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ABSTRACT 

 

Essential oils (EOs) are predominantly known for their use in aromatherapy, cosmetic, food and 

pharmaceutical industries. Combination of EOs may result in holistic synergistic effects due to a 

blended biocompatible mixture. In this study, three EOs were selected out of the seven EOs tested 

for their efficacy against Gram-positive and Gram-negative bacteria based on the results of disc 

diffusion. The Minimum Bactericidal Concentration (MBC) of EOs from Cymbopogon citratus 

(lemongrass), Melaleuca alternifolia (tea tree) and Syzgium aromaticum (clove) were determined 

against Micrococcus luteus, Bacillus subtilis, Bacillus cereus, Klebsiella pneumoniae and 

Escherichia coli ATCC 11775. The EOs were analysed using gas chromatography mass 

spectrometry (GC-MS) to identify the volatile organic compounds. Geranial, neral, neryl acetate 

and β-caryophyllene were present in highest concentrations among 48 chemicals identified in 

lemon grass essential oil (LGEO). GC-MS identified 17 chemical compounds in clove EO (CEO) 

with eugenol, eugenol acetate and β-caryophyllene present in highest concentrations. A total of 52 

compounds were identified with terpineol-4, γ-terpinene, α-terpipene and 1,8-cineole (eucalyptol) 

being the most prevalent compounds in tea tree EO (TTEO). Response surface methodology 

(RSM) using central composite design (CCD) was used to develop a mathematical model that 

determined the optimal concentrations of LGEO, TTEO and CEO as 0.10%, 0.11% and 0.10%, 

respectively. This investigation highlighted the importance of microbiological techniques and 

statistical optimization tools to study the synergistic effect of selected EOs towards developing a 

combined EO - based antibacterial treatment technology. Overall, this study showed the potential 

of developing a biocompatible hand sanitizer which resulted in marked log reduction of bacteria. 

Further study on the efficacy of the developed EO-mixture against viruses, fungi and nematodes 

will provide useful scientific knowledge. 
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CHAPTER 1: INTRODUCTION  

 

 

1.1 INTRODUCTION 

Proper hand hygiene is the most effective method for the prevention of infection and cross-

contamination of pathogens (Vermeil 2019). By preventing the spread of bacterial pathogens, we 

can reduce the number of infections that are potentially treated using antibiotics. This provides 

less opportunity for bacteria to develop and spread as drug-resistant strain (Ponen 2020). Products 

used to inhibit the growth of bacteria usually contain harsh chemicals that are unfavourable for our 

skin therefore the focus to create a product that can inhibit the growth of bacteria without damaging 

the integrity of the skin is needed. This chapter includes background, aims and objectives of the 

study as well as the layout for the rest of the research. 

 

1.2  BACKGROUND OF THE STUDY 

The World Health Organisation (2019) declared a global pandemic of Covid-19 in 2020. A great 

emphasis was put on hand hygiene to prevent the spread of the virus. The awareness, use and 

demand for hand sanitizers has seen exponential growth during the global Covid-19 pandemic. 

More specifically, a 70% alcohol-based hand sanitizer was recommended by the World Health 

Organisation (2019). The high demand for the alcohol-based hand sanitizer resulted in a limited 

supply of isopropanol and ethanol (Booq et al. 2021).  

The application of proper hand hygiene can also be applied to prevent the spread of bacterial 

infection. Bacterial infections can be as minor as the common cold to severe life-threatening 

infections or even death. A global total of 827 000 deaths are reported per annum because of a lack 

of sanitation and water available for the purpose of hygiene (Anisha Bhatia 2021).  

Unicef (2020) substantiates that 18 million people or 47 per cent of South Africans are without 

basic hand washing facilities at their residence. In the event of a lack of water for hand washing, a 

hand sanitizer may be used. However, the frequent use of highly concentrated alcohol-based hand 

sanitizers has a negative effect on the environment as well as the health and well-being of the user. 
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Ethanol and chemical detergents are not easily degradable, which remains in the environment for 

a long period of time therefore contributing to environmental pollution (Daverey and Dutta 2021). 

High levels of alcohol-based hand sanitizers may compromise the function of the epidermis and 

lead to cutaneous irritations such as angioedema, dermatitis, eczema, and dryness of the hands 

(E.G Hecht 2020). Additionally, these often result in undesirable side effects such as swelling of 

the skin, itchiness, redness, scaling, thickening and cracks of the skin and may even lead to 

bleeding (Chakraborty et al. 2021). 

In some faiths, such as Islam and certain branches of Buddhism, the use of alcohol is generally not 

promoted (Shiraly et al. 2021). However, people conflicted using alcohol in any form are also 

expected to adhere to the current covid-19 pandemic gazetted health protocol which stipulates the 

use of a 70% alcohol-based hand sanitizer. 

Therefore, a natural aromatherapy-based hand sanitizer may be a promising option due to the 

chemical constituency of the selected blend of essential oils that are known for their antimicrobial, 

anti-inflammatory, and healing properties (Unalan and Boccaccini 2021).  

 

1.3 AIM OF THIS STUDY 

The aim of the study is to test the antibacterial efficacy of essential oils for the formulation of a 

biocompatible blended hand sanitizer. 

 

1.4 RESEARCH OBJECTIVES 

 

1.4.1 Objective 1: To investigate the composition of lemongrass, clove and tea tree essential oils 

by Gas Chromatography-Mass Spectroscopy (GC-MS). 

1.4.2 Objective 2: To determine the minimum inhibitory concentration (MIC) and the minimum 

bactericidal concentration (MBC) of these oils against most common bacterial pathogens. 

1.4.3 Objective 3: To statistically optimize the most significant variables using Response 

Surface Methodology (RSM) to achieve maximum efficacy and its validation.  
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CHAPTER 2: REVIEW OF LITERATURE  

 

2.1 ESSENTIAL OILS 

Essential oils are highly concentrated, volatile aromatic extracts of plant material. These intricate 

compounds that may comprise of over 300 compounds (Conde-Hernández et al. 2017).  Plants 

generate essential oils as secondary metabolites, useful to protect plants against bacteria, fungi, 

insects and larger animals (Herman et al. 2019). 

The diversity of essential oils has been demonstrated globally through many cultures for many 

centuries. The use of these plant materials have evolved since it was first recorded in 4500BC by 

the ancient Egyptians for ointments, cosmetics and perfume (Elshafie and Camele 2017). Ancient 

Egyptians would also use essential oils for the mummification process, these oils have recently 

been studied for their antibacterial properties (Barnes, Whiffin and Bulling 2019).  

