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ABSTRACT 26 

AIMS 27 

This study aimed to identify the most effective antimicrobial from a selection of essential oils 28 

and investigate its bactericidal properties against Ps. aeruginosa.  29 

METHODS AND RESULTS 30 

The disc diffusion assay and minimal inhibitory/bactericidal concentration tests were used to 31 

identify antimicrobial potential. Several oils exhibited antimicrobial effects at concentrations 32 

as low as 0.03% (v/v). Significantly, cinnamon (Cinnamomum zeylanicum) bark oil exhibited 33 

broad spectrum activity against Gram-negative and Gram-positive bacteria and showed 34 

bacteriostatic and bactericidal effects against Ps. aeruginosa PAO1 at 0.125% (v/v) and all 35 

other tested organisms, including known multidrug resistant species. Time-kill assays and 36 

metabolic activity tests showed cinnamon oil to exhibit rapid killing, with bactericidal activity 37 

observed in ≤6 min at ≥0.5% (v/v). Furthermore, scanning electron microscopy and a 38 

membrane permeability assay indicated damage to membrane integrity, loss of turgor and 39 

cell collapse. 40 

CONCLUSION 41 

Cinnamon bark essential oil is a broad-spectrum antimicrobial capable of rapid killing at low 42 

concentrations. 43 

SIGNIFICANCE AND IMPACT OF STUDY 44 

This study provides a sound basis for further investigation of the potential of cinnamon bark 45 

essential oil as an alternative to conventional antimicrobial products due to its fast acting 46 

bactericidal properties at low concentrations.  47 

 48 
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INTRODUCTION 49 

Approx. 100,000 tonnes of antibiotics are manufactured globally per year (Nikaido 2009). Not 50 

only have bacteria developed antimicrobial resistance (AMR), many strains have become 51 

resistant to multiple antibiotics and chemotherapeutic agents, termed multi-drug resistance 52 

(MDR) (Nikaido 2009). Antimicrobial resistance contributes to unsuccessful management of 53 

bacterial pathogens, higher infection spread and perseverance (Tanwar et al. 2014). In the 54 

European Union, MDR infections are responsible for approx. 25,000 patient deaths per year, 55 

and result in extra healthcare costs and productivity losses in the EU reported to cost at least 56 

1.5 billion euros each year (Department of Health 2016). The global threat of bacteria with 57 

MDR is alarming and there is a need for new therapeutic discoveries and improvement of 58 

existing infection control and antimicrobial practices.  59 

Potential options for novel antimicrobials include the use of natural compounds such as those 60 

derived from plants (essential oils, phenolics, lectins and polyacetylenes), animals 61 

(lactoferrin, chitosan and lysozymes), bacteria (bacteriocin, reuterin), algae, and fungi 62 

(Cowan 1999, Gyawali and Ibrahim 2014). Recent approaches include exploring peptide 63 

based antibiotics (Roshan et al. 2018) and the sequencing of prokaryote genomes to discover 64 

novel antimicrobial molecules (Tracanna et al. 2017). 65 

Essential oils (EOs) are compounds produced by plants, and are known to have activity 66 

against both Gram-negative and Gram-positive bacteria in both motile and sessile states 67 

(Millezi et al. 2016). EOs have been used in medicine for many years and are widely reported 68 

as possessing antibacterial, antifungal and anti-plasmodial properties (Utchariyakiat et al. 69 

2016). However, of the ~3000 EOs known, only ~300 are used commercially (Ghabraie et al. 70 

2016). Whilst it is thought that the majority of EOs act on the cell wall and membrane of 71 

bacteria (Faleiro 2011), studies assessing mode of action of individual oils are required. 72 

Furthermore, very few studies exploring the antimicrobial activities of EOs investigate their 73 
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potential for rapid killing, i.e. under 10 min contact time. Friedman et al. (2004) investigated 74 

the activities of EOs and their components against E. coli O157:H7 with incubation times of 75 

≥5 min, and Tangjitjaroenkun et al. (2012) studied the antimicrobial effects of EO from 76 

Zanthoxylum limonella with incubation times of ≥3 min. However, no studies to date have 77 

reported rapid killing against Ps. aeruginosa using EOs. 78 

Therefore, the purpose of this study was to assess the effects of a selection of EOs against 79 

a panel of known pathogenic bacteria. In addition, EOs exhibiting the greatest antimicrobial 80 

effects, were investigated for its rapid bactericidal potential and mode of action against Ps. 81 

aeruginosa. 82 

 83 

MATERIALS AND METHODS 84 

ESSENTIAL OILS (EOs) 85 

Fifteen EOs were used, and included EOs from: bergamot (Citrus bergamia), cinnamon 86 

(Cinnamomum zeylanicum) bark and leaf, clove (Eugenia caryophyllus), grapefruit (Citrus 87 

paradisi), lavender (Lavandula angustifolia), lemon (Citrus limonum), lemongrass 88 

(Cymbopogon citratus), lime (Citrus aurantifolia), manuka (Leptospermum scoparium), sweet 89 

orange (Citrus sinensis), rose geranium (Pelargonium graveolens), rosemary (Rosmarinus 90 

officinalis), rosewood (Dalbergia sissoo), tea tree (Melaleuca alternifolia) and thyme (Thymus 91 

vulgaris). All of these oils were donated by Amphora Aromatics Ltd, Bristol, UK for research 92 

purposes, with the exception of cinnamon leaf oil, which was sourced from Natural by Nature 93 

