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Abstract 

 

The therapeutic use of essential oils, or aromatherapy, is a popular practice of complementary 

and alternate medicine for the treatment and management of respiratory infections. Essential 

oils are most often applied topically via massage or via inhalation. Fifty-five essential oils and 

369 combinations were identified for the management of respiratory infections. As scientific 

evidence supporting these indications was lacking, this study intended to explore this avenue 

of research.  

 

The minimum inhibitory concentration (MIC) was recorded for each identified essential oil 

against nine test organisms (Staphylococcus aureus ATCC 25924, Streptococcus agalactiae 

ATCC 55618, Streptococcus pneumoniae ATCC 49619, Streptococcus pyogenes ATCC 

12344, Haemophilus influenzae ATCC 19418, Klebsiella pneumoniae ATCC 13883, 

Moraxella catarrhalis ATCC 23246, Mycobacterium smegmatis ATCC 19420 and 

Cryptococcus neoformans ATCC 14116). Gas chromatography coupled to mass spectrometry 

(GC-MS) was utilised to confirm purity of the essential oils and to identify the chemical 

profiles. The data from the GC-MS and antimicrobial studies was then analysed using 

chemometrics, a multivariate tool used to determine structure-activity relationships. 

Orthogonal projections to latent structure models were created and the compounds responsible 

for antimicrobial activity identified. The antimicrobial and toxic effects of the essential oils 

were then studied in 1:1 combinations using the MIC and brine shrimp lethality assay (BSLA), 

respectively. The interactive profiles of the combinations (antimicrobial and toxicity) were 

determined by calculating the fractional inhibitory concentration (ΣFIC) where either synergy, 

additivity, indifference or antagonism could be identified. Forty-nine essential oils and twenty-

four essential oil combinations (1:1) were studied further for anti-inflammatory effects due to 

the favorable results of these oils in the MIC assay and BSLA. The anti-inflammatory activity 

was assessed by measuring the inhibition of nitric oxide (NO), an inflammatory mediator, 

production in LPS-activated RAW 264.7 macrophages. These oils were further investigated 

for potentially toxic effects using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) against human lung cell lines (A549). Based on the results of the anti-

inflammatory and cell viability assessment against A549 cell lines, five essential oil 

combinations were found to be promising in equal combinations. These five combinations were 

then studied further by means of variable ratios using MIC analysis against the nine micro-
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organisms associated with the respiratory tract. The variable ratios were plotted on 

isobolograms and then expanded where the MIC results were assessed using the synergy 

prediction software, SynergyFinder. The results of the isobolograms were compared to the 

SynergyFinder plots and an optimal blend of essential oils determined. The optimum blend of 

essential oils was then formulated into a nanoemulsion using the self-emulsification technique. 

The antimicrobial potential of the nanoemulsed essential oil formulation was validated by 

means of MIC analysis against the same nine micro-organisms and the results of the 

formulation compared to those of the pure essential oils in optimal ratios. 

 

This study confirmed the antimicrobial potential of essential oils, with noteworthy inhibition 

observed for 31.9% of essential oils against all the pathogens tested. Amyris balsamifera L. 

(amyris), Coriandrum sativum L. (coriander) and Cinnamomum zeylanicum Blume (ceylon 

cinnamon) showed the broadest spectrum of activity. Computational software was applied to 

define the chemistry responsible for individual antimicrobial effect. Eugenol was identified as 

the most frequently reoccurring biomarker that contributed to broad-spectrum noteworthy 

antimicrobial activity of essential oils; while linalyl acetate, α-pinene and β-pinene were 

frequently responsible for poor antimicrobial activity. The chemometric tool was assessed for 

prediction accuracy by means of antimicrobial validation. The prediction accuracy relating to 

the chemometric outcomes of this study was 92.3% for active biomarker predictions and 61.9% 

for inactive biomarker predictions. Following the analysis of individual essential oils, 

combinations were assessed for antimicrobial potential in 1:1 and varying ratios. The prediction 

tool, SynergyFinder was implemented and compared to isobolograms generated for essential 

oil blends. Prediction accuracy for synergy by SynergyFinder was on average 34% across all 

nine ratios studied. This low outcome is primarily due to differences in mathematical theory 

applied to the definition of synergy between the isobologram and SynergyFinder. An optimal 

blend of essential oil was identified. This blend included the Hyssopus officinalis var. 

angustifolius (M.Bieb.) Benth. (hyssop) in combination with Rosmarinus officinalis var. 

angustifolius (Mill.) DC. (rosemary) essential oil in blends of 49.57% of H. officinalis to 

50.43% of R. officinalis. This blend of essential oil was developed into a pharmaceutical 

nanoemulsion formulation and assessed against the same panel of pathogens. The formulation 

provided a six-fold enhanced antimicrobial effect as compared to the neat essential oil blend.  

 

Essential oils, as investigated here, display antimicrobial potential alone and in combination 

against pathogens of the respiratory tract. Chemometric analysis was proven to be an effective 
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tool for identifying active compounds that could potentially become novel lead compound for 

new antimicrobials. The blended essential oils further demonstrated potential for holistic 

treatment effects, proving anti-inflammatory and non-toxic activity when equally blended. It 

was further determined that the SynergyFinder prediction software, critical in preclinical 

formulation design, provides valuable supporting tools to isobolograms when optimizing 

essential oil combinations for antimicrobial effect. This study has also gone on to show the 

opportunity to combine essential oils into novel pharmaceutical formulations for enhanced 

antimicrobial effects. Therefore, this study has been majorly successful in identifying unique 

resources for antimicrobial optimization of essential oils and creates an exciting starting point 

for future research in this field. 
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Preview and description of thesis 

 

This study is a thesis by publication that incorporates research published into chapters; with 

permissions acquired from the publishers for the re-use in this thesis available in Appendix B. 

Figure 1 is a flow chart that demonstrates the sequence of events followed in undertaking this 

research. The design of this thesis has been divided into four parts. Firstly (shown in red), the 

essential oils recommended for various respiratory tract infections were identified and 

reviewed (Chapter 1, Article 1). The essential oils were then investigated for antimicrobial 

effect against nine micro-organisms of the respiratory tract (Staphylococcus aureus, 

Streptococcus agalactiae, Streptococcus pneumoniae, Streptococcus pyogenes, 

Mycobacterium smegmatis, Klebsiella pneumoniae, Moraxella catarrhalis, Haemophilus 

influenzae, Cryptococcus neoformans). These essential oils were further analysed using gas 

chromatography coupled to mass spectrometry (GC-MS), the major compounds identified, and 

purity confirmed. Using multivariate tools such as chemometric analysis, the compounds 

responsible for the noteworthy antimicrobial activity against the respective pathogen were 

identified (Chapter 2, Article 2). This was followed by the investigation of the selected 369 

essential oil combinations for antimicrobial, anti-inflammatory and toxic effects (Chapter 3, 

Article 3). This chapter could thus provide credence to the displayed antimicrobial activity of 

essential oils (alone and in combination) responsible for antimicrobial activity. Next (following 

the refinement of samples), five essential oil combinations were defined as the most promising 

for antimicrobial, anti-inflammatory and non-toxic effects and were assessed for antimicrobial 

activities when blended in varying ratios (Chapter 3, Article 4). Isobolograms and synergy 

contour maps (Synergy Finder) were created to define optimized synergy in each blend 

(Chapter 3, Article 4). Lastly (shown in blue), a best combination of essential oils was blended 

according to optimized synergy results and developed into a solution based pharmaceutical 

formulation for inhalation delivery in the management of respiratory tract infections (Chapter 

4, Article 5). Chapter 5 provides a final overview and conclusion. 
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CHAPTER 1 

GENERAL INTRODUCTION 
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1. Background 

1.1. Essential oils 

 

Essential oils are odorous and volatile liquids derived from plant material. Plants produce 

essential oils as secondary metabolites which are stored within the plant in secretory structures 

such as glands, secretory hairs, secretory ducts, secretory cavities or resin ducts (Djilani and 

Dicko, 2012). Essential oils play an important role in nature where they act to protect the plant 

by means of antibacterial, antiviral, antifungal and insecticidal action. In addition, essential oils 

protect the plant from herbivores while attracting some insects to scatter plant pollen and seeds 

for plant reproduction (Bakkali et al., 2008). Essential oils are commonly obtained by 

hydrodistillation, and sometimes by solvent extraction, or supercritical fluid extraction 

(Bakkali et al., 2008, Ni et al., 2021). Essential oils are composed predominantly of mono- and 

sesquiterpenes, but other types of compounds such as allyl and isoallyl phenols may also be 

present within an essential oil (Ríos, 2016). The applications of essential oils are equally as 

diverse with essential oils having been applied in cosmetics and perfumes, as well as medicinal 

applications due to their perceived therapeutic benefits (Djilani and Dicko, 2012).  

 

1.2.Essential oils as antimicrobial agents 

 

Essential oils have been used for their antimicrobial potential as early as 4500 BC, where the 

Ancient Egyptians made use of these oils in cosmetics and ointments for medicine (Başer and 

Buchbauer, 2009). As of 1937, Rene Gattefosse, developed the term “Aromatherapy” and 

began researching essential oils for their therapeutic properties (Bakkali et al., 2008). The 

clinical use of essential oils continued to develop in France where in 1969; Maurice Girault 

created the ‘aromatogram’ (Peace Rhind, 2012).  Aromatograms, similar to clinical 

antibiograms, list the essential oils identified as having antimicrobial potential against an 

individual microbial pathogen, as determined in laboratory settings. As a result of this work, 

and others by Daniel Penoel, Jean Valnet and Pierre Franchomme, the use of essential oils for 

treating infections has developed into a clinical practice of aromatherapy which is known today 

as ‘aromatic medicine’ (Peace Rhind, 2012). The practice of aromatherapy and aromatic 

medicine remains one of the most popular forms of complementary medicine to date (El-

Anssary, 2020). Despite the empirical knowledge held for thousands of years concerning the 

antimicrobial potential of essential oils, clinical research performed in laboratories around the 

world have further proven their potential, advancing the interest in essential oil use within 
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clinical settings. Numerous scientific studies and reviews performed over the last four decades 

have highlighted the potential of essential oils for antimicrobial effect (Deans and Ritchie, 

1987, Burt, 2004, van Vuuren and Viljoen, 2011, de Rapper et al., 2012, Lang and Buchbauer, 

2012, Raut and Karuppayil, 2014, Orchard et al., 2018a, Ni et al., 2021).   

For human application, essential oils are applied through topical, oral and inhalation in 

aromatic medicine practice. Topical application includes the massage or application of diluted 

essential oils to the surface of the skin. According to Tisserand and Young (2014), essential 

oils applied through this route of administration have poor absorption with only 5% of the 

applied essential oil transported into the bloodstream. Essential oils can also be administered 

via ingestion along the oral route. These essential oils are encapsulated within gelatin capsules 

or diluted in a glass of water for administration along this route. Bioavailability of essential oil 

is indicated at 95% via oral ingestion, however, the consumption of these products is leveled 

with a degree of uncertainty with regards to safety and as such not strongly advocated 

(Tisserand and Young, 2014). Lastly, essential oils can be administered through the method of 

inhalation. Inhalation of essential oils is the action of direct breathing in of these agents for 

therapeutic effect. Essential oils, once inhaled, have direct distribution to the lungs, with an 

effective bioavailability of 50% (Tisserand and Young, 2014). Essential oils, once inhaled, are 

able to reach the tiniest spaces within the lungs and due to their effects on mucocilliary 

clearance, are able to remain in these spaces for prolonged periods (Hasani et al., 2003). 

Inhalation of essential oils can also result in changes to behavior and mood when treating 

patients, as 5% of essential oils administered via inhalation are transported to the brain by 

means of olfactory receptors. Commercially available aromatherapeutic texts note extensively 

the use of essential oils by means of inhalation for the management of respiratory related 

infections, with numerous texts and internet sources available for quick reference of treatment 

regimens.    