Today, essential oils are analysed for chemical compounds and individually studied for significant 

medical conditions such as cytotoxicity against a variety of cancer cells  (Trang et al. 2020). 

 

2.1.1 EXTRACTION OF ESSENTIAL OILS 

Extraction is the process to obtain a substance from somewhere else, either by chemical or 

industrial process (Collins Dictionaries 2018). The concentrated essential oil is extracted from 

different materials of the plant, either the entire plant or different segments such as the seeds, roots, 

wood, flower, peel, herbs, twigs, bark, rhizomes or buds (Wania 2021). Different extraction 

process methods are used to extract the essential oil from the type of medium it is found in. 

Distillation is the most used method to extract essential oil. Different extraction methods contribute 

to the type of chemical constituents that are found in the essential oils. 

 

2.1.2 CHEMICAL COMPOSITION OF ESSENTIAL OILS 

The volatile essential oils comprise of complex secondary metabolites linked to the 

communication and defence mechanism of the plant. The classification of these chemical 
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constituents include: unsaturated and saturated hydrocarbons, ketones, esters, ethers, oxides, 

alcohols, terpenes and aldehydes (da Silva et al. 2022). Table 2.1 provides examples of essential 

oils and their constituents.
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Table: 2.1 Examples of essential oils and their constituents 

Essential oil 

constituent 

classification 

Example of essential oil 

constituent 

Example of 

essential oil 

containing 

constituent 

Activity Reference 

Hydrocarbon Phellandrene, dodecane Nutmeg leaf oil, 

cinnamon, pine, 

ginger 

Antimicrobial, increase energy and 

reduce pain 

(Nazir and Gangoo 

2022) 

(Kapelle, Souhoka and 

Walla) 

Ketones Thujone, pulegone, camphor and 

verbenone, Dill, Hyssop, 

Rosemary, Spearmint. 

Thuja, sage, hyssop, 

rosemary and red 

cedar 

Cell regenerations, antiviral, mucolytic, 

and digestive. 

(Herman et al. 2019) 

Esters Eugenol, geranyl, acetate and 

linalyl acetate. 

Clary sage, 

bergamot, petit 

grain, sweet 

marjoram, benzoin, 

Roman Chamomile, 

wintergreen and 

Jasmine. 

Relaxing, Calming, antispasmodic, 

sedative anti-inflammatory, analgesic 

and antifungal. 

(Nazir and Gangoo 

2022) 

(Herman et al. 2019) 

Ethers Eugenol, methyl chavicol and 

anethol 

Clove, L. rugosa Antibacterial, antifungal, antiviral, 

anticancer activity, antiparasitic, 

(Sabaoui and Lakhdar 

2021) 

(Van et al. 2021) 
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analgesic, anti-inflammatory, 

antioxidant and anesthetic. 

Oxides 1,8-cineole also called 

eucalyptol. 

Eucalyptus, niaouli 

and rosemary. 

Expectorants, antimicrobial, antivral 

and anti-inflamatory 

(Ak Sakallı et al. 2022) 

Monoterpenes Camphene, carene, cymene, 

limonene, myrcene, 

phellandrene, pinene, sabinene 

and terpinene. 

Black pepper 

essential oil, 

grapefruit, lemon 

and lime, 

Antibacterial, antiviral, antiseptic, 

decongestant, anti-inflammatory and 

analgesic. 

(Spesyvyi, Španěl and 

Sovová 2019) 

(Kim et al. 2020) 

Alcohols terpinen-4-ol, 

geraniol,  citronellol, menthol, 

terpineol, 

tea tree essential oil, Antibacterial, antibiofilm, antifungal (Cordeiro et al. 2020) 

Phenols Thymol, carvacrol, eugenol Cinnamon leaf, clove 

bud, oregano and 

fennel 

Antimicrobial, antibacterial, antifungal (Saroj et al. 2020) 

Sesquiterpenes Caryophyllene, copaene and 

panasinsen 

German chamomile, 

yarrow and arnica 

Anti-inflammatory, antiviral, mucolytic 

and immune stimulating 

(Ogundajo et al. 2021) 

(Herman et al. 2019) 

Aldehydes Cinnamaldehyde, citral, 

geranial, citronellal and neral 

Cinnamon, 

lemongrass, cilantro 

and Melissa oil 

Antimicrobial, anti-inflammatory and 

antioxidative 

(Aljaafari et al. 2022) 
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2.1.3.2 NEUTRACEUTICAL  

Food contamination has a negative effect on the food industry and human health. This results in 

the need for preservatives, however, synthetic preservatives have a negative effect on the 

environment and the health of humans (Angane et al. 2022). Antimicrobials that are plant-based 

such as essential oils are gaining more interest as a synthetic alternative as they are generally 

recognised as safe (GRAS) and eco-friendly in nature (Maurya et al. 2021). Recently a study 

performed by Galovičová et al. (2021) on the antimicrobial effects of Thymus vulgaris proved to 

be effective and could be used as a natural supplement in the food industry to extend the shelf life 

of food. 

 

2.1.3.3 COSMETIC 

A large portion of cosmetic products contains fragrance. However, artificial fragrance has a 

negative health risk and the demands from the international regulations has therefore promoted the 

interest for a natural, plant-based ingredients including essential oils in the cosmetic industry 

(Sharmeen et al. 2021). This has promoted more research in essential oils and their individual 

components. Essential oils are now used as active ingredients as well as natural preservatives in a 

variety of cosmetic products (Guzmán and Lucia 2021). A recent study in Indonesia on four 

essential oils (Clove, Nutmeg, patchouli and citronella) was performed by Rahmi et al. (2021) to 

determine the antiaging potential based on their antioxidant activities. Antiaging and the 

improvement of wrinkles were proven, however high concentrations resulted in the potential for 

skin irritations. 

 

2.1.3.4 AGRICULTURAL BIOSTIMULATION 

Godlewska, Ronga and Michalak (2021) emphasised the need to develop environmentally-friendly 

methods to protect crop and increase plant growth. The multi-compounds in essential oils are good 

bio stimulants that can be used as an organic pesticide, fungicide, bactericide, or weedicide which 

decreases attacks on crops, and prevents the spoilage of food (Yasin et al. 2021). Recently Aimad 

et al. (2021) studied the antibacterial, antioxidant, insecticidal properties and chemical 
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composition of Mentha. pulegium (Labiatae) essential oil. The study revealed that M. pulegium L. 

was active against the tested insect, pest and microbes while its antioxidant property proven to be 

a natural drug to aid in food crop production. 