Ltd (Bedfordshire, UK). All the oils used in this study were extracted by steam distillation as 94 

indicated by the suppliers.  95 

 96 

TEST ORGANISMS AND STANDARDISATION OF OVERNIGHT CULTURES 97 
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The bacteria tested were obtained from the microbiology culture collection at the University 98 

of the West of England, Bristol, UK. The strains used were: Escherichia coli (ATCC 23848), 99 

Escherichia coli (NCTC 9001), Staphylococcus aureus (ATCC 6358), Staphylococcus aureus 100 

(NCTC 12981), Pseudomonas aeruginosa (PAO1), Pseudomonas aeruginosa (NCTC 8505), 101 

Hospital Acquired Methicillin-Resistant Staphylococcus aureus (MRSA) isolate, Methicillin-102 

Susceptible Staphylococcus aureus (MSSA) (NCTC 13297), Acinetobacter baumannii 103 

(NCTC 12156) and Acinetobacter baumannii (ATCC 17978). The bacteria were stored on 104 

beads (Microbank, Pro Lab Diagnostics, Canada) at -80°C and revived on nutrient agar (NA; 105 

Oxoid, Hampshire, UK) slopes at 37°C for 24 h. Overnight broth cultures were prepared using 106 

one to three colonies of bacteria added to 10 mL of tryptone soy broth (TSB; Oxoid, 107 

Hampshire, UK) and incubated at 37°C for 24 h. Cultures were standardised by diluting with 108 

TSB and measuring OD at 600 nm to obtain a reading of 0.08-0.1 (McFarland 0.5), giving a 109 

standardised inoculum of ~1-2 x 108 CFU mL-1. 110 

 111 

DISC DIFFUSION ASSAY 112 

Screening of EOs was performed using a paper disk diffusion approach adapted from the 113 

Clinical and Laboratory Standards Institute (CLSI) Antimicrobial Susceptibility Testing (AST) 114 

Standards (Clinical and Laboratory Standards Institute 2015). Mueller-Hinton agar (MHA) 115 

plates (Oxoid, Hampshire, UK) were inoculated with 100 μL of standardised culture for each 116 

test bacterium, spread evenly over the entire surface of the agar using a sterile cotton swab 117 

by swabbing in three directions (Andrews 2007). The inoculum applied to each plate was ~1-118 

2 x 107 CFU mL-1. A volume of 10 μL of EO was used to saturate a set of six mm diameter 119 

filter paper discs (Whatman, Sigma Alrdich, UK), one of which was then placed onto the 120 

centre of each inoculated plate. Blank discs were used as a negative control and discs 121 

containing 30 μg gentamicin were used as a positive reference. Plates were incubated at 122 
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37°C for 24 h and antibacterial activity was assessed by measuring the diameter of the zones 123 

of inhibition in mm using Vernier callipers. Each experiment was repeated on three separate 124 

occasions, with a minimum of three replicates in each repeat experiment. 125 

 126 

DETERMINATION OF MINIMAL INHIBITORY CONCENTRATION (MIC) AND MINIMUM 127 

BACTERICIDAL CONCENTRATION (MBC)  128 

The MIC was determined by the broth microdilution method as outlined by the CLSI (2012) 129 

and adapted from previously described methods (Cao et al. 2009). A 16% (v/v) stock solution 130 

of EO was prepared in TSB containing 10% (v/v) dimethylsulfoxide (DMSO; Sigma Alrdich, 131 

Dorset, UK) which is a solvent which serves a dispersal agent (Kačániová et al. 2017). Two-132 

fold dilutions of this stock solution were made in TSB to produce a range of EO concentrations 133 

from 0.015% to 8% (v/v), with DMSO concentrations of 0.0098% to 5% (v/v) respectively. 134 

One hundred microliters of each EO concentration were added to wells of a 96-well microtitre 135 

plate. A standardised overnight culture was diluted 1/150 with TSB, and 100 µL of this was 136 

added to each well of the microtitre plate. Final concentrations of EO ranged from 0.007% to 137 

4% (v/v) with DMSO concentrations of 0.0049% to 2.5% (v/v) respectively. Final cell density 138 

of the inoculum was approx. 5 x 105 CFU mL-1. Microplate wells of EO dilutions without 139 

bacteria, and TSB and DMSO alone, were used as negative controls, and plates were 140 

incubated at 37°C for 24 h. MIC values were determined as the well with the lowest 141 

concentration of EO where no visible microbial growth was observed. Each concentration of 142 

EO had three replicates and was repeated four times. 143 

MBC was determined by spot inoculation similar to methods outlined by Adukwu et al. (2012). 144 

Briefly, 10 µL was pipetted from the microtitre wells showing no growth onto MHA, and 145 

incubated for 24 h at 37°C. Each concentration of EO had three replicates and was repeated 146 
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four times. MBC values were determined as the lowest concentration of EO where no growth 147 

was observed. 148 

 149 

GAS CHROMATOGRAPHY MASS SPECTROMETRY (GC-MS) ANALYSIS 150 

Following determination of MICs and MBCs, cinnamon bark EO demonstrated broad-151 

spectrum activity against all tested organisms, including Ps. aeruginosa at <4% (v/v). Thus, 152 

this oil was selected for testing rapid bactericidal effects against Ps. aeruginosa. 153 

GC-MS analysis of cinnamon bark EO was performed using methods adapted from Adukwu 154 

et al. (2012). Cinnamon leaf EO was also analysed as a comparator to the Bark EO to identify 155 

the differences in the components as these EOs are obtained from different parts of the same 156 

plant. GC-MS analysis used an Agilent 6890N Network Gas Chromatograph system and 157 