 

1.3. The use of essential oils in the respiratory tract 

 

According to the European Pharmacopoeia, more than 25 essential oils are listed as ingredients 

for use in the respiratory tract in the management of respiratory related infections. These 

essential oils include Pimpinella anisum L., fructus (anise), Foeniculi amari fructus (bitter 

fennel), Eucalyptus globulus Labill. (eucalyptus), Menthae piperitae aetheroleum 

(peppermint), Melaleuca alternifolia Cheel. (tea tree) and Thymus vulgaris L. (thyme). 

Commercially available aromatherapeutic texts, however, note a greater number of essential 
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oils for use in the respiratory tract (Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 2005, 

Clarke, 2009, Buckle, 2014, Curtis et al., 2016). The physiological effects of individual 

essential oils and their components on the respiratory system has been studied in vitro and in 

animal models. Studies have demonstrated that some essential oils cause a reduction in 

respiratory tract infection symptoms (Kamin and Kieser, 2007, Shields, 2011). Despite the 

potential of these essential oils to manage symptoms associated with respiratory infection, risk 

exists (respiratory depression, increased mucous production and decreased mucocillary beat) 

when applied in the respiratory tract (Plotkowski et al., 1993, Su et al., 1993, Sekizawa et al., 

1996). In addition, little is known of the effect of essential oils on pathogens clinically relevant 

to respiratory tract infections. Despite the lack of scientific support for the use of essential oils 

for respiratory infections, a large array of resources exist regarding the use of essential oils for 

these purposes. The recommendation and claims of use for many of the essential oils may have 

been from knowledge passed down over the generations, or may be due to the information 

taken from the known uses of the herbs or extracts (Orchard et al., 2018b). This further 

indicates why scientific validation for the use of essential oils against respiratory tract 

associated pathogens is necessary.  

 

1.4. The identification of commercial essential oils used in the respiratory tract 

 

Essential oils recommended for use in the respiratory tract were identified using the aroma-

therapeutic literature available to the layman (Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 

2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016). Review of the literature allowed for the 

identification of 55 commercial essential oils cited for use in the respiratory tract for the 

management of respiratory infections. An overview of the essential oils identified is provided 

in Table 1.1 with a summary of the respiratory uses of these essential oils provided in Figure 

1.1 (also present in the literature review Leigh-de Rapper and van Vuuren (2020)). 

 

Table 1.1: Summary of individual essential oils indicated in the management of respiratory 

tract conditions 

Scientific name Common name Indication for use* 

Abies balsamea Fir 
Cold, bronchitis, congestion, mucous reduction, 

flu 

Amyris balsamifera Amyris Asthma, cold, cough, bronchitis, flu 

Angelica 

archangelica 
Angelica Cold, bronchitis, pleurisy 
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Scientific name Common name Indication for use* 

Boswellia carterii Frankincense 
Asthma, catarrh, cough, laryngitis, bronchitis, 

congestion, mucous reduction 

Canarium 

luzonicum  
Elemi 

Catarrh, cough, bronchitis, congestion, mucous 

reduction 

Carum carvi  Caraway 
Laryngitis, bronchitis, congestion, mucous 

reduction 

Cinnamomum 

camphora 
Camphor Cold, cough. pneumonia 

Cinnamomum 

zeylanicum  
Ceylon cinnamon Cold, flu 

Citrus aurantifolia Lime 
Catarrh, cough, sinusitis, bronchitis, congestion, 

mucous reduction 

Citrus sinensis  Orange Cold, bronchitis 

Citrus bergamia  Bergamot Bronchitis, TB, tonsillitis 

Citrus limonum Lemon 
Cold, cough, laryngitis, pharyngitis, bronchitis, 

flu 

Commiphora 

molmol 
Myrrh 

Catarrh, cold, cough, pharyngitis, bronchitis, 

congestion, mucous reduction Commiphora 

myrrha  

Coriandrum 

sativum 
Coriander Flu 

Cupressus 

sempervirens  
Cypress Cold, diphtheria, bronchitis, flu, hay fever 

Cymbopogon 

citratus  
Lemon Grass Laryngitis 

Cymbopogon 

martinii 

Daucus carota  Carrot Seed Cough, bronchitis, congestion, mucous reduction 

Elettaria 

cardamomum 
Cardamom Flu 

Eucalyptus 

globulus  
Eucalyptus 

Catarrh, cold, sinusitis, laryngitis, pharyngitis, 

bronchitis, pneumonia, flu 

Ferula galbaniflua  Galbanum Cough, congestion, mucous reduction 

Foeniculum 

vulgare  
Fennel Cough 

Helichrysum 

officinalis 
Immortelle 

Asthma, cold, cough, bronchitis, congestion, 

mucous reduction, flu Helichrysum 

racemosa 

Hyssopus 

officinalis  
Hyssop 

Asthma, cold, bronchitis, congestion, mucous 

reduction, flu, sore throat 

Illicium verum  Star anise Cough 

Jasminum 

officinalis 
Jasmine 

Cold, cough, laryngitis, pharyngitis, bronchitis, 

pneumonia 

Juniperus 

virginiana 
Cedarwood 

Catarrh, cough, bronchitis, congestion, mucous 

reduction 

Laurus nobilis Bay Bronchitis 
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Scientific name Common name Indication for use* 

Lavandula 

angustifolia  
Lavender 

Catarrh, cough, laryngitis, bronchitis, pneumonia, 

TB 

Lavandula burnati  
Lavandin Laryngitis, bronchitis, flu 

Lavandula latifolia 

Lavandula spicia Lavender Spike Laryngitis, bronchitis 

Litsea cubeba May Chang Oral thrush 

Melaleuca 

alternifolia  
Tea-Tree Catarrh, cold, flu 

Melaleuca cajeput  Cajeput 
Asthma, cold, sinusitis, laryngitis, pharyngitis, 

bronchitis, flu 

Melaleuca 

viridiflora 
Niaouli 

Asthma, catarrh, cold, cough, sinusitis, laryngitis, 

pharyngitis, bronchitis, pneumonia, TB, 

congestion, mucous reduction 

Mentha piperita Peppermint Asthma, cough, sinusitis, bronchitis, flu 

Myrtus communis Myrtle Congestion, mucous reduction 

Ocimum basilicum Basil Catarrh, cough, flu 

Origanum  

majorana  
Marjoram Asthma, cold, sinusitis, bronchitis 

Origanum vulgare Origanum Cold, bronchitis, flu 

Pimenta officinalis 
Pimento Cold, bronchitis, flu 

Pimenta racemosa 

Pimpinella anisum Aniseed Cold, congestion, mucous reduction 

Pinus sylvestris  Pine Asthma, cold, cough, laryngitis, bronchitis 

Piper nigrum     Black Pepper Catarrh, cough, flu 

Rosa damascena Rose Cough, laryngitis 

Rosmarinus 

officinalis  
Rosemary Asthma, cold, cough, bronchitis, flu 

Salvia officinalis  Sage Catarrh, cold, bronchitis, flu 

Salvia sclarea  Clary sage Asthma, cough 

Santalum album  

Sandalwood Cough, laryngitis, bronchitis Santalum 

austrocaledonicum 

Styrax benzoin  Benzoin 

Cold, cough, sinusitis, laryngitis, pharyngitis, 

bronchitis, pneumonia, congestion, mucous 

reduction, flu 

Syzygium 

aromaticum  
Clove Asthma, cold, bronchitis, TB, flu 

Syzygium 

caryophyllata 

Tagetes minuta 
Tagetes Oral thrush 

Tagetes patula 

Thymus vulgaris Thyme 
Asthma, cold, cough, laryngitis, pharyngitis, 

bronchitis, flu 

Tilia europaea Linden Blossom Bronchitis, flu, pleurisy 

Viola odorata Violet 
Diphtheria, laryngitis, congestion, mucous 

reduction 

Zingiber officinale Ginger Cough, flu 
*References include Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016 
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Figure 1.1: Summary of categorized respiratory conditions in which essential oils are used. 

 

Upon identification of the individual essential oils indicated for use in the respiratory tract, it 

was noted that blends comprising more than one essential oil was commonly indicated. 

Essential oil combinations are the preferred means of essential oil application in aromatic 

medicine due to the perceived synergistic and holistic benefits offered by this approach 

(Lawless, 1995). Therefore, following the identification of the individual essential oils 

indicated in the management of respiratory infections, further investigation was required to 

determine the essential oils indicated for use in combination for an enhanced therapeutic effect. 

Using the same resources, Table 1.2 summarises the possible combinations that could be 

identified for each of the 55 essential oils. Further detail into the combinations is discussed in 

Chapter 3. 

 

Table 1.2: Summary of recommended essential oil combinations 

Scientific name Common name Use in combination* 

Abies balsamea Fir 
Basil, caraway, cedarwood, frankincense, 

lavender, myrtle, niaouli 

Amyris balsamifera Amyris 
Benzoin, elemi, frankincense, galbanum, 

jasmine, lavender spike, sage 

Angelica archangelica Angelica 
Basil, benzoin, hyssop, lavender, lemon, sage, 

sandalwood 

Boswellia carterii Frankincense 

Basil, bergamot, black pepper, cardamom, 

cedarwood, cinnamon, galbanum, lavender, 

myrrh, orange, pine, sandalwood 

Bacterial 

infections

46%

Viral infections

32%

Management of 

symptoms

20%

Fungal infections

2%
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Scientific name Common name Use in combination* 

Canarium luzonicum  Elemi 
Cardamom, frankincense, galbanum, ginger, 

lavender, orange, rosemary 

Carum carvi  Caraway 

Basil, bay, benzoin, cardamom, coriander, 

elemi, frankincense, galbanum, ginger, 

lavender, orange 

Cinnamomum 

camphora 
Camphor Basil, cajeput, lavender 

Cinnamomum 

zeylanicum  
Ceylon cinnamon 

Basil, benzoin, cardamom, clove, coriander, 

eucalyptus, frankincense, galbanum, ginger, 

lavender, lemon, myrrh, orange, pine, 

rosemary, thyme 

Citrus aurantifolia Lime 

Angelica, bergamot, black pepper, carrot 

seed, ginger, lavender, linden, rose, rosemary, 

sage, tea-tree 

Citrus sinensis  Orange 

Angelica, black pepper, caraway, carrot seed, 

cinnamon, clove, coriander, cypress, 

frankincense, ginger, hyssop, jasmine, 

lavender, lemon, marjoram, niaouli, rose, 

rosemary, sage, tagetes, thyme 

Citrus bergamia  Bergamot 

Coriander, cypress, eucalyptus, jasmine, 

lavender, lemon, marjoram, myrrh, pine, 

rosemary, sandalwood, tea-tree 

Citrus limonum Lemon 

Benzoin, cardamom, carrot seed, cedarwood, 

cinnamon, eucalyptus, fennel, frankincense, 

ginger, hyssop, lavender, linden, myrtle, 

niaouli, orange, peppermint, rose, 

sandalwood, tagetes, thyme 

Commiphora molmol 
Myrrh 

Benzoin, cedarwood, cinnamon, clove, 

cypress, eucalyptus, frankincense, galbanum, 

lavender, lemon, peppermint, pine, 

sandalwood, tagetes Commiphora myrrha  

Coriandrum sativum Coriander 

Bergamot, black pepper, cardamom, 

cinnamon, cypress, frankincense, galbanum, 

ginger, jasmine, lemon, orange, pine, sage, 

sandalwood 

Cupressus 

sempervirens  
Cypress 

Bergamot, cedarwood, clary sage, 

frankincense, lavender, lemon, marjoram, 

orange, pine, rosemary, sage, sandalwood 

Cymbopogon citratus  

Lemon Grass 

Basil, cedarwood, clove, coriander, 

eucalyptus, jasmine, lavender, niaouli, orange, 

peppermint, rosemary, sandalwood, tagetes, 

thyme 
Cymbopogon martinii 

Daucus carota  Carrot Seed 
Bergamot, lavender, lemon, lime, orange, 

rosemary 

Elettaria 

cardamomum 
Cardamom 

Coriander, frankincense, galbanum, lemon, 

myrtle, pine 
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Scientific name Common name Use in combination* 