 

2.1.3.5 AROMATHERAPY 

Aromatherapy is an alternative complementary therapy whereby essential oils enter the body 

through inhalation, bathing in essential oil infused water or massage (Her and Cho 2021). The 

diverse advantages of the use of aromatherapy include the  improvement of mood, depression, 

anxiety and stress, as well as improve immune function which has a general improvement on the 

body's health and wellbeing (Aćimović 2021). There are many studies highlighting the 

complementary benefits of aromatherapy. Some of the studies of aromatherapy include the study 

by Tang et al. (2021) on the significant improvement of the quality of sleep. 

 

2.1.4 TEA TREE ESSENTIAL OIL 

Melaleuca alternifolia, commonly known as tea tree (TT), is a member of the Myrtaceae family. 

Grown along the coastal area, it is native to Australia (Li et al. 2021). The essential oil produced 

from the leaves of Melaleuca alternifolia is known as TTEO. Annually the globe produces 720 

tonnes of TTEO, the major states producing majority of the oil includes Queensland and New 

South Wales in Australia (Businesswire 2019). TTEO has been used in the topical application of 

acne, burns, arthritis, tinea, vaginal thrush, and dandruff due to its anti-inflammatory, antioxidant, 

anti-bacterial, anti-viral, and anti-fungal properties (Taalab et al. 2021; Mori, Natsuki and 

Toyonobu 2022) identified major components using GC-MS as α-terpinene (alpha-pinene), γ-

terpinene (gama-terpinene), terpinene-4-ol, and eucalyptol (1,8-cineole) as shown in Fig.2.2 

below. 
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Fig. 2.2 Major components identified in tea tree essential oil. 

 

TTEO shows broad spectrum antimicrobial activity against Gram-positive and Gram-negative 

bacteria. Hydrocarbons penetrate the biological membrane of the bacteria. Lysis leads to the 

inhibition of respiration and leakage of irons resulting in the disruption of the essential function of 

the bacteria (Muta et al. 2020). Recently scientific studies showed positive results in vitro and in 

vivo in the treatment of human breast (MCF-7) and prostate (LNCaP) cancer (Clark et al. 2021). 

 

2.1.5 CLOVE BUD ESSENTIAL OIL 

Syzgium aromaticum, the dry flower bud known as clove (C), is a member of the Myrtaceae family, 

indigenous to the Indonesia Maluku islands (Hassine et al. 2021). Indonesia produces around 80% 

of the 6 000 tonnes of CEO produced annually (Danthu et al. 2021). CEO is used in the medicinal, 

pharmaceutical, agricultural and cosmetic industries for its antioxidant, antimicrobial, antipyretic, 

analgesic and anti-inflammatory properties (Banerjee et al. 2020). Chen et al. (2022) identified the 

following major components of clove bud using GC-MS: eugenol (43.51%), β-caryophellene 

(36.34%), eugenyl acetate (8.73%), and α-humulene (4.92%). Chemical structure can be seen 

below in fig 2.3 (Haro-González et al. 2021). Recently CEO was used in a scientific study by 

Michalczyk and Ostrowska (2021), to prove its antifungal properties in humans and animals 

against fungal dermatosis. 
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Fig. 2.3 Major components identified in clove bud essential oil 

 

2.1.6 LEMONGRASS ESSENTIAL OIL 

Cymbopogon citratus commonly known as Lemongrass (LG), is a member of the Gramineae 

family (Hartatie et al. 2019). Native to India and Sri Lanka, LG is a perennial grass grown in the 

tropical climates (Singh et al. 2018). Globally, 1000 tonnes of LGEO produced each year, with 

the major exporter being Cochin Port in India (Mukarram et al. 2021). LGEO is known for its wide 

application of uses in the food technology, cosmetic and medicinal sectors due to its analgesic, 

insecticidal, antimicrobial, antidiarrheal, antiamoebic, antiseptic, antitussive, antioxidant, anti-

inflammatory and anticancer activities (Mukarram et al., 2021). Mahmoud et al. (2022) identified 

31 chemical compounds using GC-MS analysis with two major compounds being geranial and 

neral which can be seen below in fig 2.4 (Barros et al. 2020). 

 Johnson et al. (2021) performed a recent study whereby LGEO was used in conjunction with 

TTEO to enhance the effectiveness of chlorhexidine on reducing Candida auris colonies. 
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Fig. 2.4 Major compounds identified in lemongrass essential oil 

2.2 THE SKIN ANATOMY AND PHYSIOLOGY 

The skin, the largest organ of the human body, weighing approximately 15% of the total body 

mass, is comprised of three main layers: The epidermis, dermis, and subcutaneous fat layer (Lai-

Cheong and McGrath 2017; Dehdashtian et al. 2018; Hoffman 2021). The main function of the 

skin is to protect the body against UV light, chemicals, injury, and pathogens by means of a barrier 

(Hani Yousef; Mandy Alhajj; Sandeep Sharma 2021).  

 

2.3 THE NEED FOR A BIOCOMPATIBLE HAND SANITIZER 

Proper hand hygiene is the most effective method for the prevention of infection and cross-

contamination of pathogens (Vermeil, 2019). The ingredients of these products have a negative 

effect on humans and the environment. The compounds found in hand sanitizers and hand hygiene 

products contain chemical surfactants that are synthesized from petrochemicals which are not 

easily degradable (Daverey and Dutta, 2021).  
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2.3.1 ENVIRONMENTAL IMPACT 

Synthetic chemical detergents from hand sanitizers are emerging contaminants that are toxic to 

many living organisms. This effects different ecosystems: soil, water, and sediments. The increase 

in the number of hydrocarbons in the environment due to the petrochemicals create unfavourable 

conditions in the aquatic environment as well as creating antibiotic resistance in micro-organisms. 

This may result in polluted water being untreatable. These problems include the inhibition of bio 

degeneration of organic compounds, interruption of oxygen diffusion as well as foaming. 

 

2.3.2 HUMAN IMPACT 

Overuse of hand sanitizers has a negative effect on human health. The increase in hand washing 

using detergent and disinfectants can lead to the irritation of the hydrolipid barrier of the skin, 

which may also lead to contact dermatitis. (Darlenski and Tsankov, 2020). Ethanol has been 

reported by Malabadi et al. (2021) to decrease the barrier function on the skin. Thus, causing 

chronic irritation while allowing the skin to be more susceptible to harmful pathogens. 