5973 Network Mass Selective Detector (Agilent Technologies, USA). Samples were 158 

dissolved in acetone with a one µL injection volume. Inlet temperature was 300°C with a split 159 

ratio of 10:1. Temperature of transfer line was 300°C and solvent delay was three min. The 160 

carrier gas was helium with a column flow rate of one mL/min and operating at constant flow. 161 

The oven temperature started at 50°C and was held for two min, then increased until 280°C 162 

was reached at a rate of 10°C/min, with a total run time of 25 min. Compound separation was 163 

achieved with a HP-5MS column (30 m × 0.25 mm × 0.25 µm). An electron impact ion source 164 

at 230°C, and a quadrupole mass analyser at 150°C was used. Electron ionization mass 165 

spectrometric data were collected between 30 to 550 m/z. Oil components were identified by 166 

comparison of mass spectral patterns with those from the spectra from the National Institute 167 

of Standards and Technology (NIST) library (MS Search 2.0) provided by the software of the 168 

GC-MS system.  169 

 170 

TIME-KILL ASSAY 171 



 

8 
 

Time kill kinetics were determined for cinnamon bark EO against Ps. aeruginosa PAO1 using 172 

methods adapted from Carson et al.  (2002). Six 50 mL conical flasks containing 15 mL of 173 

TSB were inoculated with 50 µL of standardised Ps. aeruginosa PAO1 overnight culture to 174 

achieve approx. 5 x 105 CFU mL-1. A 100 µL aliquot was removed from each flask and added 175 

to 9.9 mL of TSB, diluted serially and plated onto MHA to confirm starting inoculum density, 176 

representing the zero min time point (T0). Table one shows the range of volumes of EO and 177 

DMSO added to the flasks to achieve a series of concentrations for the time-kill assay. The 178 

concentration of cinnamon bark EO ranged from 0.125% (v/v; one x MIC) to 2% (v/v; 16 x 179 

MIC), with a negative control flask containing DMSO alone. After the addition of EO/DMSO, 180 

the flasks were vortexed and incubated stationary at room temperature. At each time point 181 

the flasks were vortexed again and aliquots were removed at two, four, six, 10 and 30 min 182 

and at one, two, four, six and 24 h, diluted serially and plated onto MHA. All plates were 183 

incubated at 37°C for 24 h before enumeration of the colonies. An antimicrobial compound is 184 

considered bactericidal if a ⩾99.9% decrease in the initial inoculum (i.e. a three-log reduction) 185 

is observed, as described by the CLSI (1999).   186 

 187 

METABOLIC ACTIVITY ASSAY 188 

A triphenyltetrazolium chloride (TTC) metabolic activity assay was performed to investigate 189 

the effect of EO on metabolic activity, as described by Ahmed (2013), during the time-kill 190 

assay. One hundred microlitre aliquots of the treated organisms from each time point were 191 

transferred to wells of a 96-well plate. A five µL volume of sterile 0.035 M aqueous solution 192 

of TTC (Sigma Alrdich, Dorset, UK) was added to each well and plates were wrapped in 193 

aluminium foil and incubated at 37 °C with orbital shaking at 120 rpm for 24 h. TSB containing 194 

no bacteria was used as a negative control. The presence of viable bacterial cells was 195 

indicated by the reduction of the yellow TTC to a red colour. OD of the wells was measured 196 
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using a TECAN Infinite® 200 PRO plate reader at 595 nm. Data were normalised to T0 and 197 

expressed as a percentage relevant to this time point. All assays were performed in triplicate 198 

on three separate occasions. 199 

 200 

SCANNING ELECTRON MICROSCOPY (SEM) 201 

SEM was used to assess morphological effects on Ps. aeruginosa PAO1 after treatment 202 

with cinnamon bark EO at 2% (v/v) for 10 min. Both untreated and treated samples were 203 

prepared for SEM using the method reported by Murtey and Ramasamy (2016) and 204 

adjusted as indicated below. Briefly, samples were allowed to settle on squares of poly-l-205 

lysine coated microscope slides (Sigma Alrdich, Dorset, UK) in Petri dishes lined with damp 206 

filter paper for one h. The attached cells were fixed by immersion in 0.424 M glutaraldehyde 207 

(Sigma Alrdich, Dorset, UK) in 0.1 M phosphate buffer for 30 min, washed with the same 208 

buffer three times and then dehydrated through a series of increasing ethanol 209 

concentrations (35%, 50%, 75%, 95%, 95%, 100%, 100% v/v) for 10 min each, followed by 210 

hexamethyldisilizane (HMDS; Sigma Alrdich, Dorset, UK) for 10 min two times. The 211 

squares were mounted on aluminium stubs and coated with gold in a sputter coater and 212 

viewed using a scanning electron microscope (FEI Quanta 650 FEG, Sigma Aldrich, UK).  213 

 214 

RELEASE OF NUCLEIC ACIDS AND PROTEINS  215 

The release of 260 nm absorbing nucleic acids and 280nm absorbing proteins from Ps. 216 

aeruginosa PAO1 after treatment with cinnamon bark EO was measured according to 217 

methods described by Miksusanti et al. (2008), with some adaptations. A 50 mL conical 218 

flask containing 15 mL of cinnamon bark EO at either 2% (v/v) or 1.25% (v/v) in TSB with 219 