Eucalyptus globulus  Eucalyptus 

Benzoin, cedarwood, coriander, cypress, 

lavender, lemon, lemongrass, marjoram, 

peppermint, pine, rosemary, thyme, tea-tree 

Ferula galbaniflua  Galbanum 
Cardamom, elemi, frankincense, ginger, 

jasmine, pine, rose, tagetes 

Foeniculum vulgare  Fennel 
Basil, lavender, lemon, rose, rosemary, 

sandalwood 

Helichrysum 

officinalis 
Immortelle 

Bergamot, frankincense, lavender, orange, 

rose Helichrysum 

racemosa 

Hyssopus officinalis  Hyssop 
Angelica, cypress, fennel, lavender, lemon, 

orange, rosemary, sage, sandalwood 

Illicium verum  Star anise 
Cardamon, caraway, coriander, cypress, 

fennel, ginger 

Jasminum officinalis Jasmine 
Bergamot, frankincense, immortelle, 

lavender, orange, rose, sage, sandalwood 

Juniperus virginiana Cedarwood 

Benzoin, bergamot, cinnamon, cypress, 

frankincense, jasmine, lavender, lemon, 

linden, myrrh, rose, rosemary, sandalwood 

Laurus nobilis Bay 

Cedarwood, coriander, eucalyptus, ginger, 

lavender, lemon, marjoram, orange, rosemary, 

thyme 

Lavandula 

angustifolia  
Lavender 

Bay, bergamot, caraway, carrot seed, 

cedarwood, cinnamon, clary sage, clove, 

hyssop, jasmine, lemon, marjoram, myrtle, 

niaouli, orange, pine, rosemary, tagetes, 

thyme 

Lavandula burnati  
Lavandin 

Bergamot, clary sage, immortelle, jasmine, 

lemon, orange Lavandula latifolia 

Lavandula spicia Lavender Spike 
Bergamot, immortelle, jasmine, lemon, 

orange 

Litsea cubeba May Chang 
Basil, jasmine, lavender, orange, rose, 

rosemary 

Melaleuca alternifolia  Tea-Tree 

Cinnamon, clary sage, clove, coriander, 

cypress, elemi, eucalyptus, fennel, fir, 

frankincense, galbanum, garlic, ginger, 

hyssop, immortelle, jasmine, lavandin, 

lavender, lavender spike, lemon, lemongrass, 

lime, linden, marjoram, myrrh, myrtle, 

niaouli, orange, origanum, peppermint, pine, 

rose, rosemary, sage, sandalwood, tagetes 

Melaleuca cajeput  Cajeput 

Angelica, bergamot, cardamom, clove, 

eucalyptus, hyssop, immortelle, lavender, 

lemon, myrtle, niaouli, pine, rose, rosemary, 

sandalwood, thyme 
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Scientific name Common name Use in combination* 

Melaleuca viridiflora Niaouli 

Basil, coriander, fennel, frankincense, 

galbanum, lavender, lemon, myrrh, orange, 

peppermint, pine, rosemary, sage 

Mentha piperita Peppermint 

Benzoin, cedarwood, cypress, eucalyptus, 

ginger, lavender, lemon, marjoram, myrtle, 

niaouli, pine, rosemary, sandalwood, tagetes 

Myrtus communis Myrtle 

Bergamot, cardamom, coriander, lavender, 

lemon, lemongrass, peppermint, rosemary, 

tagetes, thyme 

Ocimum basilicum Basil 

Bergamot, black pepper, cedarwood, 

eucalyptus, hyssop, lavender, lime, marjoram, 

rosemary, sage, sandalwood, tea-tree 

Origanum  majorana  Marjoram 

Bergamot, cedarwood, cypress, eucalyptus, 

frankincense, lavender, orange, rosemary, 

sandalwood, thyme 

Origanum vulgare Origanum 
Angelica, basil, fennel, lemongrass, myrrh, 

pine, rosemary, tagetes 

Pimenta officinalis 
Pimento 

Frankincense, galbanum, ginger, lavender, 

lemon, lemongrass, orange, pine Pimenta racemosa 

Pimpinella anisum Aniseed 
Amyris, cardamon, caraway, cedarwood, 

coriander, fennel, galbanum 

Pinus sylvestris  Pine 

Cardamom, cedarwood, cinnamon, clove, 

cypress, eucalyptus, galbanum, lavender, 

lemon, myrrh, myrtle, niaouli, rosemary, 

sandalwood, tagetes, thyme 

Piper nigrum     Black Pepper 

Basil, benzoin, bergamot, cedarwood, 

cypress, frankincense, lavender, lemon, 

marjoram, rosemary, sandalwood 

Rosa damascena Rose 
Bergamot, clary sage, galbanum, jasmine, 

lavender, orange, sandalwood 

Rosmarinus officinalis  Rosemary 

Basil, bergamot, black pepper, carrot seed, 

cedarwood, cinnamon, clove, cypress, 

frankincense, ginger, hyssop, lavender, 

lemongrass, marjoram, myrrh, niaouli, 

orange, peppermint, pine, tagetes 

Salvia officinalis  Sage 

Bay, bergamot, coriander, frankincense, 

ginger, hyssop, jasmine, lavender, myrrh, 

niaouli, orange, rosemary, sandalwood, 

tagetes, thyme 

Salvia sclarea  Clary sage 
Bergamot, cedarwood, cypress, frankincense, 

jasmine, lavender, lime, sandalwood 

Santalum album  

Sandalwood 

Basil, benzoin, bergamot, black pepper, 

cedarwood, cypress, frankincense, ginger, 

hyssop, jasmine, lavender, lemon, marjoram, 

myrtle, rose, thyme 

Santalum 

austrocaledonicum 
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Scientific name Common name Use in combination* 

Styrax benzoin  Benzoin 

Bergamot, cardamom, coriander, cypress, 

frankincense, jasmine, lavender, lemon, 

myrrh, orange, rose, sandalwood 

Syzygium aromaticum  

Clove 

Basil, benzoin, bergamot, black pepper, 

cedarwood, cinnamon, eucalyptus, lavender, 

lemon, orange, peppermint, rosemary, thyme, 

tea-tree 
Syzygium 

caryophyllata 

Tagetes minuta 
Tagetes Galbanum 

Tagetes patula 

Thymus vulgaris Thyme 

Bergamot, black pepper, cedarwood, 

cinnamon, clove, eucalyptus, ginger, 

lavender, lemon, lemongrass, myrtle, niaouli, 

orange, pine, rosemary, sage, thyme 

Tilia europaea Linden Blossom 
Benzoin, cedarwood, ginger, jasmine, 

lavender, rose, tea-tree 

Viola odorata Violet 
Benzoin, frankincense, jasmine, lavender, 

lemon, orange, rose, sandalwood 

Zingiber officinale Ginger 

Bay, cajeput, cardamom, caraway, 

cedarwood, cinnamon, clove, coriander, 

elemi, eucalyptus, frankincense, lemon, lime, 

myrtle, orange, peppermint, rosemary, 

sandalwood, thyme 
*References include Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016; Common name 

only cited  

 

The use of essential oils in combination requires consideration that there is potential that the 

blend may result in synergistic or even antagonistic interactions. The aim of combining 

essential oils is to provide an enhanced effect and thus the resultant combination should act 

synergistically when blended. Synergy can be defined as an effect seen by a combination of 

substances being greater than would have been expected from individual contributions 

(Williamson, 2001). Synergy is commonly sought in the pharmaceutical profession when 

aiming to produce new and more effective drug combination formulations (e.g. clavulanic acid 

and amoxicillin). However, essential oils are not only blended for their antimicrobial potential 

when combined but also for possible synergy that results in enhanced anti-inflammatory and 

non-toxic effects. These interactions are explored and further elaborated on in Chapters 2 and 

3. Current antimicrobial research is very effective in being able to identify the potential of 

single oils or 1:1 combinations for antimicrobial purposes; however, finite research exists for 

the combined effect of essential oils in varied ratios. Just as essential oils are seldom applied 

individually in aromatic medicine, so too are they rarely applied in equal ratios when used in 

combination for a therapeutic effect. More commonly, in aromatic practice essential oils are 
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combined in varying concentrations to illicit an effect that is dependent on the individual 

qualities of each oil in the combination (New Directions Aromatics, 2020). Although research 

considering the effect of essential oils in varied ratios is sparse, it has been consistently noted 

within the published data that when essential oils are mixed in various concentrations, that a 

varied antimicrobial interaction may occur depending on the concentration of the two 

components used (Foucquier and Guedj, 2015). Therefore, essential oil research for 

antimicrobial effectiveness should consider the use of these products in varied ratios to confirm 

and optimize the antimicrobial effects of an essential oil blend at a specific ratio. Optimization 

in the process of pharmaceutical development is an expectation for formulation design, as 

product optimization provides for improved patient safety and compliance, reduced unit cost, 

and reduced probability of a failed product (Taylor, 2015). However, despite the ability of 

current methods available for antimicrobial research to provide a more precise effective dose 

ratio when reviewing essential oil blends in various ratios as compared to equal blends, infinite 

ratios of essential oils in combination exist when only two essential oils are combined. 

Therefore large-scale systematic antimicrobial screenings would be required in order to 

identify the exact ratio within an essential oil combination for optimum antimicrobial synergy,  

which is not practical with the current methods available (Fatsis-Kavalopoulos et al., 2020). 

The use of computer-aided software to quantify synergy for drug design and development has 

been in use within the pharmaceutical industry for a number of years, with great success (Yu 

and MacKerell, 2017). The use of this technology in essential oil antimicrobial research is 

novel, with limited data available to validate its potential for use in this field of study. However, 

the application of this technology for antimicrobial determination amongst essential oils 

provides the possibility to test a vast array of essential oil combinations using a limited number 

of fixed ratio experiments to optimize these combinations for synergy. The use of this 

technology and the determination of essential oils interactions is explored and further 

elaborated on in Chapter 4. 

 

In summary, both essential oils alone and in combination need to be validated in terms of 

efficacy and safety. This study predominantly focuses on addressing antimicrobial activity, 

anti-inflammatory activity and toxicity specifically related to essential oils combinations 

indicated for use in the respiratory tract. Knowledge regarding the optimal essential oil blends 

are then applied to the novel approach of synergy prediction using computer-aided technology 

as a means to optimize essential oil blends for formulation design for antimicrobial effect 

against pathogens relevant to the respiratory tract. 
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1.5. Aim and objectives of the thesis 

The aim of this study is to investigate the accuracy of synergy prediction made by computer-

aided software for the use of essential oils in the treatment of respiratory infections. 

 

The objectives of this study are as follows: 

 To identify the essential oils most commonly used and recommended for the treatment 

of respiratory tract infections. 

 To perform GC-MS analysis on the essential oils in order to identify the chemotype. 

 To perform antimicrobial testing of each essential oil against the micro-organisms 

associated with respiratory infections using the minimum inhibitory concentration 

(MIC) assay.  

 To perform structure activity relationship (SARS) of the components of the essential 

oils by means of chemometric analysis (SIMCA).   

 To identify the most frequently documented blends that are used in treating respiratory 

infections. 

 To determine the interactive profile of 1:1 combinations by calculating of the fractional 

inhibitory concentration (ΣFIC). 

 To determine the interactive profile of 1:1 combinations for anti-inflammatory effects.  

 To determine the interactive profile of 1:1 combinations for non-toxic effects.  

 To determine optimized antimicrobial synergy from essential oil blends where synergy 

is observed in the ΣFIC assessment across antimicrobial, anti-inflammatory and toxicity 

studies, by means of various ratio studies (isobologram analysis). 

 To perform SynergyFinder analysis to determine optimized antimicrobial synergy from 

essential oil blends where synergy is observed in the ΣFIC assessment across 

antimicrobial, anti-inflammatory and toxicity studies, by means of various ratio studies. 

 To formulate an essential oil product based on an ideal and optimized essential oil 

mixture using the results of the various ratio studies. 