 

2.4. METHODS OF ESTIMATION OF ESSENTIAL OILS 

2.4.1 NUCLEAR MAGNETIC RESONANCE (NMR) 

Nuclear Magnetic Resonance (NMR) is the most significant analytical spectroscopic method for 

the study of molecules by using the electromagnetic radiations in a strong magnetic field (Zia et 

al. 2019). NMR is one of the most convincing methods to detect and confirm different compounds 

present in essential oil. Recently, Freitas et al. (2018) used NMR spectroscopy to investigate 

essential oils from different species of Ocimum. The authors showed that NMR was a better 

method to detect eugenol, estragole, methyl cinnamate and eucalyptol present in essential oils from 

different species of Ocimum. Previously, Salvino et al. (2022) , Fekri et al. (2021)  and Mahanta 

et al. (2021) have used NMR to identify essential oil components in bergamot, geranium and black 

turmeric, respectively. A combination of GC-MS and NMR methods were used to detect 
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biomolecules in vetiver, lavender, and rosemary essential oil (Halahlah et al. 2021; Wang et al. 

2021; Schripsema, da Silva and Dagnino 2022). 

 

 

2.4.2 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY (HPLC) 

HPLC is a high-pressured analytic method used to separate, identify, and quantify either a complex 

biological sample or synthetic chemicals (Aryal 2022). HPLC is the preferred method to use when 

analysing fewer volatile constituents of essential oils (Sharmeen et al., 2021). Recently Purba and 

Paengkoum (2019) used reversed-phase high-performance liquid chromatography in conjunction 

with diode-array detection (HPLC-DAD) to estimate and evaluate eugenol, ascorbic acids, 

flavonoids and phenolic acids in the essential oil of Piper betle. HPLC and GC-MS are frequently 

used together to evaluate chemical compositions in essential oils. Recently, Asteggiano et al. 

(2021) used HPLC to analyse acidic triterpenes while GC-MS was used for the analyses of volatile 

terpenes in essential oil from Protium hetaphyllum. 

 

2.4.3 INFRARED SPECTROSCOPY 

2.4.3.1 NEAR-INFRARED REFLECTANCE SPECTROSCOPY (NIRS) 

NIRS is a rapid, chemical-free, non-destructive analytic method for the evaluation of chemical 

constituents in essential oils (Basyir, Munawar and Aisyah 2021). Light irradiates through the 

sample creating a vibration of the chemical bonds (O-H, N-H and C-H groups) within the 

molecules which translates into an electromagnetic wave creating the NIRS (Yu 2021). The use of 

NIRS has recently been used to efficiently identify phytosterols, rhodinol quality, impurities and 

quality of the oil in vegetable oil, citronella essential oil, and patchouli oil (Liu et al. 2019; Meilina 

and Munawar 2021; Wahyudi et al. 2022). It is common for NIRS to be used in conjunction with 

GC-MS as seen in the studies by Ercioglu, Velioglu and Boyaci (2018) and Wang et al. (2018) 

whereby terpenoid compounds and antioxidants were investigated in aromatic plants (Rosemary, 
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Basil, Juniper, Black pepper, Laurel, Lavender, Spearmint and Ginger) and Cinnamomum 

longepaniculatum respectively. 

 

2.4.3.2 FOURIER TRANSFORM INFRARED (FTIR) 

Fourier transform infrared spectroscopy is a highly sensitive, non-destructive, well-established 

vibrational technique used to obtain an infrared spectrum of the emission or absorption of a solid, 

liquid, or gas at a molecular level (Petit and Puskar, 2018).  FTIR is difficult to interpret and may 

require complementary characterization techniques to avoid unambiguous interpretation. This 

method of analyses is not element specific. IR-active vibrational modes of different chemical 

bonds may have the same frequencies. FTIR is commonly used in the study of essential oils to test 

for adulteration within the essential oil as seen in the studies by Fahmi et al. (2020) and Cebi et al. 

(2020) in the study of patchouli essential oil and lemon essential oil respectively. FTIR was also 

used to test the quality of over 30 essential oils in a study by Agatonovic-Kustrin et al. (2020). 

 

2.4.4 GAS CHROMATOGRAPHY (GC) 

Gas Chromatography (GC) is a sensitive, widely used, effective analytical technique for the 

separation of chemical compounds of a complex sample based on the polarity of the compound 

(Mukadam et al.). GC can be used to analyse solids, liquids and gases. Solids and liquids need to 

be dissolved in volatile solvent prior to being analysed. The volatilized sample is transported 

during the mobile phase through the column by the carrier gas. The courier gas is generally an 

unreactive or inert gas such as nitrogen, hydrogen, argon, or helium. This technique is the chosen 

method to analyse essential oils as the components of essential oils are mainly volatile or semi-

volatile (Cagliero et al., 2022, Mukadam et al.). Different types of detectors may be used based on 

the properties of analyte: 
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2.4.4.1 FLAME IONIZATION DETECTOR (FID) 

Flame Ionization Detector is a mass sensitive detector for the analysis of chemical components of 

a gas stream using GC. FID uses a flame to ionize the organic compounds that contain carbon 

molecules (Rasmussen and Rosenfjeld, 2020). Studies that have adopted GC-FID to analyse the 

organic compounds of essential oils include the study of the plants Mentha citrate (Ouakouak et 

al., 2019), Citrus aurantifolia (Lemes et al., 2018) and Origanum Vulgare L. (Khan et al., 2019). 

 

2.4.4.2 THERMAL CONDUCTIVITY DETECTOR (TCD) 

Thermal Conductivity Detector (TCD) is a non-destructive, chemical detector used in gas 

chromatography. This method of detection measures specific chemicals based on the conductivity 

of analyte and the courier gas, therefore not widely used (Mukadam et al.). Cagliero et al. (2018) 

used GC in conjunction with TCD and FID to analyse the aqueous samples in the fragrance 

samples of essential oils. Zhang et al. (2019) also used TCD in the study of antibacterial activities 

of essential oils, however this study used the TCD to measure the volatile metabolites in the 

headspace of a vial containing bacterial broth. Carbon dioxide produced by the bacteria was 

measured to analyse the antimicrobial activity of Warburgia ugandensis and Lonicera haponica. 