1.25% (v/v) or 0.08% (v/v) of DMSO, respectively, was inoculated with 50 µL of 220 

standardised overnight Ps. aeruginosa PAO1 culture. The flask was vortexed for 30 s, 221 
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incubated at room temperature for two h and then a one mL aliquot was removed and 222 

filtered with 0.45 µm filter. The absorbance of this filtrate was measured at 260 nm and 280 223 

nm using a Jenway 6305 UV-Vis spectrophotometer (Cole-Parmer, UK). Negative controls 224 

were treated with DMSO (1.25% v/v) alone. The absorbance of filtrate from controls without 225 

culture added were deducted from the absorbance of the respective samples with EO 226 

added. Experiments were performed in triplicate on three separate occasions and results 227 

are expressed as mean OD of nucleic acids (260 nm) and protein (280 nm).  228 

  229 

DATA ANALYSIS 230 

All data were analysed using Microsoft Excel 2016 (Microsoft Corporation, Redmond, USA) 231 

and GraphPad Prism version 7.00 for Windows (GraphPad Software, La Jolla California, 232 

USA).  An unpaired t-test was applied when the results of treated and untreated samples 233 

were assessed following the disc diffusion assay whilst the One-Way ANOVA and Dunnett’s 234 

multiple comparison were used to assess any differences between treatments and control 235 

following the membrane permeability assay. 236 

 237 

RESULTS 238 

DISC DIFFUSION 239 

The results from the antimicrobial susceptibility screening assay demonstrated that all the 240 

EOs used in this study were antimicrobial against most, if not all, the bacteria tested (Table 241 

1). Three of the EOs, cinnamon bark, clove and thyme, produced zones of inhibition against 242 

all strains tested, including Ps. aeruginosa PAO1, demonstrating broad spectrum activity. 243 

Inhibition zones shown by thyme and cinnamon bark EO were significantly larger (P<0.05) 244 

than that of the gentamicin antibiotic reference in 70% and 60% of the strains used, 245 
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respectively. Thyme produced zones of inhibition ranging from 17.1 - 48.2 mm, whilst 246 

cinnamon bark produced zones ranging from 16.7 – 36.2 mm. Rose geranium EO showed 247 

activity against all strains excluding Ps. aeruginosa NCTC 8505, producing zones ranging 248 

from 5.3 – 18.3 mm. Cinnamon leaf EO showed activity against all strains excluding Ps. 249 

aeruginosa PAO1, producing zones ranging from 8.7 – 18.2 mm. Lavender, lemongrass, 250 

lime, rosemary, rosewood and tea tree EOs showed effects against both Gram positive and 251 

Gram negative bacteria, excluding the Pseudomonas species. Of these oils, lemongrass 252 

produced the largest zones of inhibition, ranging from 10.1 - 36.9 mm. The smallest zones of 253 

inhibition were produced by bergamot, grapefruit, lemon, manuka and sweet orange EOs. 254 

Blank disc negative controls did not affect the growth of any of the strains. In accordance with 255 

the breakpoint tables for inhibition zone interpretation published by the European Committee 256 

on Antimicrobial Susceptibility Testing (EUCAST 2015), all bacteria in this study were 257 

sensitive to gentamicin with the exception of MRSA and Ac. baumannii NCTC 12156.  258 

 259 

DETERMINATION OF MIC AND MBC 260 

Nine EOs were selected, based on their antimicrobial activity shown in the disc diffusion 261 

assay, to determine their MIC and MBC (Table 2). The data show that rose geranium, 262 

rosewood and tea tree produced MICs between 0.5 and 4% or greater (v/v) against most 263 

strains and that MBC values for these are either equal or double the MIC value. Although 264 

manuka EO demonstrated a MIC as low as 0.06% (v/v), the inhibitory effects were only 265 

against Gram-positive Staph. aureus strains. Manuka EO did not demonstrate any 266 

bactericidal action at <4% (v/v). Thyme, lemongrass, cinnamon leaf and clove EOs presented 267 

MICs and MBCs of ≤1.0% (v/v) for all strains of bacteria excluding the Ps. aeruginosa strains. 268 

The only EO which demonstrated broad spectrum antimicrobial activity in this investigation 269 

was cinnamon bark EO. All the bacteria tested including the Pseudomonas spp. were 270 
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inhibited by cinnamon bark EO at ≤0.25% (v/v), which also demonstrated bactericidal activity 271 

at the same concentration. 272 

 273 

GAS CHROMATOGRAPHY MASS SPECTROMETRY (GC-MS) ANALYSIS 274 

Components of cinnamon bark and cinnamon leaf EO and their percentage composition are 275 

reported in Table 3. There were noticeably more components from the cinnamon leaf EO 276 

than from cinnamon bark EO with 20 components identified from the leaf EO in comparison 277 

to 7 components identified from the bark EO. The major components from either EO were 278 

different and represented approx. 85% of the whole oil with the rest of the components 279 

representing the remaining 15% of the EO. For the Cinnamon bark EO, the main component 280 

was Σ-cinnamaldehyde representing approx. 85.312% of the EO whereas from the cinnamon 281 

leaf EO eugenol was identified as the major component representing 84.481% of the whole 282 

EO.   283 

 284 

TIME-KILL ASSAY - CINNAMON BARK EO AGAINST PS. AERUGINOSA PAO1 285 

A time-kill assay was performed to evaluate the bactericidal potential of cinnamon bark EO 286 

against Ps. aeruginosa PAO1 (Fig. 1). At the MIC, 0.125% (v/v), cinnamon bark EO was 287 

bactericidal (three-log reduction) against Ps. aeruginosa PAO1 after six h. At concentrations 288 

two-fold and four-fold of the MIC, 0.25% (v/v) and 0.5% (v/v), a 99.999% (five-log) kill, was 289 

achieved within 30 and six min respectively. At the higher EO concentrations of 1% and 2% 290 