 

Article 1 - Literature review on essential oils used in the respiratory tract  

At the time of this thesis, this article had been published. This article is shown as it appears 

in publication. The article featured as the cover page for the volume. 
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ANTIMICROBIAL ACTIVITY AND CHEMOMETRIC 

ANALYSIS 
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2. Introduction 

 

Chapter 1 provided a review of the layman aroma-therapeutic literature and available scientific 

studies regarding the holistic activity of commercial essential oils indicated for use in the 

respiratory tract. This chapter focuses on the selection and procurement of the essential oils 

chosen for analysis, as well as the motivation for pathogens selected for the study. Furthermore, 

this chapter then considers the chemical and antimicrobial analysis of the selected commercial 

essential oils. 

 

2.1. Essential oil selection, procurement and storage 

 

A selection of 49 of the 55 previously identified essential oils were obtained from international 

fragrance companies Robertet© (Grasse, France), Burgess and Finch (Cape Town, South 

Africa), Prana Monde (Hainaut, Belgium), Scatters Oils (Gauteng, South Africa) and Escentia 

Oils (Gauteng, South Africa). The essential oils were selected based on the frequency of 

citation in the aroma-therapeutic literature available to the layman, with specified 

recommendation in treating respiratory tract infections (Lawless, 1995, Shealy, 1998, Hili, 

2001, Sellar, 2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016). Table 2.1 summarizes the 

essential oils used in this study. Six of the 55 essential oils previously identified in Chapter 1 

were not considered for study due to lack of availability.  

 

Table 2.1: Summary of suppliers from which the essential oils selected for analysis were 

procured 

Scientific name Common name Supplier of essential oil 

Abies balsamea Fir 

Prana Monde (Hainaut, Belgium) 

Amyris balsamifera Amyris 

Boswellia carteri Frankincense 

Canarium luzonicum  Elemi 

Carum carvi  Caraway 

Cinnamomum camphora  Camphor 

Cinnamomum zeylanicum  
Ceylon 

cinnamon 

Citrus aurantifolia Lime Escentia Oils (Gauteng, South Africa) 

Citrus bergamia  Bergamot 

Prana Monde (Hainaut, Belgium) 

Citrus limon Lemon 

Citrus sinensis  Orange 

Commiphora molmol  Myrrh 

Coriandrum sativum Coriander 
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Scientific name Common name Supplier of essential oil 

Cupressus sempervirens  Cypress 

Cymbopogon citratus  Lemongrass 

Prana Monde (Hainaut, Belgium) 
Daucus carota  Carrot seed 

Elettaria cardamonum Cardamom 

Eucalyptus globulus Eucalyptus 

Ferula galbaniflua  Galbanum Escentia Oils (Gauteng, South Africa) 

Foeniculum vulgare Fennel 

Prana Monde (Hainaut, Belgium) 

Helichrysum italicum  Imortelle 

Hyssopus officinalis  Hyssop 

Illicium verum  Star-anise 

Juniperus virginiana Cedarwood 

Laurus nobilis Bay 

Lavandula angustifolia  Lavender 

Lavandula burnati  Lavandin 

Lavandula spica Lavender spike 

Melaleuca alternifolia  Tea tree 

Melaleuca cajeput Cajeput 

Melaleuca viridiflora Niaouli 

Mentha piperita Peppermint 

Myrtus communis  Myrtle 

Ocimum  basilicum  Basil 

Origanum marjorana  Marjoram 
Burgess and Finch  

(Cape Town, South Africa) 

Origanum vulgare Origanum 

Prana Monde (Hainaut, Belgium) 

Pimenta racemosa Pimento 

Pinus sylvestris  Pine 

Piper nigrum     Black pepper 

Rosa damascena Rose 

Rosmarinus officinalis  Rosemary 

Salvia officinalis  Sage 

Salvia sclarea  Clary sage 

Santalum austrocaledonicum Sandalwood Escentia Oils (Gauteng, South Africa) 

Styrax benzoin Benzoin Scatters Oils (Gauteng, South Africa) 

Syzygium caryophyllata Clove Prana Monde (Hainaut, Belgium) 

Tagetes minuta Tagetes Escentia Oils (Gauteng, South Africa) 

Thymus vulgaris  Thyme 
Prana Monde (Hainaut, Belgium) 

Zingiber officinale Ginger 

 

Appropriate packaging and storage of essential oils is critical to maintaining the overall 

efficacy of the essential oils. Essential oils are sensitive to environmental conditions with 

temperature, light, and oxygen commonly recognized as having a crucial impact on essential 

oil integrity (Turek and Stintzing, 2013). In order to maintain essential oil stability, essential 

oils are stored in amber glass bottles with securely closing caps, to protect the essential oil from 

sunlight and other sources of UV radiation, and air. Therefore, the essential oils were stored at 
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4°C in sealed, airtight, amber vials until they were used for further analysis (Turek and 

Stintzing, 2013). 

 

2.2. Micro-organism selection 

 

The review of the literature provided in Article 1 (Leigh-de Rapper and van Vuuren, 2020) 

described the respiratory conditions cited by aromatherapists that could be managed and treated 

with essential oils. Based on the findings of this review, nine different respiratory pathogens 

were selected to determine the antimicrobial efficacy of the essential oils. A summary of the 

micro-organisms selected is provided in Table 2.2. 

 

Table 2.2: Summary of micro-organisms selected for study 

Micro-organism 

selected 

Respiratory 

condition caused  
Motivation for selection 

Cryptococcus 

neoformans 

Pulmonary 

cryptococcosis 

Pulmonary cryptococcosis is a rare and severe 

pneumonia often isolated in immunocompromised 

patients, especially in patients with human 

immunodeficiency virus (HIV) infection 

(Kanjanapradit et al., 2017). South Africa has the 

largest HIV seropositive population in the world, 

with 7.8 million individuals living with HIV in 

2022 (Be In The Know, 2022). 

Haemophilus 

influenzae 

Acute sinusitis, 

otitis media, 

bronchitis, 

pneumonia 

A colonizer of the upper respiratory tract in up to 

20% of infants, 50% of 5–6 year olds and 75% of 

most healthy adults (King, 2012). Haemophilus 

influenzae is a major cause of a variety of 

respiratory conditions including pneumonia (King, 

2012). 

Klebsiella 

pneumoniae 

Pneumonia Carried in the stool of 5 to 38% of individuals, 

while 1 to 6% is carried in the nasopharynx 

(Ashurst and Dawson, 2018). Klebsiella 

pneumoniae accounts for 11.8% of all hospital-

acquired pneumonias and 3 to 15% of all 

community-acquired pneumonias in the world  

(Ashurst and Dawson, 2018). 

Moraxella 

catarrhalis 

Otitis media, 

bronchitis, 

pneumonia 

An exclusively human pathogen and is responsible 

for 15-20% of all acute otitis media episodes in 

children (Murphy and Parameswaran, 2009). 

Mycobacterium 

tuberculosis* 

 

Tuberculosis Tuberculosis remains a leading respiratory 

infection responsible for killing approximately 1.7 

million people in 2016 (WHO, 2017). The 

incidence rates of this infection remain high for 

South Africa with rates above 500/100 000 (WHO, 

2017). 
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Micro-organism 

selected 

Respiratory 

condition caused  
Motivation for selection 

Staphylococcus 

aureus 

Pleural effusions, 

empyema, 

abscesses, 

pneumatoceles, 

necrotizing 

pneumonia 

A commensal of the upper respiratory flora of up 

to 30% of normal individuals but is responsible for 

invasive opportunistic infection of the respiratory 

tract (Shukla et al., 2010). Lower respiratory tract 

infection due to S. aureus is less common than 

upper respiratory infections but are associated with 

high instances of mortality (Klevens et al., 2007). 

Streptococcus 

agalactiae 

Pneumonia Recognized as a leading cause of postpartum 

infection and neonatal sepsis following pneumonia 

(Hanna and Noor, 2020). 

Streptococcus 

pneumoniae 

Acute sinusitis, 

otitis media, 

bronchitis, 

pneumonia 

The most common bacterial cause of pneumonia 

in both adults and children (van Deursen et al., 

2016). 

Streptococcus 

pyogenes 

Acute mastoiditis, 

epiglottitis, 

laryngitis, 

nasopharyngitis, 

rhinitis, tonsilitis, 

pneumonia 

The most common bacterial cause of acute 

pharyngitis in both adults and children (Ashurst 

and Edgerley-Gibb, 2018). 

*The avirulent, saprophytic surrogate Mycobacterium smegmatis was used for all susceptibility testing in place of 

M. tuberculosis due to the stringent and specific laboratory controls required to assess the highly virulent 

pathogen. 
 

The antimicrobial activity of these essential oils is reported in Article 2 (Leigh-de Rapper et 

al., 2021). The ethics waiver for investigating the antimicrobial activity is given in Appendix 

C. 

 

2.3.Essential oil chemistry 

 

Essential oils are complex mixtures of varying chemical compounds. The average essential oil 

could contain a few to hundreds of different individual chemical constituents (Ragno et al., 

2021). These chemical compounds within essential oils often interact to create the synergistic 

or antagonistic relationships found between blends; however, some scientists believe that in 

certain instances, a single chemical entity may be responsible for the entire pharmacological 

action of a natural product (Tisserand and Young, 2013). Therefore, it is imperative when 

studying essential oils to determine the chemical composition of the essential oil studied as a 

means to ‘fingerprint’ the essential oil to its pharmacological effect. The chemical profiles of 

the essential oils selected for analysis is reported in Article 2 (Leigh- de Rapper et al., 2021).  
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2.4. Essential oil structure-activity relationship 

 

Chemometrics is the application of mathematical and statistical techniques used to retrieve 

significant information from complex datasets (Maree et al., 2014). Chemometrics is an 

invaluable tool for identifying patterns and determining structure-activity relationships within 

complex biological systems. Chemometrics employs the use of chemical data obtained from 

GC-MS analysis and compares that with laboratory data to determine compounds or 

combinations of compounds responsible for a perceived effect. The use of this software within 

essential oil research is used to identify single compounds or mixtures of compounds 

responsible for noteworthy antimicrobial activity. The structure-activity relationship of the 

essential oils cited for use in the respiratory tract is explored and reported in Article 2 (Leigh-

de Rapper et al., 2021). 
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Article 2 - Original article on essential oil antimicrobial and chemometric analysis  

At the time of this thesis, this article had been published. This article is shown as it appears 

in publication.
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3. Introduction 

 

Following the investigation into the antimicrobial activity of individual essential oils that are 

commonly cited for use in the respiratory tract against microbial reference strains, an 

investigation into the combined pharmacological effect of essential oils was to be considered. 

Aromatic medicine predominantly applies essential oils in multiple combinations, as 

aromatherapy is based on the practice of blending oils to achieve an enhanced therapeutic effect 

(van Vuuren and Viljoen, 2011). The rationale for combining essential oils includes creating 

blends that will enhance antimicrobial activity, or provide antimicrobial effect with anti-

inflammatory activity, or an antimicrobial and psychological effect, or enhanced 

pharmacological effect with reduced toxicity (Lawless, 1995, Shealy, 1998, Hili, 2001, Sellar, 

2005, Clarke, 2009, Buckle, 2014, Curtis et al., 2016, Orchard, 2019). The review of the 

aromatherapeutic literature identified 369 combinations used in the respiratory tract for varying 

enhanced antimicrobial, anti-inflammatory and non-toxic effects (Leigh-de Rapper et al., 

2021). The concern regarding these combinations is that available data on the antimicrobial 

interaction of the intended therapeutic combinations is lacking. This study addressed this 

deficiency of information by evaluating the identified essential oil combinations against the 

micro-organisms selected in Chapter 2. The outcome of the combination study is reported in 

Article 3. 

 

3.1. Synergy optimization 

 

Studies documenting the combined use of essential oils for antimicrobial purposes 

predominantly makes use of these essential oils in equal concentrations (Kemegne et al., 2021). 