 

2.4.5 MASS SPECTROMETRY (MS) 

Mass Spectrometry (MS) is the leading technique used in the identification, analyses, and 

quantification of the structures of a molecule (Bano et al., 2021). MS measures the molecular 

weight as well as the positive ions that are formed during the ionization process (Noriega et al., 

2021). Essential oils consist of a mixture of complex components and are usually chemotyped by 

GC and MS analyses (Rojas et al. 2021). MS, in conjunction with GC (GC-MS), yields more 

accurate results with higher sensitivity and a better detection limit. Similarly, LC-MS (Liquid 

Chromatography-Mass Spectrometry) can be used for the precise phytochemical detection and 

evaluation of several essential oils.  

 



 17 

 

 

Table 2.2 Essential oils analysed for their volatile constituents. 

Method Components measure Essential oil Reference 

GC-MS 38 essential oils were identified 

with the largest component 

being citronellol (34%). 

Rosa damascena 

essential oil 

 (Cebi et al., 

2021) 

GC-MS 5 major components identified 

with Eugenol (53.23%) being 

the largest component. 

Syzygium aromaticum  (Teles et al., 

2021) 

GC-MS 53 components identified with 

α-pinene (21.09%) being the 

largest component. 

Syzygium 

cumini (Pomposia) 

 (El-Nashar et al., 

2021) 

 

2.5 ANTIMICROBIAL ACTIVITIES  

Essential oils are well-known for their antimicrobial activities depending on their chemical 

composition. Biomolecules present in essential oils may inactivate or inhibit the growth of 

microorganisms depending on the mechanism of action (Aljaafari et al., 2021). The antibacterial 

mechanism of action will depend on the essential oil used or the strain of bacteria. 

Gram-negative bacteria have a large lipopolysaccharide that are attached to the outer membrane 

of the cell, which is absent in Gram-positive bacteria (as seen in Fig 2.5). Essential oils act by 

inactivating the outer cell wall of bacteria or deactivating the membrane proteins efflux system 

therefore allowing essential oils to enter more easily  (Nair et al. 2022).  
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Figure 2.5 Cell walls of gram positive and negative bacteria  

 

2.5.1 MEMBRANE DISRUPTION 

The bacterial membrane is responsible for the regulation of the osmotic pressure within the cell 

(Yang et al., 2021). Antimicrobial effects of essential oils target both Gram-positive and Gram-

negative cell walls (Yap et al., 2021). Once the cell wall has been compromised, intracellular 

leakage occurs leading to the death of the cell. 

2.5.2 EFFLUX PUMP INHIBITION 

The bacterial membrane has an efflux system which is necessary for the secretion of harmful 

endogenous substances including antibiotics from the inner cytoplasm of the bacterial cell (Yang 

et al., 2021).  The overexpression of efflux pumps reduces the effect of antibiotics resulting in 

antibiotic resistance in Gram-negative bacteria (Siroua et al. 2022). de Morais Oliveira-Tintino et 

al. (2018) performed a study on the inhibition of efflux activity from Chenopodium ambrosioides 

essential oil combined with ethidium bromide. The study concluded a lower MIC of ethidium 

bromide when used with the essential oil even though Chenopodium ambrosioides reported no 

antibacterial activity on its own. Therefore, suggesting essential oils may be a positive EPI (Efflux 

pump inhibitors) in the fight against antibiotic resistance. 
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2.6 DISK DIFFUSION 

Disk diffusion was developed in the 1940’s is an efficient method to screen the antimicrobial 

activity that of products such as essential oils or natural products (Nyiew, Kwong and Yow 2022). 

The surface of an agar plate is inoculated with seed inoculum and spread over the entire surface, a 

paper disk (disc) is placed onto the agar with a specific concentration of the antimicrobial solution 

to be tested (Hossain et al. 2022). The petri dish will then be incubated to allow the antibacterial 

properties to inhibit the bacterial growth. This inhibition of growth known as the zone of inhibition 

can then be measured to assess if the solution is antibacterial. 

 

2.7 BROTH DILUTION 

Broth macro-dilution or micro-dilution is used to identify the highest bactericidal and 

bacteriostatic activity (Nyiew, Kwong and Yow 2022). Bacteriostatic is the lowest concentration 

that is needed to inhibit the growth of bacteria also known as Minimal Inhibitory Concentration 

(MIC), whereas bactericidal is the lowest concentration that is needed to destroy the bacteria also 

known as Minimum Bactericidal Concentration (MBC) (Hossain et al. 2022). 

 

2.8 RESPONSE SURFACE METHODOLOGY (RSM) 

Response Surface Methodology (RSM) is a statistical design for analysing and optimizing 

dependant variables of  an experimental process (Manojkumar, Muthukumaran and Sharmila 

2022). This design uses a mathematical algorithm to effectively maximise the interactions of 

previously obtained data of variables, thereby allowing the response of results to be predicted for 

future study (Liu et al. 2022; Sirichan et al. 2022). 
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CHAPTER 3: METHODOLOGY 

 

3.1 INTRODUCTION 

This study adopted a quantitative approach guided by a true-experimental post-test only design. 

The experimental design was used to collect data in a controlled laboratory for the purpose of 

testing the hypothesis (DeCarlo 2018). The classification of a true experiment requires three 

specific criteria which applies to this study. The three criteria include a randomly assigned 

controlled group, a randomly assigned experiment group and the change of one variable (Williams 

2020). In accordance with these prerequisites of quantitative research, this study included known 

number of identified bacteria in both the control and experiment group. Selected independent 

variables were changed in different experiments to analyse the effect on the dependant variable. 

Thereby testing the essential oil-based hand sanitizer against the chosen bacteria.  

 

3.2 MATERIALS AND METHODS 

3.2.1 ESSENTIAL OILS & BACTERIA 

Pure essential oils of clove bud (C), lemongrass (LG) tea tree (TT), lavender, lemon, eucalyptus 

and peppermint were locally bought from Escentia Products (PTY) LTD - 2019/445189/07. 

Certificate of analysis can be found in Annexure 1, 2 & 3. The glass amber bottles of essential oils 

were stored in a dark box, in a secured storage cabinet. 

