely adsorbed and saturated at a concentration of 10 mg/ml 
1.8-cineol. In contrast to that, 1.8-cineol was not able to adsorb in a 
detectable amount to glass surfaces. For quick monitoring, it is possible 
to perform a visual control of bacterial growth (Figure 2D) at any time 
to observe the course of the experiment.

Many researchers utilize the surfactants Tween 20 or Tween 80 
as emulsifiers to stabilize the emulsion of culture media and essential 
oils. Hence we performed our optimized MIC assay with common 
concentrations of Tween 20 or Tween 80 with or without the addition 
5 mg/ml 1.8-cineol (Supplementary Figure S4). An addition of small 
amount of Tween 20 enhanced the growth, while the addition of higher 
amount of Tween 20 and 80 lowered the bacterial growth. Remarkably 
both surfactants were able to reduce the antimicrobial potential of 
1.8-cineol even at rather low concentrations.

Figure 2: The use of glass vessels results in lower MIC values. A Investigation of the MIC of 1.8-cineol in plastic wells. When using plastic wells, a clear inhibition 
of growth was detected at a concentration of 10 mg/ml. B Photographic image of the cultures in a polystyrene cell culture plate showing the inhibition by 1.8-cineol. 
Thereby bacterial growth can also be monitored visually during the on-going trial. C Determination of the MIC of 1.8-cineol in glass tubes. A significant inhibition of 
bacterial growth was evident at a concentration of 5 mg/ml. At high concentrations of 1.8-cineol a minimal increase in the OD630 due to light scattered on 1.8-cineol 
droplets was observable. Only little inhibition of growth was found at a concentration of 1.25 mg/ml. D Photographic image of the cultures showing the inhibition by 
1.8-cineol. By this means bacterial growth can also be monitored visually during the on-going trial.
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The MBIC50 of 1.8-cineol in glass tubes was observed at a 
concentration of 0.078 mg/ml

To determine the MBIC50 of 1.8-cineol against the biofilm formation 
of S. aureus, in vitro tests were performed. The biofilm was localized both, 
at the bottom of the glass vessel and at the level of the meniscus of the 
nutrient medium (Supplementary Figure S5A). First, the optimal time 
period to detect the effect of 1.8-cineol on biofilm formation was analysed 
in glass tubes (Supplementary Figures S5B-S5D). After an incubation 
of 6 h, the biofilm was less present compared to 24 h and the technical 
triplicates showed a higher variation. Comparing the incubation for 24 h 
and 48 h, no increased sensitivity of the assay for the inhibition of biofilm 
formation was observed and therefore 48 h seemed not to be suitable for 
further experiments. Additionally, we compared the biofilm generation 
on glass and polystyrene surfaces of cell culture wells (Supplementary 
Figure S6). Even though, the polystyrene showed a high susceptibility for 
biofilm formation, it is prone to artefacts due to oil adsorption. As a result 
of these preliminary experiments the detection of MBIC50 of S. aureus with 
different 1.8-cineol concentrations after 24 h was carried out in glass tubes 
and cell culture plates (Figure 3). In cell culture plates, an even biofilm was 
formed with a rather high MBIC50 of 2.5 mg/ml 1.8-cineol (Figure 3A). In 
comparison, the formation of biofilm in glass tubes revealed a MBIC50 of 
less than 1.25 mg/ml 1.8-cineol (Figure 3B). A further dilution of 1.8-cineol 
exhibited that even at a concentration of 0.3125 mg/ml (Figure 3C) no 
build-up or maturation of biofilm could be observed. Final dilution series 
down to 0.019 mg/ml elucidated the MBIC50 of 1.8-cineol against S. aureus 
at 0.078 mg/ml (Figure 3D). 

Discussion 
Methods to judge the efficiency of new antimicrobial agents 

continue to be developed. Modifications of standard methods are 
required, if the antimicrobial activity, the MIC or the MBIC50 of 
hydrophobic or thermally instable agents e.g. essential oils need to 
be evaluated [14]. Regarding this topic this study was designed to 
illustrate improvements of common methods to improve the detection 
of the antimicrobial activity of 1.8-cineol from the Eucalyptus globulus 
oil against S. aureus. We first evaluated the suitability of convenient 
diffusion tests. Particularly, the disk diffusion, the vapor diffusion and 
the agar well diffusion test for assaying the antimicrobial activity of 
1.8-cineol. One of the frequently used methods for the determination of 
the MIC of essential oils is the disk diffusion test, a simple and low cost 
method [16]. Since no inhibition zone could be detected with diluted 
1.8-cineol, this test was classified as not sensitive enough to quantify the 
antimicrobial activity of 1.8-cineol on S. aureus. This is probably due 
to the fact that the low amount of applied 1.8-cineol either remained 
on the disc or evaporated and thus did not diffuse into the media [29]. 
According to Inouye et al. [29], the vapor activity test allowed the 
application of a higher volume and hence showed a higher sensitivity 
regarding the antibacterial activity of 1.8-cineol. Anyhow, since the 
dilution series of 1.8-cineol showed no inhibitory effect in this assay 
it seems not to be suitable for quantification purposes. Even though 
the agar well diffusion method showed the highest sensitivity, which 
is in accordance to a study of Valgas et al. [30], no inhibition could be 
detected for the diluted 1.8-cineol concentrations. 