However, where essential oils have been studied in varied ratios it has been determined that 

the antimicrobial benefit of the combination is not limited to the property of a single oil, or 

when placed in equal concentration, but depends on the specific ratios in which they are 

combined (Cassella et al., 2002, Orchard et al., 2018a, Kemegne et al., 2021). The assessment 

of essential oil combinations for synergy optimization is complex due to the large number of 

variations that exist; however, computer-aided software provides the means to review these 

combinations at fixed doses to predict synergy at infinite ratios. The use of computer-aided 

software has reduced the cost burden associated with drug design and research and has been 

formally recognized by the US FDA for clinical trial research (Sabe et al., 2021). Computer-

aided drug design is an indispensable tool in the pharmaceutical industry (Liao et al., 2011).  
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3.1.1. Current essential oil antimicrobial research using computer-aided software 

 

Design of Experiments (DoE) software is computer-aided software currently employed within 

industries such as pharmacy, chemistry and engineering (Thakkar et al., 2021, Hathout and 

Saharan, 2022, Nainwal et al., 2022). It is used in the industry as a means of optimizing 

experimental outcomes using a limited amount of experiments and resources (Carlson, 2001). 

A study conducted by De Rapper (2013) aimed to identify the antimicrobial effects of a number 

of varying essential oils in combination with Lavandula angustifolia (lavender) essential oil in 

triplicate combinations against Candida albicans. The study used MODDE 9.1® software for 

antimicrobial predictions. Three varying combinations of essential oils were investigated by 

comparing the MIC data obtained from the various combinations against the data gained from 

the individual MIC values of the essential oils under investigation (Carlson, 2001). For the 

combinations investigated it was determined that no single essential oil in the combination was 

responsible for an enhanced antimicrobial effect as the MODDE 9.1® software did not vary 

considerably even when essential oil volumes did. Limitations to the effectiveness of this 

software for antimicrobial purposes is the inability for the software to predict the optimal use 

of essential oil combinations where MIC values are similar and the restriction on the number 

of samples available for combination predictions. 

 

3.1.2. SynergyFinder predictive software for potential use within essential oil research 

 

SynergyFinder is a computer-based program for the automation and quantitation of synergism 

and antagonism, that applies commonly-utilized reference models such as, the Highest Single 

Agent (HSA) model (Berenbaum, 1989), the Loewe additivity model (Loewe, 1953), the Bliss 

independence model (Bliss, 1939), and the Zero Interaction Potency (ZIP) model (Yadav et al., 

2015) for prediction. Using these reference models, SynergyFinder then implements algorithms 

to calculate synergy scores based on dose-response data, which are then used to identify the 

ratio of essential oil in each combination that provides the greatest synergistic antimicrobial 

response. The use of this software has been published in over 100 scientific papers ranging 

from oncology to drug design and drug combination studies. The use of this type of software 

within the field of antimicrobial research is novel, with limited data available to validate its 

potential for use in this field of research (Nguyen et al., 2020, Maugeri et al., 2021). This study 

is the first to optimize essential oil combinations using SynergyFinder predictive software 

(Article 4). 
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Article 3 - Original Article on the combined effects of essential oils in the management of 

respiratory infections  

At the time of this thesis, this article had been published. This article is shown as it appears 

in publication. 
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Article 4 - Original Article on the optimization of essential oil combinations using 

isobolograms and SynergyFinder software  

At the time of this thesis, this article had been accepted for publication. This article may not 

appear in the thesis due to copyright constraints but is available at the following DOI: 

10.1055/a-1947-5680 
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4. Introduction 

 

The antimicrobial and therapeutic effects of essential oils have been widely accepted by the 

pharmaceutical industry. A large variety of inhalation essential oil preparations used to 

alleviate, manage, control and provide symptomatic relief of respiratory infections such as 

colds and coughs are available on the market. Table 4.1 provides a summary of the inhalable 

essential oil formulations available in South Africa.  

 

Table 4.1: Comparative table of the inhalation essential oil formulations currently on the 

market in South Africa.  
Product name and image Ingredients  Indication as per manufacturer 

Vicks inhaler nasal sticks  125 mg Menthol;  

50mg Camphor;  

10 mg Siberian pine 

needle oil  

 

The Vicks inhaler nasal stick is a 

decongestant agent used to provide 

symptomatic relief of the nasal passage. 

The essential oils work together and aid 

in breathing by lining the nasal passage 

and relieving nasal congestion caused by 

colds or allergies.  

Vicks VapoRub  

 

4.8% Synthetic 

camphor;  

1.2% Eucalyptus oil;  

2.6% Menthol;  

Cedar leaf oil*;  

Nutmeg oil*; 

Petrolatum*;  

Thymol*;  

Turpentine oil* 

Indicated for cough relief in persons two 

years and older. The vapours will last for 

eight hours.  

  

Vicks VapoSteam 

 

27 mg/g Eucalyptus 

oil; 36 mg/g 

Peppermint oil; 10 

mg/g Wintergreen;  

2 mg/g Lavender oil  

Vicks VapoSteam can either be used in 

vaporiser water, in an inhaler or in a hot 

water bowl to enable the inhalation of 

vapours. Indicated for cough relief and 

mucous reduction. 

 

Vicks Vapo Inhaler 

 

415 mg 

Levomenthol; 415 

mg Camphor  

This formulation aids in decreasing nasal 

congestion and clearing the airways to 

help facilitate breathing in persons over 

12 years of age. 

 

 

Karvol  

 

103 mg Pumilio pine 

oil; 66 mg Terpineol;  

35 mg Levomenthol;  

9 mg Pinus sylvestris 

oil; 3 mg Thymol; 

2 mg Chlorobutanol; 

Cinnamon oil* 

Karvol is available as a gel that can be 

applied onto the skin and inhaled into the 

respiratory tract. Karvol is also available 

as inhalation capsules that can be added 

into a nebuliser. Karvol is indicated for 

the symptomatic management of nasal 

congestion, colds and bronchitis.  

 
*percentage composition not disclosed; images taken from Google image search 
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4.1.Essential oil formulation development  

 

Inhalation drug delivery systems aim to produce a system that is needle free and provides 

systemic delivery of small molecule containing drugs. A challenge to inhalation formulations 

is ensuring that particle sizes in the formulation are within the desired particle size range so 

that the active ingredient can be easily dispersed (Chaurasiya and Zhao, 2020). Particles in 

inhalation formulations are expressed in terms of the mass median aerodynamic diameter 

(MAAD). For particles to enter the respiratory tract by inertial impaction they need to be within 

3 to 6 m; while via sedimentation they need to be between 1 to 3 m; and via diffusion the 

particles need be less than 1 m. In order for an inhaled drug to reach the lower respiratory 

tract, the inhaled particle needs to be less than 5 m (Jabbal et al., 2017). Additional limitations 

to essential oil formulation development include poor water solubility, toxicities and 

environmental instabilities of the essential oils due to heat, oxygen and moisture (Turek and 

Stintzing, 2013). Therefore, formulation techniques for delivery systems incorporating 

essential oils should be optimized to overcome these limitations while ensuring the 

pharmacological activity is retained (de Matos et al., 2019).  

 

4.2. Drug delivery methodology in the formulation of essential oil containing products 

  

Nanotechnology applications have great promise in pharmaceutical research and in the 

development of alternative drug delivery systems (Echeverría and Albuquerque, 2019). 

Nanotechnology involves the envelopment of nanoparticle drugs, or lipid bioactive molecules, 

into a homogenous or heterogenous matrix within a suitable nanocarrier (Ferreira and Nunes, 

2019). Nanoencapsulation is advantageous as it improves bio-availability, cellular uptake and 

reduces associated toxicities. The efficacy, specificity and targeting capabilities of a therapeutic 

agent can be optimized while degradation by oxidation may also be prevented (Kumari et al., 

2014). It also enables the encapsulation of poorly water-soluble molecules due the inherent 

increased solubilization capabilities (Wais et al., 2016). For an application in essential oils, 

these delivery systems have been proposed due to its effect in lowering volatility loss, 

increasing the stability, therapeutic efficacy, and aqueous solubility (Bilia et al., 2014). The 

preparation of an essential oil loaded nanocarrier is complex as there are various processes and 

steps involved that could affect the stability, bio-activity and organoleptic properties of the 

formulation. The choice of nanoencapsulation system should therefore be appropriately 
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selected for essential oil formulation. The various nanostructured systems are illustrated in 

Figure 4.1. A lipid base nanostructured system includes nanoemulsions, solid lipid 

nanoparticles, liposomes and self-emulsifying drug delivery systems. These systems are 

appropriate for pharmaceutical development of essential oils due to their ability to encapsulate 

lipophilic ingredients while maintaining product biodegradability and safety.  

 

Figure 4.1: Types of nanostructured systems available for essential oil formulation 

development. 

 

4.2.1. Nanoemulsions 

 

Emulsions are divided into microemulsions, coarse emulsions and nanoemulsions based on 

differences in droplet sizes and stability (Aswathanarayan and Vittal, 2019). Nanoemulsions 

are defined as a mixture of two immiscible liquids in which stability is achieved with a 

Nanostructured

systems 

Polymer base

Nanocapsules 
Drug soluble in a 

cavity surrounded by a 
polymer membrane

Nanogels
3D hydrophillic 

crosslinked polymer 
network.

Nanosponges 
Entrapment of drug  in 

porous structure

Lipid base 

Liposomes
Vesicle contained by 
phospholipid bilayers

Nanoemulsions
Dispersion of two 
immiscible phases

Solid lipid 
nanoparticles

Colloidal system 
consists of a solid lipid  
core and surfactants.  

Self emulsifying drug 
delivery system

Isotropic combinations 
of oils, solvents and 

surfactants. 

Nanostructured lipid 
carriers 

Solid and liquid lipids 
contained in a core. 
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surfactant. The liquid forms the continuous phase while sphere droplets form the dispersed 

phase. An oil dispersed in an aqueous emulsion is referred to an oil-in-water (o/w) emulsion, 

which is commonly used for the delivery of hydrophobic drugs. Nanoemulsions are suitable 

for hydrophobic and poorly soluble essential oils due its enhanced solubilization properties, 

which usually consist of small droplets in the size range of 20-200 nm (Taleb et al., 2018). 

Figure 4.2 illustrates the structure of nanoemulsions.  

 

 

Figure 4.2: Structure of nanoemulsions  

 

Nanoemulsions have advantageous properties, which include small droplet sizes that enables 

uniformity and decreases the risk of creaming and flocculation thus prolonging product shelf-

life (Scholz and Keck, 2015, Sugumar et al., 2015). Nanoemulsions have kinetic stability and 

are not generally impacted by temperature or pH variations. Therefore, decreased amounts of 

surfactants are required to maintain stability compared to other types of emulsion formulations 

(Aswathanarayan and Vittal, 2019). The narrow range of droplet sizes can also prevent Ostwald 

ripening which is a physical instability where larger oil globules increase in size at the cost of 

smaller globules (Scholz and Keck, 2015). In terms of antimicrobial activity, a smaller droplet 

diameter can be linked to a broader spectrum of activity against pathogens, which is 

advantageous for application against respiratory tract infections (Sugumar et al., 2015). The 

limitation of nanoemulsions is the inherent low viscosity of the formulation which can be 

mitigated by employing certain thickening agents such as polymers in hydrogel thickened 

nanoemulsions (Barradas et al., 2018). A summary of the formulation characteristics required 

for an optimum nanoemulsion formulation can be seen in Table 4.2.  
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Table 4.2: Summary of the optimum ranges for nanoemulsion formulation  

Nanoemulsion characteristic Optimal range 

Particle size < 100 nm 

Polydispersity index (PDI) 0.20 – 0.50 

Particle size post centrifugation < 100 nm 

Polydispersity index (PDI) post centrifugation 0.20 – 0.50 

 

 

4.2.2. Optimized essential oils for formulation design 

 

Based on the predicted synergy results of SynergyFinder and the isobolograms, an optimum 

combination of essential oils for antimicrobial synergy was identified. The antimicrobial 

interaction of Hyssopus officinalis (hyssop) essential oil in combination with Rosmarinus 

officinalis (rosemary) essential oils against the nine respiratory pathogens was investigated 

using SynergyFinder 2.0. According to the synergy maps derived, an average synergy score of 

9.76 was determined against all nine micro-organisms. A borderline synergistic result 

indicative of broad-spectrum antimicrobial effect, and the highest overall score of all five 

combinations of essential oils studied using variable ratio analysis. The results of 

SynergyFinder established that the optimal blend of each essential oil comprises of 49.57% of 

H. officinalis to 50.43% of R. officinalis to achieve an average synergy score ranging from 

14.25 to 57.14 against the pathogens studied. This optimized blend was then formulated into a 

nanoemulsion, using the self-emulsification technique. The findings of this are reported in 

Article 5. 
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Article 5 - Original article on essential oil formulation design  

At the time of this thesis, this article had been submitted for publication (05 October 2022) in 

the Journal of Essential Oil Research. This article is shown as it appears in submission. 