All bacterial isolates used as test organisms (Micrococcus luteus, Escherichia coli ATCC 11775, 

Klebsiella pneumoniae, Bacillus cereus ATCC 10876 and Bacillus subtilis) were obtained from 

the culture collection of the Department of Biotechnology and Food Science, Durban University 

of Technology, Durban, South Africa. Both Gram-negative and Gram-positive bacteria were used 

for this investigation. The obtained bacteria were preserved onto nutrient agar (NA) slants at 4 ºC 

and in glycerol stocks at -80 ºC.  
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3.2.2 MEDIUM PREPARATION 

The liquid medium, nutrient broth (NB, Biolab) was prepared by dissolving 16 g of nutrient broth 

powder in 1 L distilled water. Similarly, the solid medium, nutrient agar (NA) was prepared by 

dissolving 31 g of NA in 1 L of distilled water. The solution was sterilized in an autoclave at 121ºC 

for 15 minutes at 15 psi (pounds per square inch) pressure. Solid NA plates were prepared by 

cooling the sterilized NA medium to about 50 ºC and thereafter pouring aseptically into sterile 

Petri plates (approximately 25ml) and allowed to solidify at room temperature (25ºC).  

 

3.2.3 PREPARATION OF BLANK DISCS 

Whatman No. 3 filter paper was used to prepare blank discs. A disinfected office punch was used 

to make discs approximately 6 mm in diameter. The disks were placed into a glass beaker and 

autoclaved for at 121 ºC for 15 min at 15 psi. 

 

3.2.4 PREPARATION OF ESSENTIAL OIL AND STOCK SOLUTION 

Each EO was diluted to 10% (v/v) in NB containing 0.8% Tween 80. The solution was sonicated 

at 5 s on and 5 s off at 90% amplitude in an ultrasonicator (Sonics, USA) for 2 minutes for 

maximum emulsification. For consistency, the stock nutrient broth containing 0.8% (v/v) Tween 

80 was also sonicated under similar conditions for 2 minutes.  

 

3.3 GAS CHROMATOGRAPHY-MASS SPECTROSCOPY (GC-MS) 

The composition of CEO, LGEO and TTEO were analysed using GC-MS by the Central Analytical 

Facilities (CAF) of Stellenbosch University, South Africa. Separation was performed on a gas 

chromatograph (6890N, Agilent technologies network) coupled to an Agilent technologies inert 

XL EI/CI Mass Selective Detector (MSD) (5975B, Agilent technologies Inc., Palo Alto, CA). The 

GC-MS system was coupled to a CTC Analytics PAL autosampler. Separation of the essential oils 

was performed a non-polar ZB-5Ms (30 m, 0.25 mm ID, 0.25 µm film thickness) capillary column. 
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The mass spectrometer was operated under electron impact (EI) mode at ionization energy of 

70eV, scanning from 35 to 500m/z.Helium at a flow rate of 1 ml/min used as carrier gas.  

 

3.4 ANTIBACTERIAL ACTIVITY: DISC DIFFUSION 

Antibacterial activity of seven essential oils (Lavender, tea tree, lemon, lemon grass, clove, 

eucalyptus and peppermint) were tested using the disk diffusion method. Briefly, the bacterial 

cultures were revived by transferring a loop of cells from the NA slant and quadrant streaked onto 

a sterile NA petri plate where it was incubated at 37 ºC for 16 h. After incubation at 37 ºC for 16h, 

single colony of separate bacteria were transferred aseptically from the NA plate into different test 

tubes containing 20 ml of NB. The test tubes were incubated in a shaking incubator at 37 ºC for 

16 h at 150 rpm (revolutions per minute). Sterile NA plates were divided into 6 equal sections and 

labelled according to the essential oil to be tested for the antibacterial activity. Thereafter, 100 µl 

of the seed culture inoculum was spread across the plate using a sterilized spreader. Sterile 

Whatman paper 3 disks were saturated with 10 µl of 100% of the respective EOs. All plates 

contained a 70% ethanol disc as the positive control and distilled water (sterilized) disc as the 

negative control. The plates were then placed in an incubator at 37 ºC for 24 h. All experiments 

were conducted in triplicate a level 2 biosafety laminar flow.  

 

3.5 MINIMUM BACTERICIDAL CONCENTRATIONS 

The bacterial culture was revived by transferring a loop of cells from the NA slant and quadrant 

streaked onto a sterile NA Petri plate where it was incubated at 37 ºC for 16 h. Thereafter, single 

colony of cells were aseptically transferred from the NA plate into test tube containing 20 ml of 

NB where it was incubated in a shaking incubator at 37 ºC for 16 h, 150 rpm. 

One ml of serial dilutions (v/v) of selected EOs (10%, 5%, 2.5%, 1%, 0.75%, 0.5%, 0.25%, 

0.125%) were made in 2 ml microcentrifuge tubes. Each tube was inoculated with 100 µl of seed 

inoculum of respective bacteria (except for the negative control) and incubated at 37 ºC for 16 h 

at 150 rpm. After 16 h, 100 µl was spread plated onto sterile petri plates in triplicates containing 
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NA and incubated for 24 h at 37 ºC for observation of the concentration when no visible growth 

was seen. 

3.6 RESPONSE SURFACE METHODOLOGY USING CENTRAL COMPOSITE 

DESIGN (CCD) 

Three essential oils, LGEO, TTEO and CEO, which significantly influenced the growth of bacteria 

were selected as independent variables. The optimum levels of the three selected variables and 

their interactions were studied as per the experimental design constructed by Design Expert 6.0 

(Stat-Ease Inc., Minneapolis, USA). Each variable was studied at five different levels (-, -1, 0, 

+1, +) to determine their optimal values and examine their interactions as per CCD, with a total 

of 20 experimental runs.The behaviour of the system was explained by the following second order 

polynomial equation: 

Y = β0 + β1A + β2B + β3C + β4D + β11A2 + β22B2 + β33C2 + β44D2 +   β12AB + 

  β13AC + β14AD + β23BC + β24BD + β34CD      Equation 1 

 

where Y is log reduction of bacteria as the predicted value of response. The log reduction Y was 

defined as logN0/N, where logN0 was initial CFU/ml before treatment and N was final CFU/ml 

after using EOs in the blended hand sanitizer formulation. β0 is intercept, β1, β2, β3, β4 are linear 

coefficients, β11, β22, β33, β44 are squared quadretic coefficients, β12, β13, β23, β24, β34 are interaction 

coefficients and A, B, C, A2, B2, C2, D2, AB, AC, BC, BD,CD are independent variables. 
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CHAPTER 4: RESULTS 

4.1 CHEMICAL COMPOSITION OF ESSENTIAL OILS: GC-MS ANALYSIS 

Multiple volatile chemical compounds were observed after GC-MS analysis of LGEO, CEO and 

TTEO. As expected, different EOs showed entirely different groups of chemical compounds. Fig. 

4.1 shows the GC-MS analysis of LGEO, which identified a total of 48 chemical compounds. 