(v/v), 5-log reduction was achieved within two min.  291 

 292 

METABOLIC ACTIVITY ASSAY 293 

Reduction of TTC from a yellow to red colour was observed in microtitre wells containing 294 

viable Ps. aeruginosa, but no colour change was observed when cells were non-viable (Fig. 295 
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2). Negative control wells with TSB containing no bacteria remained clear with no colour 296 

change. All results obtained from the TTC assay reflected results from the time-kill assay 297 

shown in Fig. 1. Ps. aeruginosa continued to show metabolic activity after 10 min of contact 298 

time when cinnamon bark EO was at 0%, 0.125% and 0.25% (v/v), with some activity after 299 

four min of contact time with EO at 0.5% (v/v), but no activity after six min. Metabolic activity 300 

had ceased after two min of contact time at concentrations equal or greater to 1% (v/v). 301 

 302 

SCANNING ELECTRON MICROSCOPY 303 

Electron micrographs of both untreated and cinnamon bark EO treated Ps. aeruginosa cells 304 

are presented in Figs 3-4. The untreated cells (Figs 3a and 3b) show a turgid structure with 305 

a particulate surface, and are of expected lengths (one to five µm). In contrast, cells treated 306 

with cinnamon bark EO showed an altered morphology (Figs 4a and 4b), with cells appearing 307 

collapsed with loss of turgidity and few surface particles after 10 min contact time with 2% 308 

(v/v) cinnamon bark EO.  309 

 310 

RELEASE OF NUCLEIC ACIDS AND PROTEINS  311 

Relative OD of filtrate from Ps. aeruginosa untreated or treated with cinnamon bark EO 312 

measured at 260nm and 280nm are displayed in Figs 5a and 5b, respectively. Increased 313 

OD260nm readings signifies an increase in nucleic acids, whilst an increase in OD280nm 314 

indicates an increase in proteins (Miksusanti et al. 2008) released from bacterial cells. An 315 

increase was seen in both OD260nm and OD280nm when bacteria were treated with cinnamon 316 

bark EO at either 0.125% or 2% (v/v) when compared to the untreated cultures. There was 317 

a significant difference (P ≤ 0.01) between readings for the untreated bacteria and bacteria 318 

treated with 2% (v/v) EO.  319 

 320 
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DISCUSSION 321 

This study examined the effect of EOs against pathogenic bacteria, some of which exhibit 322 

antimicrobial resistance. Disc diffusion assays using EOs at 100% (v/v) concentration 323 

demonstrated antimicrobial activity against the selected panel of Gram-positive and Gram-324 

negative bacteria. The use of an established antibiotic (gentamicin) provided a reference 325 

against which the sensitivity of the bacteria was assessed. Gentamicin sensitivity was 326 

observed in all tested bacteria with the exception of MRSA and Ac. baumannii NCTC 12156. 327 

Zones of inhibition breakpoints for MRSA and Ac. baumannii treated with gentamicin are 18 328 

mm and 17 mm, respectively.  329 

The disc diffusion assay showed that the oils showing the greatest inhibitory effects were 330 

thyme, cinnamon bark and lemongrass. Of these, thyme EO was most effective, an 331 

observation reported previously by Semeniuc et al. (2017) where it was most effective when 332 

compared to three other oils. Although the MRSA strain used was resistant to gentamicin in 333 

this study, cinnamon bark, lemongrass, manuka, rosemary and thyme EOs all produced 334 

zones greater than 18 mm. Ac. baumannii NCTC 12156 also showed resistance against 335 

gentamicin, although tea tree, thyme, rosewood, clove, cinnamon bark and cinnamon leaf 336 

EOs all produced zones ≥ 17 mm. These data are in line with published reports (Doran et al. 337 

2009, Adukwu et al. 2012, Priti and Shridhar 2012, Yap et al. 2014, Sakkas et al. 2016), which 338 

indicate that EOs are capable of working effectively against bacteria resistant to commercial 339 

antibiotics.  340 

Lemon, lemongrass, manuka, sweet orange and tea tree EO were more effective against the 341 

Gram-positive bacteria in comparison to the Gram-negative bacteria. Lemongrass and 342 

manuka in particular were shown to have lower MICs/MBCs for Staph. aureus when 343 

compared to other bacteria tested. These findings are in agreement with studies that found 344 

manuka EO to be more effective against Staph. aureus compared to E. coli and Ps. 345 
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aeruginosa (Porter and Wilkins 1998), and studies where lemongrass EO also showed good 346 

effect against Gram-positive bacteria (Hammer et al. 1999). In the present study, cinnamon 347 

bark at very low concentrations (i.e. 0.015% v/v), was bactericidal against MRSA, a finding 348 

which is supported by Cui et al. (2016), where cinnamon oil was found to be bactericidal 349 

against MRSA at 0.2 µg mL-1.  350 

Cinnamon leaf, clove, lemongrass, rosewood and thyme oils at <4% (v/v) were bactericidal 351 

against all the bacteria, excluding Pseudomonas species. A study by Kavanaugh and 352 