 

Article 

 

Designing an ideal essential oil combination for nanoemulsion 

formulation  

 

Stephanie Leigh-de Rappera, Alvaro Viljoenb,c, Pradeep Kumara,d and Sandy van 

Vuurena* 

 

a Department of Pharmacy and Pharmacology, Faculty of Health Sciences, University of the 

Witwatersrand, 7 York Road, Parktown 2193, South Africa; b Department of Pharmaceutical 

Sciences, Faculty of Sciences, Tshwane University of Technology, Private Bag X680, 

Pretoria 0001, South Africa; c SAMRC Herbal Drugs Research Unit, Department of 

Pharmaceutical Sciences, Tshwane University of Technology, Private Bag X680, Pretoria 

0001, South Africa; d Wits Advanced Drug Delivery Platform Research Unit, Department of 

Pharmacy and Pharmacology, School of Therapeutic Sciences, Faculty of Health Sciences, 

University of the Witwatersrand, Johannesburg, 7 York Road, Parktown 2193, South Africa 

*CONTACT Sandy van Vuuren: sandy.vanvuuren@wits.ac.za 
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Designing an ideal essential oil combination for nanoemulsion formulation 

 

ABSTRACT 

Essential oils are well studied for their antimicrobial effects; however, research on blends 

extending to formulations are rarely scientifically explored and validated. This study aimed to 

quantify and optimize the synergy of an essential oil blend by means of computational 

interpretation to create a nanoemulsion formulation ideal for respiratory inhalation. The 

nanoemulsion blend consisted of essential oils from Hyssopus officinalis var. angustifolius 

(M.Bieb.) Benth. (hyssop) in combination with Rosmarinus officinalis var. angustifolius (Mill.) 

DC. (rosemary). The prediction tool, SynergyFinder was implemented to determine optimal 

synergy blends for these essential oils. According to the synergy maps derived, an optimal 

blend of each essential oil comprises of 49.57% of H. officinalis to 50.43% of R. officinalis. 

This optimized blend was then formulated into a nanoemulsion, using the two-component, self-

emulsification technique. The essential oil nanoemulsion showed strong in vitro antimicrobial 

activities against pathogens of the respiratory tract, including; Streptococcus pneumoniae 

(ATCC 49619), Haemophilus influenzae (ATCC 19418), Klebsiella pneumoniae (ATCC 

13883) and Moraxella catarrhalis (ATCC 23246) with an average 6-fold improvement in 

antimicrobial effect when compared to the neat essential oils assayed individually. The blended 

H. officinalis and R. officinalis essential oil nanoemulsion was validated in this study and 

therefore holds potential to be developed as a natural antimicrobial agent for the management 

of respiratory tract infections. 

KEYWORDS: respiratory infections, antimicrobial, SynergyFinder, nanoemulsion,  

combination, essential oil. 
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1. Introduction  

Essential oils have been used for their antimicrobial properties as early as 4500 BC, where the 

Ancient Egyptians made use of these oils in cosmetics and ointments for medicine (1). As a 

result of the empirical knowledge preserved for thousands of years on the antimicrobial 

potential of essential oils, research performed in laboratories globally have substantiated these 

effects, thus promoting the application of essential oil-containing pharmaceutical products (2). 

Despite the antimicrobial and other pharmacological properties associated with essential oils, 

their pharmaceutical use is often limited due to challenges in formulation development. Some 

limitations for the development of essential oils into pharmaceutical products include physical-

chemical properties (e.g. poor water solubility), toxicity and environmental instabilities due to 

heat, oxygen and moisture (3). Essential oils are hydrophobic (which is a limitation for 

inclusion in some delivery systems), however, novel pharmaceutical technology can be 

employed to improve the inclusion capabilities of essential oils in formulations (4, 5). 

According to the literature, oil-in-water (O/W) nanoemulsions are especially suitable for the 

delivery of essential oils, due to their oil-based core, high-loading capability, and the large 

variety of available emulsifiers and stabilizers available for use (6, 7). Previous studies 

incorporating essential oils into nanoemulsion systems for antimicrobial purposes have 

provided promising results (8, 9). An earlier study Sugumar, Ghosh (10), aimed to determine 

the antimicrobial effect of the essential oil of Eucalyptus globulus Labill. (Eucalyptus) when 

encapsulated into a nanoemulsion system. The nanoemulsion demonstrated a greater 

antimicrobial effect against Staphylococcus aureus than when compared to the essential oil 

alone. Further studies have demonstrated similar improved antimicrobial effects (2, 11). Much 

of the work produced concerning essential oils incorporated into nanoemulsion formulations 

have considered the effect of the essential oil when used alone (12-18). Despite the positive 

findings that support the potential use of these individual essential oils in nanoformulations for 
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antimicrobial purposes, the practice of aromatic medicine predominantly makes use of essential 

oils in combination with other essential oils to achieve an enhanced therapeutic effect (19, 20). 

A limited number of studies exist that have explored the effects of essential oils in combination 

when formulated as nanoemulsions for antimicrobial purposes (21-25). Much of the published 

findings are limited to essential oils used against pathogens associated with food spoilage. The 

rationale for combination use for synergistic antimicrobial purposes within a pharmaceutical 

formulation is to encourage the use of lower doses of each component while maintaining 

optimized antimicrobial effects (21, 22). In order to optimize antimicrobial activity of an 

essential oil combination for formulation development, it is advisable to use an experimental 

design to define the most suitable proportions of each ingredient (oil) in an effective mixture 

(22). The use of computer-aided software to quantify synergy for drug design and development 

has been in use within the pharmaceutical industry for a number of years, with great success 

(26). In pre-clinical formulation studies concerning a combination of drugs, functional 

screening assays that probe the effects of the drug combination as per a dose-response matrix 

assay are commonly employed (27). The use of this technology aims to develop innovative 

formulations based on optimized interactions and is considered the favored method for 

interactive assessment in formulation design (21).  

In our previous studies (28, 29) we provided results of the antimicrobial potential of 

essential oils alone and in equal combinations against nine pathogens of the respiratory tract. 

Based on the findings of these studies, one unique combination comprising of the essential oils 

Hyssopus officinalis var. angustifolius (M.Bieb.) Benth. (hyssop) and Rosmarinus officinalis 

var. angustifolius (Mill.) DC. (rosemary) was identified as the most promising for use, having 

broad-spectrum antimicrobial activity, anti-inflammatory and non-toxic effects when used in 

equal ratio combinations (28, 29). This study explored this unique combination of essential oils 
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to quantify the optimum essential oil dose ratio that would provide antimicrobial synergy and 

further explored the combination as an antimicrobial nanoformulation. 

 

2. Materials and methods 

2.1. Materials 

One essential oil combination was selected for this study and included H. officinalis var. 

angustifolius in combination with R. officinalis var. angustifolius (These essential oils were 

procured from a flavor and fragrance industry provider, Prana Monde (Hainaut, Belgium). The 

two essential oils used in this study have been previously chemically characterized using gas 

chromatography coupled with a mass spectrometer (GC-MS) and reported in our earlier studies 

(28, 29). The major chemical constituents of these oils are provided in the Supplementary data 

(Table S1). The primary role of the surfactant within the formulation is to stabilize the emulsion 

by reducing surface tension at the oil/water interface (30, 31). Due to the lipid nature of 

essential oils, Caprylocaproyl macrogol-8-glyceride (Labrasol) was selected as the surfactant 

for the formulation. Labrasol is a non-ionic water-dispersible surfactant specifically used in 

lipid-based formulations to solubilize poorly water-soluble ingredients. Labrasol was obtained 

as a donation from Gattefossé (Saint-Priest, France). Propylene glycol (Sigma-Aldrich) was 

selected as a co-surfactant to the formulation as a means to provide further stability to the 

essential oil nanoemulsion.  

 

2.2. Preparation of cultures 

Microbial cultures were selected based on their relevance to respiratory infections and included 

the Gram-positive strains Staphylococcus aureus (ATCC 25924), Streptococcus agalactiae 

(ATCC 55618), Streptococcus pneumoniae (ATCC 49619) and Streptococcus pyogenes 

(ATCC 12344). The Gram-negative strains included Haemophilus influenzae (ATCC 19418), 
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Klebsiella pneumoniae (ATCC 13883) and Moraxella catarrhalis (ATCC 23246). The non-

pathogenic Mycobacterium strain M. smegmatis (ATCC 19420), and yeast strain Cryptococcus 

neoformans (ATCC 14116) were also included. All cultures were prepared as per our earlier 

studies (28, 29). A waiver for the use of these micro-organisms was granted by the University 

of the Witwatersrand Human Research Ethics Committee (Reference W-CJ-160720-2).  

 

2.3. Antimicrobial combination optimization using SynergyFinder (version 2.0) 

SynergyFinder (Version 2.0) facilitates the analysis of drug combination experiments and 

provides an interface for visualizing the drug combination landscapes in an interactive manner 

(27). The essential oil combination selected was investigated at varying ratios (Table 1) as a 

means to complete a dose-response matrix for evaluation by the SynergyFinder software, using 

the broth microdilution assay as previously reported (32).  

 

Table 1. The concentrations of each essential oil within the essential oil blend  

Combination 
Concentrations of essential oils in combination (μL) 

H. officinalis R. officinalis 

1 0 100 

2 0 25 

3 0 50 

4 0 75 

5 10 90 

6 20 80 

7 25 0 

8 25 75 

9 30 70 

10 33 66 

11 40 60 

12 43 57 

13 50 0 

14 50 50 

15 57 43 

16 60 40 

17 66 33 

18 70 30 
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19 75 0 

20 75 25 

21 80 20 

22 90 10 

23 100 0 

 

The 96-well micro-titre plates were prepared by aseptically adding 100 μL of sterile broth, 

respective for each micro-organism tested, into each of the wells. A stock concentration of each 

essential oil (32 mg/mL in acetone) was added to the first row at varying ratios (Table 1). The 

essential oil combinations were then serially diluted to concentrations ranging from 8.00 to 

0.06 mg/mL descending down each column of the micro-titre plate. A 100 μL volume of 

positive, negative and culture control was included for each micro-organism. The positive 

controls (Sigma–Aldrich) comprising of 0.01 mg/mL ciprofloxacin (for bacteria) or 0.10 

mg/mL amphotericin B (for the yeast) were included to ensure microbial susceptibility. The 

negative control of 32 mg/mL water in acetone was included to exclude the attribution of 

antimicrobial effects due to the solvent. The culture controls comprised of growth medium with 

the relevant pathogen to ensure that the appropriate broth supported microbial growth. An 

inoculum concentration of approximately 1×106 colony forming units per mL (CFU/mL) was 

prepared for each micro-organism studied and 100 μL of the inoculum added to each well. 

Before incubation, each micro-titer plate was sealed with sterile adhesive sealing film. 

Following incubation, 40 μL of 0.04% w/v p-iodonitrotetrazolium violet solution (INT; Sigma-

Aldrich) was added into each well of the micro-titer plate in order to determine micro-organism 

viability. A change of color in the well from clear to a purple-pink indicates microbial growth, 

therefore the lowest concentration displaying no color change was recorded as the MIC. Each 

experiment was repeated in triplicate and the mean value was recorded.  