(table A1). The percentage of each compound can be seen in Fig 4.2. Major compounds identified 

in LGEO were geranial (43.88%), neral (28.38%), neryl acetate (5.39%) and β-caryophyllene 

(2.84%) [table 4.1]. Analysis of CEO as seen in Fig. 4.3 presented with 17 chemical compounds 

(Table A2) with the major being eugenol (73.50%), eugenol acetate (17.38%) and β-caryophyllene 

(5.72%) as shown in table 4.2. The total percentage of each compound identified can be seen in Fig 

4.4.  TTEO analysis as seen in Fig 4.5 presented with 52 chemical compounds (Table A3) with the 

major chemical compounds being terpineol-4, γ-terpinene, α-terpipene and 1,8-cineole 

(eucalyptol) as seen in table 4.3. The total percentage of each compound identified can be seen in 

Fig 4.6. 

                     

Fig. 4.1 GC-MS chromatogram of LGEO using a non-polar ZB-5Ms capillary column.  
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Table 4.1 GC-MS analysis showing percentage concentration of VOCs in lemongrass  

 

 

Fig 4.2 Chemical compound percentage analysis of LGEO 

 

 

 

 

Retention Time (min) Compound Identified Percent (%) 

19.26 geranial 43.88 

18.34 neral 28.38 

22.10 neryl acetate 5.39 

22.85 β-caryophyllene 2.84 
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Fig. 4.3 GC-MS chromatogram of CEO using a non-polar ZB-5Ms capillary column. 

 

Table 4.2 GC-MS analysis showing percentage concentration of VOCs in CEO  

Retention time (min) Compound identified Percent (%) 

21.65 eugenol 73.50 

25.73 eugenyl acetate 17.38 

22.89 β-caryophyllene 5.72 
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Fig 4.4 Chemical compound percentage analysis of clove essential oil 

               

Fig. 4.5 GC-MS chromatogram of tea tree oil using a non-polar ZB-5Ms capillary column. 
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Table 4.3 GC-MS analysis showing percentage concentration of VOCs in tea tree oil 

Retention time (min) Compound identified Percent (%) 

16,4741 terpineol-4 36.39 

12,589 γ -terpinene 19.12 

11,0421 α-terpipene 10.83 

11,4764 1,8-cineole (eucalyptol) 3.22 

 

 

 

Fig 4.6 Chemical compound percentage analysis of TTEO 
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4.2 ASSESSMENT OF ANTIBACTERIAL ACTIVITY OF DIFFERENT EOs 

The antibacterial activity of different EOs was tested against different bacteria to select the most 

effective EOs for further studies.    

                 

 

 

 

 

Fig. 4.7 and 4.8 demonstrate the ZOI of EOs against M. luteus. In Fig 4.7, C1 and C2 were controls 

with no ZOI, eucalyptus EO was designated as E, which was not effective against M. luteus. P 

represented peppermint EO and T represented tea tree EO which showed a small zone of inhibition. 

Clove essential oil was represented by C which showed a large zone of inhibition against M. luteus. 

Fig. 4.8 illustrates that M. luteus was not sensitive against lavender EO. However, it showed slight 

sensitivity with a small ZOI against lemon EO while a large ZOI was observed against LGEO 

indicating highest sensitivity. 

Fig. 4.7 Antibacterial activities of 

clove (C), eucalyptus (E), 

peppermint (P) and tea tree (T) EOs 

against M. luteus. 

Fig. 4.8 Antibacterial activities of 

lavender (L1), lemongrass (L2) and 

lemon (L3) essential oil against M. 

luteus. 
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Eucalyptus (E) displayed no antibacterial activity against B. cereus as seen in Fig. 4.11. 

Peppermint (P) and tea tree (T) essential oils showed slight sensitivity against B. cereus. CEO 

showed a clear ZOI against B. cereus. Lemon (L3) and lavender (L1) showed slight antibacterial 

effects against B. cereus with a small ZOI as seen in Fig. 4.12. LG (L2) had the greatest 

antibacterial effect against B. cereus with a large zone of clearance.   

 

The antibacterial activity of lemon (L3) EO against K. pneumoniae showed no ZOI as seen in Fig. 

4.13 lavender (L1) and LG (L2) have display a small zone of clearance.  Eucalyptus (E) as seen in 

Fig. 4.14 showed no antibacterial sensitivity against K. pneumoniae. Peppermint (P) EO had a very 

small zone of clearance against K. pneumoniae with CEO displaying a slightly larger ZOI against 

K. pneumoniae. However, tea tree (T) EO showed the largest, distinct ZOI against K. pneumoniae. 

 

 

 

 

 

Fig. 4.13 Antibacterial activities of 

lavender (L1), lemongrass (L2) and 

lemon (L3) EOs against K. pneumoniae 

Fig. 4.14 Antibacterial activities of clove 

(C), eucalyptus (E), peppermint (P) and 

tea tree (T) EOs against K. pneumoniae 
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CEO as seen in Fig. 4.15 demonstrates a ZOI against E. coli ATCC 11775. Eucalyptus essential 

oil had no effect whereas peppermint and tea tree EO has a small effect with a small ZOI. Lavender 

(L1) as seen in Fig. 4.16 had no impact on E. coli ATCC 11775, compared to LG (L2) which had 

a large zone of clearance. lemon (L3) which had a slight zone of clearance. Table 4.4 demonstrates 

the ZOI is depicted throughout figures 4.7 through to 4.16: 

Table 4.4 Zone of inhibition due to different essential oils 

 

 

Name of 

bacteria 

Zone of inhibition (mm) 

LGEO CEO TTEO Lemon EO Lavender 

EO 

Peppermint 

EO 

Eucalyptus 

EO 

M. luteus 13.5  20.4 7.4  7.1  0.0  7.3  0.0  

B. subtilis 30.2  13.4  7.8  7.5  6.8  7.7  0.0  

B. cereus 41.4  15.0  8.0  7.8  8.1 8.4  0.0  

K. pneumoniae 9.0  10.7  11.5  7.6  7.1 8.6  7.6  

E. coli  18.9  12.1 9.1 8.1  0.0  11.4 0.0  

Fig. 4.15 Antibacterial activities of 

clove (C), eucalyptus (E), peppermint 

(P) and tea tree (T) EOs against E. coli 

Fig. 4.16 Antibacterial activities of 

lavender (L1), lemongrass (L2) and 

lemon (L3) EOs against E. coli 
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4.3 MINIMUM BACTERICIDAL CONCENTRATION (MBC) OF ESSENTIAL OILS 

Essential oils were individually tested against certain bacteria to determine their MBCs. LGEO 

proved to be the most effective against the selected bacteria as seen in table 4.5 with the most 

effective against Micrococcus luteus with an MBC of less than 0.125%.  