Ribbeck (2012) also reported a lack of bactericidal activity from clove, thyme and tea tree EO 353 

against Ps. aeruginosa spp. at concentrations less than or equal to 4% (v/v). Different studies 354 

have shown that EOs are more effective against Gram-positive bacteria (Lodhia et al. 2009), 355 

which is supported by some of the results presented here. However, equal or greater efficacy 356 

was observed when some of the oils were exposed to the Gram-negative bacteria. Bergamot, 357 

cinnamon bark, cinnamon leaf, clove, grapefruit, lime, rose geranium and rosewood all 358 

produced greater zones of inhibition in some Gram-negative bacteria compared to zones 359 

produced for Gram-positive bacteria. Of the oils tested for MIC, cinnamon leaf, clove, 360 

rosewood, tea tree and thyme had lower or equal MIC for Gram-negative bacteria. Cinnamon 361 

bark EO demonstrated bactericidal effects against all the strains used in this study at very 362 

low concentrations (i.e. ≤ 0.25% v/v).  363 

Cinnamon bark EO was thus selected for further investigation due to the broad-spectrum 364 

activity demonstrated against all the bacteria species tested and as it was the only oil to exert 365 

antimicrobial activity against the two strains of Ps aeruginosa during the antimicrobial 366 

screening phase. 367 

GC-MS analysis showed that the major component of cinnamon leaf oil used in this study 368 

was eugenol, which was 84.5% of the total oil composition. This is similar to findings in the 369 

current literature (Mallavarapu et al. 1995, Paranagama et al. 2001, Raina et al. 2001, 370 
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Jayawardena and Smith 2010). In contrast, the major component of the cinnamon bark oil 371 

used in this study was Σ-cinnamaldehyde at 85.3% of the total composition. The high levels 372 

of this component in the bark EO has been demonstrated elsewhere in other studies 373 

(Paranagama et al. 2001, Jayawardena and Smith 2010, Shahina et al. 2018). This 374 

contrasting composition of the two oils provides an explanation of their different antimicrobial 375 

effects, and it has been shown that cinnamaldehyde has a superior antimicrobial effect when 376 

compared to eugenol (López et al. 2007, Sanla-Ead et al. 2011, Brnawi et al. 2018). The 377 

differences seen in oil composition also highlights the importance of adequate analysis of 378 

EOs, using methods such as GC-MS, to confirm the origin of the oil and identify which part 379 

of the plant it is derived from.  380 

From the time-kill assay in the present study, cinnamon bark EO exhibited bactericidal effects 381 

with rapid killing action (three-log reduction) at ≤30 min at concentrations ≥0.25% (v/v). These 382 

findings are further evidence of the broad-spectrum potential of EOs, against both Gram-383 

negative and Gram-positive bacteria. The TTC assay was used to indicate the presence or 384 

absence of metabolically active cells which would convert TTC to a coloured formazan 385 

derivative (Sabaeifard et al. 2014). This assay is an important indicator for bacterial viability, 386 

as the intensity of the colour measured is directly proportional to the number of living cells 387 

(Moussa et al. 2013). The results obtained correlate well with the time-kill assay. The assay 388 

provides evidence for the possible mode of action of cinnamon bark EO, suggesting loss of 389 

metabolic function in the Ps. aeruginosa strain following exposure. These findings indicate 390 

that the respiratory activity necessary to reduce TTC was not present, which could also 391 

indicate a loss of membrane-selective permeability and loss of other vital enzymatic actions, 392 

as proposed by Bouhdid et al. (2010). However, it has been reported that TTC reduction may 393 

not correlate exactly with MIC, and end-points are less easily determined using the TTC 394 
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assay when compared to that of other redox indicators, such as resazurin (Mann and 395 

Markham 1998).  396 

The bactericidal effect of cinnamon bark EO on Ps. aeruginosa cell morphology was 397 

examined by scanning electron microscopy (SEM). After only 10 min of exposure to the EO, 398 

morphological changes to the treated cells were pronounced, and suggested total cell 399 

collapse and likely loss of viability. Reports on the mechanism of action of EOs suggest their 400 

role in the destruction of the cell wall, damage to the cytoplasmic membrane and membrane 401 

proteins, and cell leakage (Goldbeck et al. 2014). This suggestion is supported by data from 402 

the membrane permeability assay, which indicate that cinnamon bark EO causes leakage of 403 

nucleic acids, a probable result of a compromised cell membrane. This is in agreement with 404 

Bouhdid et al. (2010) who found that cinnamon bark oil affected the membrane of Ps. 405 

aeruginosa which ultimately led to cell death. This contrasts with the findings by Cox and 406 

Markham (2007) and Helander et al. (1998) who showed that Σ-cinnamaldehyde, a 407 

predominant component of the cinnamon bark EO used in this study, did not have an effect 408 

on the membrane of Ps. aeruginosa and was deemed to not be a pore forming compound. 409 

This highlights the importance of using whole oils, and not their isolated compounds, as it 410 

may not reflect the antimicrobial capability of an oil. It also further highlights the need for oil 411 

analysis to identify the blend of different compounds present and the role they play in the 412 

antimicrobial effects of an EO.  413 

Cinnamon EO is sourced from either the bark or the leaf of the plants (Park et al. 2018), with 414 

the EO extracted from bark most often investigated for its antimicrobial activity (Nabavi et al. 415 

2015). Cinnamon bark EO is already well described for its antimicrobial activity (Manso et al. 416 

2014, Wu et al. 2015, Wen et al. 2016, Zhang et al. 2016, Chouhan et al. 2017), and shown 417 

to be highly bactericidal against Pseudomonas spp. (Utchariyakiat et al. 2016). However, this 418 
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study is the first to demonstrate to our knowledge the rapid killing effect of the cinnamon bark 419 

EO against Ps. aeruginosa, with contact times of <30 min.  420 

In summary, this study has shown that EOs are effective antimicrobial agents and many 421 

possess broad-spectrum activity. Cinnamon bark EO in particular has demonstrated strong 422 

bacteriostatic and bactericidal action against Ps. aeruginosa. This provides a sound basis for 423 

further work to explore the use of cinnamon bark EO as an alternative to conventional 424 

antimicrobial products owing to its fast-acting bactericidal properties at low concentrations.  425 