The data generated from the varied ratio combination MIC assay was entered into 

SynergyFinder 2.0, a stand-alone web-application for interactive analysis and visualization of 

the essential oil combination screening data (33). A log-logistic model was applied to the varied 
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ratio MIC findings in order to generate dose-response curves for the essential oils in each 

combination. Essential oil combination antimicrobial responses were then plotted as heat maps 

to identify the concentrations at which the essential oils used in combination had maximum 

inhibitory effect on microbial growth. The degree of synergy per essential oil combination was 

analyzed using the response surface model based on the Bliss reference synergy model. The 

synergy score determined for the essential oil combination investigated was averaged over all 

the dose combination measurements, and a 3D synergy map was generated that highlights 

synergistic and antagonistic dose regions in red and green colours, respectively. On 

interpretation, the summary synergy scores of less than 10 was considered antagonistic, a range 

from −10 to +10 as additive, and greater than +10 as synergistic (34). 

 

2.4. Preparation of nanoemulsion 

The essential oil nanoemulsion was prepared using the two-component, self-emulsification 

method. Labrasol was first mixed with propylene glycol and stirred magnetically (IKA Plate, 

RCT digital, Deutschland, Germany) for 5 min at a speed of 500 rpm. The essential oils were 

subsequently added to produce a formulation of a final concentration of 2.5% (v/v) to the 

Labrasol and propylene glycol mixture and stirred for a further 15 min. Sterile distilled water 

(30 mL) was then added dropwise and stirred magnetically until a homogeneous translucent 

appearance was achieved. The completed formulation was then stored in sealed amber bottles 

to prevent any loss of essential oil due to evaporation. 

 

2.5. Characterization of the nanoemulsion 

The physical attributes of a nanoemulsion formulation determines the formulation stability and 

efficacy as well as its in vitro behaviour (35). These physical attributes of importance include 

the average particle size distribution and PDI. The particle size distribution, and PDI of the 
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samples were determined using dynamic light scattering (DLS) at 25°C using a zeta-potential 

and particle size analyzer (ELSZ-2000, Otsuka Electronics Co., Ltd. Japan). In  the  case  of  

pulmonary  drug delivery  for  systemic  absorption, aerosols  with  a  small  particle  size are  

required  to  ensure peripheral penetration (35, 36). Particles  smaller  than 3 µm have  an 

approximately 80% probability of reaching the lower airways while around 50–60% of these 

particles will be deposited in the alveoli (37), and hence this was a parameter for formulation. 

 

2.6. Stability of the nanoemulsion 

2.6.1. Centrifugation stability 

The essential oil nanoemulsion was centrifuged at 5000 rpm for 30 min to evaluate the stability. 

Stability was investigated by storing 5 mL of the nanoemulsion at 4 ± 1 °C, 25°C ± 1°C, 37°C 

± 1°C and 60°C ± 1°C in duplicate for one month (30). The samples were observed for 

instability including, creaming or flocculation.  

 

2.7. Antimicrobial activity of the nanoemulsion 

The broth microdilution method (38), was used to quantify the antimicrobial inhibitory activity 

of the formulated essential oil nanoemulsion against pathogens selected on their relevance to 

respiratory infections. The micro-titre plates were prepared aseptically, as per the antimicrobial 

studies undertaken for the combination optimization using SynergyFinder (Version 2.0). 

Variations to the method included the addition of 100 μL of the essential oil nanoemulsion, 

added to the first row. The positive controls remained 0.01 mg/mL ciprofloxacin (for bacteria) 

or 0.10 mg/mL amphotericin B (for the yeast) to ensure microbial susceptibility. The negative 

control of 15% (v/v) Labrasol and 7% (v/v) propylene glycol in 30 mL of distilled water was 

included to exclude the attribution of antimicrobial effects due to the formulation solution base. 

The culture controls comprised of growth medium relevant to the pathogen studied with the 
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relevant pathogen to ensure that the appropriate broth supported microbial growth. Following 

incubation, 40 μL of 0.04% w/v p-iodonitrotetrazolium violet solution (INT; Sigma-Aldrich) 

was added into each well of the micro-titer plate in order to determine the MIC. Each 

experiment was repeated in triplicate and the mean value was recorded.  

 

3. Results and discussion 

3.1. Antimicrobial optimization 

The antimicrobial interaction of H. officinalis essential oil in combination with R. officinalis 

essential oils against a selection of nine respiratory pathogens was investigated using 

SynergyFinder 2.0. (Figure 1).  

According to the synergy maps, an average synergy score of 9.76 was determined 

against all nine pathogens studied. The highest synergy was noted against H. influenzae for 

which a synergy score of 27.621 was noted, with greater synergy assigned to ratios higher in 

H. officinalis than R. officinalis, while optimal synergy was determined for each essential oil 

in equal ratios of this combination. Synergy was also noted against S. pyogenes, M. smegmatis 

and C. neoformans with synergy scores of 10.470, 11.864 and 13.263, respectively. Marginal 

synergy was determined for the combination against the pathogen S. aureus (synergy score = 

9.505), while additive scores were noted against all other pathogens with scores of -0.029 (S. 

agalactiae), 7.602 (S. pneumoniae), 3.763 (K. pneumoniae) and 3.780 (M. catarrhalis) 

measured. The results of SynergyFinder established that the optimal blend of each essential oil 

comprises of 49.57% of H. officinalis to 50.43% of R. officinalis to achieve an average synergy 

score ranging from 14.25 to 57.14 against the pathogens studied. 
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Figure 1. Visual representations of the antimicrobial interaction of the combination of H. officinalis and R. officinalis essential oils against nine 

micro-organisms responsible for respiratory tract infections. Positive (red regions) of the response surface plot indicate synergistic effects; while 

negative (green regions) indicate antagonistic effects. Optimal ratios of H. officinalis and R. officinalis essential oils are indicated in adjacent 

tables, per micro-organism.
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3.2. Characterization of the nanoemulsion 

The blended H. officinalis and R. officinalis essential oil nanoemulsion was stable to 

coalescence and Ostwald ripening. The average particle size of the blended H. officinalis and 

R. officinalis essential oil nanoemulsion was determined as 47.89 nM using a zeta-potential 

and particle size analyzer (Figure 2). 

 

 
Figure 2. Particle size of the essential oil nanoemulsion as determined by zeta-potential and 

particle size analyzer. 

 

Oil in water emulsions are classified based on the size of the droplet, with nanoemulsions 

classified for droplet sizes of less than 100 nM (39). Therefore, these findings indicate the 

emulsion was within nano-range. Other studies incorporating the use of essential oils in 

nanoemulsions have defined a range of nanodroplet sizes between 23.4 and 100 nM with 

droplet sizes varying dependent on the constituents selected, operating conditions, and 

preparation methods used (40-43). The polydispersity index (PDI) value provided by the 

nanosizer informs if the nanoemulsion droplets are well dispersed with a measure of 0.20 to 

0.50 expected for pharmaceutical preparations (44). The PDI value for this study was 

determined as 0.202, which is desirably low and suggestive of well-dispersed nanoemulsion. 
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3.3. Stability of the nanoemulsions 

3.3.1. Centrifugation stability 

The appearance of the blended H. officinalis and R. officinalis essential oil nanoemulsion 

following formulation provided a clear and transparent liquid, without observed turbidity or 

precipitate (Figure 3A). After centrifugation at 5000 rpm for 30 min, the formulation 

maintained the same clear and transparent appearance (Figure 3B). The particle size of the 

nanoemulsion droplets were again measured using a zeta-potential and particle size analyzer. 

The droplet sizes were maintained after the centrifugation with droplet sizes slightly reduced 

to 37.55 nM and a PDI of 0.189, indicating good stability.  

 

 
Figure 3. The appearance of the blended H. officinalis and R. officinalis essential oil 

nanoemulsion following formulation (A) and following centrifugation (B). 

 

The nanoemulsion,  stored at 4 ± 1 °C, 25 ± 1 °C, 37 ± 1 °C and 60 ± 1 °C for one month, 

respectively showed no phase separation or creaming properties at all temperatures, indicating 

stability of formulation (Figure 4).  

 

 
Figure 4. The appearance of the blended H. officinalis and R. officinalis essential oil 

nanoemulsion (in duplicate) following storage at 4 ± 1 °C, 25 ± 1 °C, 37 ± 1 °C and 60 ± 1 °C for 

one month. 
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3.4. Antimicrobial validation of the formulation  

The blended H. officinalis and R. officinalis essential oil nanoemulsion was investigated against 

nine pathogens of the respiratory tract by means of minimum inhibitory concentration (MIC) 

analysis. A noteworthy antimicrobial effect was determined for the blended H. officinalis and 

R. officinalis essential oil nanoemulsion against all nine respiratory pathogens with MIC values 

of 0.07 to 1.17 mg/mL (mean of 0.36 mg/mL) observed (Table 2). The measured MICs of the 

neat, combined essential oils prior to formulation against the nine pathogens studied was on 

average 2.17 mg/mL (29). The nanoemulsion exhibited better inhibitory effects across all 

pathogens studied, with a six fold increase in antimicrobial activity than when the neat essential 

oils when blended.  

 

Table 2. The mean MIC in mg/mL (n = 3) value of the blended H. officinalis and R. officinalis 

essential oil nanoemulsion investigated against test pathogens  

 

Neat essential 

oils in 

combination 

(29) 

Essential oil 

nanoemulsion 

Ciprofloxacin  

(positive 

control) 

Amphotericin 

B  

(positive 

control) 

Formulation 

Solution Base  

(negative 

control) 

Staphyloccocus aureus 

(ATCC 25924) 
2.00 0.07 0.50 x 10-3 NA > 4.93 

Streptococcus agalactiae 

(ATCC 55618) 
2.00 0.29 0.50 x 10-3 NA > 4.93 

Streptococcus 

pneumoniae 

(ATCC 49619) 

3.00 1.17 0.50 x 10-3 NA > 4.93 

Streptococcus pyogenes 

(ATCC 12344) 
1.00 0.29 0.50 x 10-3 NA > 4.93 

Mycobacterium 

smegmatis 

(ATCC 19420) 

1.50 0.29 0.50 x 10-3 NA > 4.93 

Haemophilus influenzae 

(ATCC 19418) 
4.00 0.29 0.25 x 10-3 NA > 4.93 

Klebsiella pneumoniae 

(ATCC 13883) 
4.00 0.59 1.00 x 10-3 NA > 4.93 

Moraxella catarrhalis 

(ATCC 23246) 
2.00 0.15 0.50 x 10-3 NA > 4.93 

Cryptococcus 

neoformans 

(ATCC 14116) 

0.09 0.07 NA 0.50 x 10-3 > 4.93 

 

The findings of this study are congruent with previous studies that showed that the conversion 

of essential oils into nanoemulsions having an improved antimicrobial effect. A previous study 
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(45), aimed to create an essential oil nanoemulsion containing Cymbopogon flexuosus (Nees 

ex Steud.) Will. Watson for antimicrobial use. The neat oil of C. flexuosus showed activity 

against Candida albicans at a concentration of 1.22 mg/mL while the nanoemulsion of the 

essential oil demonstrated an MIC of 0.28 mg/mL. This improved antimicrobial effect was also 

noted against the micro-organisms Cryptococcus grubii (MIC of neat oil was 0.58  mg/mL and 

the nanoemulsion was 0.28  mg/mL) and Pseudomonas aeruginosa (no antimicrobial effect by 

neat oil, and the nanoemulsion showed potential bactericidal activity at concentrations above 

11.33  mg/mL). These findings are further supported by previous essential oil studies, e.g. 

Origanum vulgare L. (46) and Thymus daenensis Čelak (47). It has been noted that this 

enhanced antimicrobial effect noted by essential oils when encapsulated into a nanoemulsion 

is due to the nanometric size and resultant improved diffusion of nanoemulsions (48). These 

enhanced characteristics offered by nanoformulations provides opportunity for further 

exploration of varying essential oil blends. 