Figure 3: Determination of the MBIC50 of 1.8-cineol on S. aureus biofilms in treated glass results in highly efficient inhibition of biofilm formation in contrast to 
polystyrene wells. A In plastic wells a uniform biofilm was formed, which showed a MBIC50 of 2.5 mg/ml 1.8-cineol. B In glass tubes the MBIC50 was reduced and 
detected below 1.25 mg/ml. C Determination of the MBIC50 between 5 mg/ml and 0.3125 mg/ml. Down to 0.31255 mg/ml no growth of biofilm could be detected. D 
Determination of the MBIC50 of biofilm formation from 0.625 mg/ml to 0.019 mg/ml. This dilution series showed a MBIC50 around 0.078 mg/ml.
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Taken together, our results demonstrate that hydrophobic 
substances like essential oils or their compounds are not suitable for 
the diffusion into the agar media. A disadvantage of the diffusion test 
methods is that the rather long incubation time necessary to detect 
an inhibition zone. This may lead to evaporation of volatile or the 
degradation of thermally instable agents. More important, it is not 
possible to quantify the amount of the antimicrobial agent diffused into 
the agar medium [14]. Due to the lack in sensitivity and quantifiability 
of diffusion tests, we would recommend to apply them only to detect the 
presence or absence of antimicrobial activity and preliminary screening 
of pure substances [31]. 

For a more quantitative evaluation we employed the broth 
dilution method. The broth dilution method is providing a direct 
contact between essential oils and the test organism. Furthermore the 
uniform distribution makes the diffusion of agent obsolete [31,32]. 
The determination of MICs of hydrophobic essential oils is difficult 
in aqueous medium [33]. Surfactants such as Tween 20 and 80 are 
commonly used to gain a stable emulsion of essential oils and culture 
media [34]. A study by Allergini et al. indicated a concentration of 5% 
either Tween 80 or Tween 20 to maintain a stable emulsion of essential 
oils [33]. Hence, many studies designed to determine the efficacy of 
hydrophobic antimicrobial agents utilized Tween 20 or Tween 80 
as an emulsifier with concentrations ranging between 0.1% and 5% 
[34-40]. In contrast, the present study indicated that no emulsifiers 
are necessary to provide an adequate contact between the oil and 
the bacteria. Furthermore, we could observe that Tween 20 is able to 
stimulate the bacterial growth at low concentrations (Supplementary 
Figure S4A). Even though, we could not observe this effect for Tween 
80, Nielsen and co-workers found that 0.1% of Tween 80 increases the 
growth rate of planktonic S. aureus and its biomass, if grown as biofilms 
[41]. The surfactant may affect the nutrient availability by stressing 
the cells and thereby facilitating a higher nutritional uptake from the 
culture media [42]. More importantly, we observed Tween 80 and 
Tween 20 to enable planktonic bacterial growth in attendance of 5 mg/
ml 1.8-cineol (Supplementary Figure S4). It is known that Tween 80 can 
reduce the efficacy of hydrophobic substances probably by enclosing 
the hydrophobic antibacterial agent into micelles (Interactions between 
components of the essential oil of Melaleuca alternifolia) [41,42]. 
Considering our data we would recommend to spare the usage of these 
emulsifiers while investigating the antimicrobial activity of 1.8-cineol 
or other hydrophobic substances to prevent artefacts. 

Furthermore, the thermal instability of the tested antimicrobial 
agents should be considered as well. We found that 1.8-cineol 
loses its antimicrobial potential after prolonged incubation at 37°C 
(Supplementary Figure S2). The National Committee for Clinical 
Laboratory Standards (NCCLS) recommends incubating dilution 
assays for 24 h. Moreover, this time span is also applied by most 
researchers [43-45]. In contrast to that we would recommend to use 
an incubation time of just 6 h. Since it would be sufficient to enable a 
bacterial accumulation, easily distinguishable from inhibited growth, 
while on the same time preventing decomposition of agents leading to 
artificially low antimicrobial potential.