The present study has confirmed that cinnamon bark is an antimicrobial EO which provides 426 

broad spectrum, high bactericidal activity when used at low concentrations and within a short 427 

contact time. These qualities make it an ideal candidate as an alternative to current 428 

antimicrobials, for example on surfaces in clinical and food preparation applications, in 429 

disinfection and infection control. Many studies investigating time kill and bactericidal activity 430 

of EOs expose bacteria to longer contact times, though it is important that shorter contact 431 

times are investigated and this study highlights the importance of performing antimicrobial 432 

tests using contact times <10 min. 433 

Findings from this study further support the reports that mode of action of cinnamon bark EO 434 

against Ps. aeruginosa is due to effects against the membrane of the bacteria, leading to cell 435 

leakage and cell death, shown here in the results of SEM and 260/280nm absorbance assay. 436 

Although EOs are generally recognised as safe (GRAS) by the Food and Drugs 437 

Administration (FDA), including that of cinnamon (Maisanaba et al. 2017), more investigation 438 

is needed to assess cinnamon EO’s application to control bacterial pathogens and 439 

subsequent interaction with humans. This study also highlights the importance of analysing 440 

these natural products before use, in order to determine their composition and to identify their 441 

key components. The composition and antimicrobial diversity observed amongst oils 442 
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originating from different parts of the same species of plant emphasizes the need for batch 443 

control and consistency when developing these oils for antimicrobial purposes.  444 
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List of Figures  624 

Figure 1 - Time-kill of Ps. aeruginosa PAO1 in presence of cinnamon bark essential oil. 625 

Essential oil concentrations:  0% (v/v);   0.125% (v/v);   0.25% (v/v);  626 

0.5% (v/v);  1.0% (v/v);  2.0% (v/v). Bars show SE. N=11 for 0% EO control 627 

sample, N=3 for remaining samples. 628 

Figure 2 – OD595nm data for triphenyltetrazolium chloride assay after treating Ps. aeruginosa 629 

PAO1 with cinnamon bark essential oil, normalised to T0 and expressed as a percentage. 630 

Essential oil concentrations:  0% (v/v);   0.125% (v/v);   0.25% (v/v);  631 

0.5% (v/v);  1.0% (v/v);  2.0% (v/v). Bars show SE (n=9). 632 

Figure 3 - Scanning electron micrograph showing untreated Ps. aeruginosa PAO1 cells. (a) 633 

Scale bar two µm (b) Scale bar 2 µm.  634 

Figure 4 - Scanning electron micrograph showing Ps. aeruginosa PAO1 treated with 2% 635 

cinnamon bark EO for 10 min. (a) Scale bar 500 nm (b) Scale bar 1 µm. 636 

Figure 5 – Assessment of nucleic acid and protein release from bacteria after treatment 637 

with cinnamon bark EO at 0.125% and 2% (v/v), and the untreated Ps. aeruginosa control 638 

culture. Figure 5a shows the relative OD260nm demonstrating nucleic acid release and 639 

Figure 5b is the relative OD280nm of filtrate. This experiment was carried out on three 640 

separate occasions (N=3) with the bars showing SE. 641 

List of Tables  642 

Table 1 - Antimicrobial activity of fifteen essential oils using disc diffusion assay. Values are 643 

mean inhibition zone (mm) ± SE of 9 replicates (n=3). 644 

Table 2 - The antimicrobial activity of eight essential oils, using the broth microdilution 645 

method to find minimal inhibitory concentration and minimum bactericidal concentration (% 646 

v/v) of 12 replicates (n=4) 647 

Table 3 – Percentage (%) composition of components within cinnamon bark and cinnamon 648 

leaf essential oil after gas chromatography mass spectrometry analysis.649 
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Table 1 - Antimicrobial activity of fifteen essential oils using disc diffusion assay. Values are mean inhibition zone (mm) ± SE of 9 650 

replicates (n=3). 651 

Essential Oil 
E. coli B ATCC 

23848 

E. coli NCTC 

9001 

Staph. aureus 

ATCC 6358 

Staph. aureus 

NCTC 12981 

Hospital 

Acquired 

MRSA isolate 

MSSA NCTC 

13297 

Ps. aeruginosa 

PAO1 

Ps. aeruginosa 

NCTC 8505 

Ac. baumannii 

NCTC 12156 

Ac. baumannii 

ATCC 17978 

Bergamot 11.0±0.4† - 7.0±0.0 10.7±0.4 6.4±1.6 5.0±1.3 - - 5.1±1.3 4.7±1.2 

Cinnamon Bark 36.2±1.2† 26.6±0.7† 30.8±0.5† 28.7±0.5 35.4±1.8† 27.7±1.1 17.3±0.7 16.7±1.4 28.6±0.7† 24.7±0.8† 

Cinnamon Leaf 18.2±0.4 13.2±0.2 15.4±0.2 17.9±0.7 14.8±0.2 12.9±0.3 - 8.7±0.3 17.9±0.2 16.0±0.0 

Clove 20.4±0.6 13.2±0.4 15.0±0.7 20.1±0.8 15.3±1.1 13.3±0.1 5.2±1.3 5.2±1.3 18.1±0.4† 15.8±0.5 

Grapefruit 13.6±0.5 8.5±1.4 9.8±0.3 11.2±0.7 11.0±0.4 10.3±0.7 - - 2.3±1.2 - 

Lavender 12.3±0.7 7.7±0.3 14.7±1.7 12.1±0.4 11.6±1.0 9.8±0.2 - - 8.9±0.5 9.1±0.3 

Lemon 2.9±1.0 - 9.0±0.9 6.4±0.7 6.2±0.8 4.7±2.1 - - - - 

Lemongrass 32.6±1.0† 10.1±0.2 29.2±0.9 27.6±0.7 36.9±0.8† 26.8±2.1 - - 14.2±1.5 24.6±2.6 