 

4. Conclusions 

This study is the first to apply SynergyFinder software for the visual interpretation of 

antimicrobial synergy between the essential oil combination H. officinalis in combination with 

R. officinalis. The essential oil combination of H. officinalis and R. officinalis demonstrated 

broad-spectrum antimicrobial potential with a Bliss model synergy score of 9.76. As a result 

of this potential, a nanoemulsion formulation was created for a blend of H. officinalis and R. 

officinalis essential oils at optimized ratios as per the identified synergy maps for nine 

respiratory associated pathogens. At the optimal concentration of the blended H. officinalis and 

R. officinalis essential oil nanoemulsion, the average particle size of the nanoemulsion was 

47.89 nM and PDI 0.202. The nanoemulsion maintained good stability and dispersion after 

centrifuging at 5000 rpm for 30 min, stored at 60 ± 1 °C for one month. Furthermore, at 
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optimum concentrations, the blended H. officinalis and R. officinalis essential oil nanoemulsion 

showed noteworthy antimicrobial activity against all nine pathogens studied. Aerosolised 

nanoemulsions are promising alternatives for non-invasive drug delivery to the respiratory tract 

due to their improved and targeted antimicrobial approach. These characteristics of a 

nanoemulsion system and the proven enhanced interactions of the blended H. officinalis and 

R. officinalis essential oil nanoemulsion against pathogens of the respiratory tract further 

provide a rational for the potential of this blend for therapeutic use. This research indicates the 

potential for optimized essential oil combinations to be identified using a computational 

software workflow; and further formulated into nanosystems for targeted antimicrobial effects. 

As of now, research on the application of essential oils into nanoemulsions as antimicrobial 

agents are in fast-growing phase, however, there is a paucity in literature on the use of essential 

oils in combination. Advancements in this field of research require further exploration for 

commercial consideration and potential product development. 

 

Supplementary Materials: Table S1: Identified major essential oil chemical constituents. 
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5.1. Summary 

 

A review of the aroma-therapeutic literature identified 55 essential oils for use in the respiratory 

tract (Leigh-de Rapper and van Vuuren, 2020). This study procured and investigated the 

chemical profiles and antimicrobial activity of 49 essential oils against pathogen reference 

strains, directly related to infections of the respiratory tract. Chemometrics, a multivariate tool, 

allowed for the review of the essential oil chemistry in tandem with the identified antimicrobial 

activity as a means to identify structure-activity relationships. This tool allowed for the 

identification of the compounds responsible for antimicrobial activity, proving it to be a useful 

tool in identifying patterns of compounds responsible for the antimicrobial effects of essential 

oils (Rapper et al., 2021). Eugenol was identified as the most frequently reoccurring biomarker 

that contributed to broad-spectrum noteworthy antimicrobial activity of essential oils; while p-

Cymene and cis-β-pinene were frequently responsible for poor antimicrobial activity.  

 

Essential oil combination studies were undertaken to review the antimicrobial and potentially 

toxic effects of essential oils when placed in 1:1 blends. A summary of these interactions for 

these combinations, as classified according to the criteria of synergistic, antagonistic, additive 

or non-interactive, and can be viewed in Figure 5.1. 

 

 

Figure 5.1: Percentage interactions of 1:1 ratio combinations of essential oils for 

antimicrobial and non-toxic effects against brine shrimp. 
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Interestingly, the number of synergistic interactions for antimicrobial effects appears 

substantial; however, toxic effects predominate in antagonistic potential (more toxic effects) 

amongst these blends. However, not all blends that were antagonistic (more toxic) in effect 

against brine shrimp were considered lethally toxic. Approximately 31.0% of the combinations 

studied demonstrated non-toxic effects against the brine shrimp, compared to the 20.4% when 

the essential oils were studied independently. From these results, it appears that the essential 

oils show the potential to quench toxicity when used in combination. 

 

Further investigation of the antimicrobially synergistic and non-toxic to brine shrimp essential 

oil blends was undertaken to determine the potential of these combinations for anti-

inflammatory and non-toxic effects against lung cell lines. A summary of these interactions for 

these combinations is given in Figure 5.2.  

 

 

Figure 5.2: Percentage interactions of 1:1 ratio combinations of antimicrobially synergistic 

essential oils for anti-inflammatory and non-toxic effects against A549 lung cells. 
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most promising, demonstrating antimicrobial activity, reduced cytotoxicity and improved anti-

inflammatory effects. The potential for varied antimicrobial activity of these five essential oil 

combinations was investigated in varied ratios. The interactions between essential oil 

combinations was analysed using isobolograms and SynergyFinder 2.0 software to visualize 

the synergistic potential. A summary of these interactions for these varied combinations is 

given in Figure 5.3. 

 

 

Figure 5.3: Percentage interactions of the varied ratios for combinations as per isobologram 

and SynergyFinder analysis 

 

Inconsistencies in interpretation of antimicrobial effect was noted between interaction analysis 

(isobolograms and SynergyFinder) which is not an uncommon finding (Baeder et al., 2016, 
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synergistic, then the interaction is deemed strongly synergistic; whereas if the ratio is classified 

as synergistic according to one model only, then the interaction is weakly synergistic (Tang et 

al., 2015). With this in mind, 15.7% of synergistic interactions were deemed strongly 
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combination of H. officinalis and R. officinalis demonstrated broad-spectrum antimicrobial 
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to 50.43% of R. officinalis. The findings of this study proved that isobolograms and 

computational modelling tools such as SynergyFinder can work collaboratively to pin-point 

optimum antimicrobial potential.  
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The use of computer-aided software to quantify synergy and optimize ingredients within a 

pharmaceutical product is an important step in the drug design process, as it aims to reduce 

cost while maintaining pharmacological effects. Therefore, if an essential oil formulation were 

to be created for commercial consideration, advancements in this field of research would be 

required to confirm essential oil synergy in combination. With this in mind, an essential oil 

nanoemulsion comprising H. officinalis and R. officinalis was created. The formulation met 

qualifying criteria for a suitable nanoemulsion. Furthermore, the blended H. officinalis and R. 

officinalis essential oil nanoemulsion showed noteworthy antimicrobial activity against all nine 

pathogens studied. A summary of these antimicrobial effects compared to the essential oil 

combination not in formulation can be viewed in Figure 5.4. 

 

 

Figure 5.4: MIC values of the pure essential oils in combination compared to optimized 

essential oil blend in nanoemulsion formulation against pathogens of the respiratory tract. 

 

The findings of this study demonstrated the potential to apply an optimized blend of an essential 

oil combination into an ideal and stable pharmaceutical formulation. This formulation also 

went on to prove the vast enhancement of essential oils when blended into formulation for 

antimicrobial effect.  
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5.2. Future Recommendations 

5.2.1. Antimicrobial studies  

 

Only reference strains pertaining to respiratory pathogens were used and therefore, future 

studies could consider the use of clinical strains, and resistant strains, for comparison. As 

previously mentioned, the same essential oil differs in chemistry dependent on a number of 

environmental factors. The antimicrobial differences between the varying essential oil 

chemotypes could be considered, alone and in combination. Antimicrobial research can also be 

extended to consider other clinical conditions of relevance. In addition, other methods of 

antimicrobial analysis could be considered such as vapour studies for the determination of 

essential oil MIC. Additional essential oils, not identified in this study, could be considered for 

future study.  

 

5.2.2. Pharmacological studies 

 

Anti-inflammatory and non-toxic effects against lung cells were only conducted for those 

combinations deemed to be synergistic in antimicrobial effect. The study could be expanded to 

consider these pharmacological effects on a larger number of essential oil combinations. In 

addition, the use of the isobolograms and SynergyFinder tools were also limited to 

antimicrobial effect and could be expanded to include anti-inflammatory and effects for the 

creation of a polygonogram for optimized clinical formulation. 

 

5.2.3. Combination studies 

 

According to the aromatherapeutic literature used to derive the combinations of essential oils 

for respiratory use, multiple ‘recipes’ exist that combine essential oils in blends of three to five 

essential oils. These combinations could be studied further for antimicrobial, anti-inflammatory 

and non-toxic effects; and compared to the efficacy of the single essential oils. In addition, the 

use of isobolograms and SynergyFinder could be applied to review the essential oils within 

these multi-component blends providing an enhanced effect. In addition, essential oils should 

be studied in combination with conventional antimicrobial agents as a means to enhance 

antimicrobial effects and reduce antimicrobial resistance. The use of essential oils in 

combination with antibiotics have shown to act as resistance modifying agents by reducing the 

dosage of antibiotics and improving effectiveness due to synergy with essential oils. This 
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strategy shows potential to reverse antimicrobial resistance and improve the effectiveness of 

currently available antimicrobial agents, and therefore is worthy of further study. 

 

5.2.4. Prediction tool analysis 

 

Varying prediction tools exist to establish synergy among drug combinations and include 

programmes such as DrugComb (Zheng et al., 2021) CompuSyn (Chou and Martin, 2006), 

ComBenefit (Di Veroli et al., 2016), DIGREM (Zhang et al., 2019), DeepSynergy (Preuer et 

al., 2018), SynPathy (Tang and Gottlieb, 2022) and SynergyFinder Plus (Zheng et al., 2022). 

Each method applies the same mathematical models for prediction; however, researchers have 

discovered variations in synergy prediction across programmes (Meyer et al., 2020). An 

expansion of this study would be to use multiple prediction tools to confirm optimal synergy 

amongst essential oil blends. 

 

5.2.5. Mechanism of action and metabolomics studies 

 

Numerous mechanisms of action have been proposed for different essential oils by researchers; 

however, much of the understanding is derived from studies that have tested purified 

molecules, and not whole oils (Buriani et al., 2020). This gap in research limits researcher’s 

abilities to correlate these findings to a pharmacological effect of an essential oil. Despite this, 

more studies are required to elucidate essential oil mechanism of action in order to inform 

accurate optimization of essential oil blends for therapeutic use. Metabolomic studies can 

bridge this gap by providing the chemical fingerprint of an essential oil and characterizing this 

to physiological effect (Kharbach et al., 2020). In addition, metabolomics studies provide the 

complete set of metabolites produced within an organism, including description of enzymatic 

pathways and networks, which help to describe changes in microbial environments after 

exposure to an essential oil (Sieniawska and Georgiev, 2021). This is useful in in revealing the 

microbial mechanisms of resistance following exposure to essential oils (Tang, 2011, 

Sieniawska and Georgiev, 2021). Pathogenic mechanisms exist that prove resistance to 

essential oils including, selective membrane permeability, regulated efflux/influx and 

chemotaxis-controlled motility. These mechanisms can be overcome by use of a synergistic 

combination of essential oils that target varying mechanisms of action. These studies will help 

to inform which essential oils could be combined based on mechanism of action and potential 

to reduce microbial resistance.  
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5.2.6. Essential oil compound studies 

 

Due to the complexity of essential oil chemistry and variability amongst chemotypes, studies 

considering the effects of essential oil compounds should be expanded on for application into 

pharmaceutical formulation. Chemometric analysis provided valuable information concerning 

putative biomarkers responsible for antimicrobial activity (Rapper et al., 2021). These 

compounds could be expanded to investigate anti-inflammatory and toxic effects, alone and in 

combination. Furthermore, these compounds could be further studied for optimization.  

 

5.2.7. In vivo and clinical studies 

 

The developed essential oil nanoemulsion was not assessed for clinical or in vivo validation 

and could therefore be considered for future study. 

 

5.3. Final conclusion 

 

This study aimed to investigate the accuracy of synergy prediction made by computer-aided 

software for the use of essential oils in the treatment of respiratory infections. In completing 

the objectives of this study, it was determined that prediction software, although critical in 

preclinical formulation design, faces many challenges and flaws in regards to practical 

translation of antimicrobial effects. These challenges have been overcome in this study and 

further prove the benefit of these tools to optimize essential oil combinations for antimicrobial 

effect. This study challenged conventional methods of antimicrobial analysis and was majorly 

successful. Yet, this research is only the beginning in identifying optimized blends of essential 

oils in the management of communicable infections by means of synergy prediction methods 

and thus sets the starting point for innovative, translational essential oil research of clinical 

relevance. 
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