Another defining factor during determination of the MIC is the 
material of the culture vessels. As mentioned by Hammer et al. [46] 
and Brand et al. [47], hydrophobic components of the tee tree oil 
may becoming irreversible associated with the polystyrene of e.g. 
the microtiter plate and hence would not be longer accessible to the 
test organisms (Supplementary Figure S3) [46,47]. Nevertheless, the 
application of microdilution assays executed in microtiterplates is 

recommended by the NCCLS and is still very common [43,44]. This is 
mainly due to the economy of reagents and space to determine the MIC 
of essential oils. Macrodilution assays are rarely utilized because of the 
tedious preparation of test tubes and media [18]. With our optimized 
assay executed in glass tubes, we were able to detect a MIC of 5 mg/
ml 1.8-cineol for S. aureus, in contrast to 10 mg/ml measured for 
polystyrene culture wells. Other studies detected a MIC of 1.8-cineol at 
16 mg/ml and 20 mg/ml, both studies were executed with microdilution 
assays in polystyrene microtiter plates [48,49]. We conclude that glass 
vessels should be used to investigate the MIC of 1.8-cineol or other 
hydrophobic agents even though the convenience of commercially 
available well plates might be tempting. In this manner it is possible to 
enlighten the high antimicrobial potential of 1.8-cineol.

Due to the oil adsorption properties of the polystyrene material 
discussed above, glass tubes needed to be employed to determine the 
MBIC50 of 1.8-cineol of S. aureus (Figures 3A and 3B). Even though, 
artefacts due to oil adsorption are suppressed in this manner the 
disadvantage of this procedure is the weak adherence of bacterial cells 
on glass associated with a poor biofilm formation. To solve this problem 
Pratten et al. coated glass surfaces with fibronectin and demonstrated 
an increased adherence of S. aureus compared to uncoated glass [50]. 
Anyhow, we observed an increased biofilm growth, if the glass surface 
was treated with 65% nitric acid (Supplementary Figure S6). It is known, 
that chemically etching of glass with nitric acid increases its roughness 
[51]. Since one of the main criteria for microbial adhesion to glass is the 
surface roughness, we suggest the etched glass is more susceptible for 
biofilm formation [52,53]. Even though a prolonged incubation time 
would lead to a further build-up of biofilm, we found 24 h to be long 
enough to detect the inhibitory biofilm maturation with the greatest 
sensitivity (Supplementary Figure S5) [54]. In the light of the thermal 
decomposition of agents like 1.8-cineol, we would recommend to 
incubate biofilm assays for just 24 h, if determining the MBIC50. 

Our obtained results indicated an inhibition of bacterial cell 
attachment and biofilm maturation on the cleaned and etched glass 
surface in the presence of 1.8-cineol. With this setup a MBIC50 of 0.078 
mg/ml 1.8-cineol was verified for S. aureus (Figure 3D). Ghellai et al. 
demonstrated essential oils to inhibit bacterial biofilm growth of S. 
aureus at a concentration of 1 mg/ml [55]. Accordingly, we observed 
a high antimicrobial potential of 1.8-cineol as it has prevented the 
formation of a biofilm at a very low concentration. Remarkably we 
found that at a concentration of 0.3 mg/ml 1.8-cineol no growth 
of biofilm was observable (Figure 3C). Since this value is not even a 
tenth of the detected MIC, we suggest that 1.8-cineol is able to disturb 
bacterial sensing, necessary for biofilm formation rather than just 
inhibit the bacterial growth inside the biofilm. 

Conclusion
In summary, we think that to estimate the presence or absence of 

antimicrobial activity of essential oils, preliminary screenings using 
diffusion methods, like the disk diffusion or the agar well diffusion 
method can be utilized. However, for the determination of the minimal 
inhibitory concentration we recommend to use the broth dilution 
method in clean glass tubes treated with nitric acid with short incubation 
times around 6 h. We found that the use of surfactants Tween 80 or 20 is 
not necessary and furthermore can artificially influence the measured 
antimicrobial activity. To determine the MBIC50, we recommend using 
the same pre-cleaned and etched glass tubes as for determination of the 
MIC. This will guarantee an adequate attachment of bacterial cells and 
efficient formation of a biofilm. Furthermore, the incubation time of 24 
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h is sufficient and a single replacement of agent might be necessary in 
the case of thermally unstable agents. These improvements of standard 
microbial methods may help to better quantify the antimicrobial 
potential of hydrophobic antibiotics and essential oils in particular. This 
may give new insight into the mode of action of agents and could lead 
to necessary new discoveries on the vast field of potential antimicrobial 
agents harbouring enormous potential for the discovery of alternatives 
to common antibiotics. 
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