Lime 14.7±0.8 10.6±1.1 11.1±0.3 12.8±0.6 10.1±0.8 10.1±0.7 - - 12.0±0.6 11.6±0.2 

Manuka 7.3±0.3 5.3±1.5 19.7±4.0 20.9±3.9 21.6±4.7 17.3±3.7 - - 5.0±1.2 - 

Sweet Orange 9.1±1.9 3.0±1.3 11.3±3.2 7.9±3.5 9.3±5.4 7.4±4.3 - - 2.3±1.3 - 

Rose Geranium 18.3±0.3 11.3±0.3 17.7±0.6 15.5±0.8 12.3±0.4 13.4±0.3 5.3±1.0 - 8.6±0.2 11.4±0.6 

Rosemary 15.6±1.2 16.1±0.3 16.8±0.7 19.5±2.1 19.2±1.4† 17.4±1.1 - - 16.5±1.3 14.7±1.4 

Rosewood 21.7±2.0 14.7±0.7 16.4±2.1 20.3±1.0 16.2±0.4 14.0±0.7 - - 20.04±1.1† 16.6±0.5 

Tea Tree 16.7±0.6 16.4±0.6 23.4±1.7 22.4±2.1 17.2±0.5 13.5±1.0 - - 18.9±1.2† 16.6±0.7 

Thyme 46.2±4.8† 37.2±1.1† 48.2±2.1† 36.4±2.2 35.4±3.0† 35.8±2.8† 21.2±2.0 17.1±4.5 41.6±2.1† 36.4±5.3† 

Gentamicin* 24.4±0.2 22.7±0.2 27.7±0.2 35.3±0.2 12.4±0.2 26.4±0.2 20.3±0.2 26.0±0.0 12.1±0.1 19.6±0.2 

* gentamicin disc (30 µg) 652 
- no activity 653 
† value is significantly greater than gentamicin positive reference (P<0.05) 654 
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Table 2 - The antimicrobial activity of eight essential oils, using the broth microdilution method to find minimal inhibitory 655 

concentration and minimum bactericidal concentration (% v/v) of 12 replicates (n=4). 656 

 657 

 658 

 

 

Essential Oil 

E. coli B ATCC 

23848 

E. coli NCTC 

9001 

Staph. aureus 

ATCC 6358 

Staph. aureus 

NCTC 12981 

Hospital 

Acquired 

MRSA isolate 

MSSA NCTC 

13297 

Ps. aeruginosa 

PAO1 

Ps. aeruginosa 

NCTC 8505 

Ac. baumannii 

NCTC 12156 

Ac. baumannii 

ATCC 17978 

 MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC MIC MBC 

Cinnamon Bark 0.03 0.125 0.06 0.125 0.06 0.125 0.03 0.06 0.015 0.015 0.03 0.125 0.125 0.125 0.25 0.25 0.03 0.125 0.06 0.125 

Cinnamon Leaf 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.125 0.25 0.125 0.25 >4.0 >4.0 >4.0 >4.0 0.125 0.125 0.125 0.125 

Clove 0.125 0.125 0.125 0.125 0.125 0.25 0.125 0.25 0.25 0.25 0.25 0.25 >4.0 >4.0 >4.0 >4.0 0.125 0.125 0.125 0.125 

Lemongrass 0.25 0.25 1.0 1.0 0.25 0.25 0.25 0.25 0.12 0.25 0.25 0.25 >4.0 >4.0 >4.0 >4.0 1.0 1.0 0.5 1.0 

Manuka >4.0 >4.0 >4.0 >4.0 0.06 >4.0 0.06 >4.0 0.06 >4.0 0.06 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 

Rose Geranium 1.0 2.0 >4.0 >4.0 0.5 1.0 1.0 2.0 1.0 2.0 1.0 2.0 >4.0 >4.0 >4.0 >4.0 2.0 4.0 >4.0 >4.0 

Rosewood 0.5 1.0 1.0 2.0 1.0 2.0 1.0 2.0 1.0 2.0 1.0 2.0 >4.0 >4.0 >4.0 >4.0 0.5 1.0 1.0 1.0 

Tea tree 1.0 1.0 1.0 1.0 2.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 >4.0 4.0 4.0 2.0 2.0 

Thyme 0.125 0.25 0.25 0.25 0.125 0.50 0.25 0.25 0.25 0.50 0.25 0.50 >4.0 >4.0 >4.0 >4.0 0.125 0.125 0.25 0.25 
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Table 3 - Percentage (%) composition of components within cinnamon bark and 659 

cinnamon leaf essential oil after gas chromatography mass spectrometry (GCMS) 660 

analysis. 661 

Component 
Percentage (%) of total composition of oil 

Cinnamon Bark Cinnamon Leaf 

Σ-Cinnamaldehyde 85.312 0.185 

D-limonene 4.665 - 

Eucalyptol 3.823 0.160 

Eugenol 3.366 84.481 

Benzyl benzoate 1.935 2.752 

β-linalool 0.897 1.627 

Caryophyllene - 3.224 

Acetyleugenol - 2.191 

α-pinene - 0.982 

Camphene - 0.282 

β-terpinene - 0.242 

α-phellandrene - 0.957 

3-carene - 0.04 

Isoterpinolene - 0.062 

m-cymene - 0.638 

2-thujene - 0.201 

p-menth-1-en-8-ol - 0.122 

Copanene - 0.633 

Cinnamylalcohol acetate - 0.640 

α-caryophyllene - 0.434 

Carypyllene oxide - 0.141 

Total 99.998 99.994 

 662 