Table 4.5 Minimum Bactericidal Concentration (MBC) of Essential Oils 

Bacteria Lemongrass 

Essential Oil 

Tea tree 

Essential Oil 

Clove 

Essential Oil 

K. pneumoniae 0.5% 1% 0.5% 

M. luteus < 0.125% 0.75% 0.5% 

E. coli ATCC 11775 0.5% 0.75% 0.5% 

B. cereus 10% >10% >10% 

B. subtilis 2.5% >10% >10% 

 

4.4 STATISTICAL OPTIMIZATION USING RSM 

RSM using CCD was applied to determine the optimal levels of the selected essential oils as 

independent variables (LGEO, TTEO and CEO), which significantly influenced the growth of 

bacteria (dependent variable). The optimum levels of the three selected variables and their 

interactions were studied as per the experimental design shown in table 4.6. (Table 4.6 a) shows 

the experimental range and level of independent variables which shows the lowest (– 2), central 

(0) and highest (– 2) levels of variables to be used in CCD. A total of 20 experiments were carried 

out using several combinations of the variables as per the CCD. The observed responses of the 

CCD experiments are presented in (Table 46 c), with the highest being in run 8 and the lowest 

being in run 1. Results of the experiments were analysed by standard ANOVA (Table 2.2c). The 

following second-order polynomial equation was obtained that explains phytase production as a 

function of the four variables:  

 Y = +5.57 + 1.11 A + 0.63 B + 0.51 C - 0.51A2 - 0.44 B2 - 0.32 C2 + 0.015AB - 0.16 AC - 0.078 BC   

                                                                                                                                  Equation 2 
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Table 4.6 Experimental range (a) experimental design (b) and ANOVA analysis (c) for 

optimization of EOs for enhanced log reduction using response surface methodology 

 

(a) Experimental range and level of independent variables 

Variables Symbol Range and level 

  - -1 0 +1 + 

LGEO (%) x1 0.06 0.07 0.09 0.11 0.12 

TTEO (%) x2 0.06 0.07 0.09 0.11 0.12 

 CEO (%) x3 0.06 0.07 0.09 0.11 0.12 

 

(b)Experimental design and response for RSM studies 

 

Run 

no. 

Values of variables LogN0/N 

x1 x2 x3 

     

1 7.2 7.2 7.2 1.77 

2 10.8 7.2 7.2 4.29 

3 7.2 10.8 7.2 3.33 

4 10.8 10.8 7.2 5.76 

5 7.2 7.2 10.8 3.28 

6 10.8 7.2 10.8 5 

7 7.2 10.8 10.8 4.38 

8 10.8 10.8 10.8 6.31 

9 6.0 9.0 9.0 2.22 

10 12.0 9.0 9.0 6.1 

11 9.0 6.0 9.0 3.42 

12 9.0 12.0 9.0 5.32 

13 9.0 9.0 6.0 3.78 

14 9.0 9.0 12.0 5.64 

15 9.0 9.0 9.0 5.57 

16 9.0 9.0 9.0 5.55 

17 9.0 9.0 9.0 5.56 

18 9.0 9.0 9.0 5.57 

19 9.0 9.0 9.0 5.57 

20 9.0 9.0 9.0 5.57 
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(c) ANOVA values  

Source Sum of Degree of Mean F-value P-value       Significance 

 Squares freedom Square  (Prob>F)   

Model 32.79 9 3.64 318.21 < 0.0001    significant  

Residual 0.11 10 0.011 

Total 32.91 19  

 

†R2 = 0.9965; Adjusted R2 = 0.9969; Pred R2 = 0.9934 

The model F-values of 318.21 and ‘Prob>F value’ of < 0.0001 implied the model was highly 

significant. The quadratic effects of LGEO (A2), TTEO (B2) and CEO (C2), as well as the 

interaction between LGEO and CEO (AC) and TTEO and CEO (BC) revealed a significant effect 

on the overall log reduction of the bacteria.  
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(b) 

(a) 

 

(c) 

 

Fig 4.17 Response surface contour of the interaction between tea tree EO and lemongrass EO (a), 

clove EO and lemongrass EO (b), and clove EO and tea tree EO (c). 
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CHAPTER 5:  

5.1 GC-MS ANALYSIS OF ESSENTIAL OILS 

GC-MS is a powerful analytical technique for the identification of volatile molecules. This 

preferred method is able to identify multiple components in a compound (Sobhy et al. 2023). 

GC-MS analysis identified a total of 48 compounds in LGEO. The results are in accordance with 

Mahmoud et al. (2022) where the authors also identified geranial, neral, neryl acetate and β-

caryophyllene (2.84%) as the major constituents. However,  Mahmoud et al. (2022) reported only 

31 compounds. (Mahmoud et al. 2022). The total of geranial and neral equals 72.26%, which is 

primarily composed of monoterpene aldehydes (Kumoro et al. 2021). More recently,  Recio-

Cázares et al. (2023) reported high levels of monoterpene in Aloysia citriodora essential oil and 

attributed to antimicrobial effects.  

GC-MS analysis of CEO identified a total of 17 volatile compounds. The major compounds being 

eugenol (73.5%), eugenol acetate (17.38%) and β-caryphyllene (5.72%). Interestingly, the same 

major compounds were identified by Chen et al. (2022). However, this study reports higher 

concentrations of eugenol and eugenol acetate (73.5% and 17.38%)  than   Chen et al. (2022)  

(43.5% and  8.73%, respectively).  Conversely, β-caryphyllene was only 5.72% as compared to 

36.34% reported by Chen et al. (2022). It is evident that the dominating chemical compound in 

CEO is eugenol, which is known to exhibit marked antibacterial properties (Di Consiglio et al. 

2023). Eugenol is known to disrupt the cell membrane resulting in the swelling of cells. 

Furthermore, membrane hyperpolarization due to eugenol enhances the membrane permeability 

(Ulanowska and Olas, 2021).  

GC-MS was used to identify 52 compounds of TTEO. Terpinene-4-ol was identified as the major 

compound in this study, which was in accordance with the previous study by Chintalchere et al. 

(2021). However, the top 5 major compounds identified in this study differ from the 5 major 

compounds identified by Chintalchere et al. (2021). This study identifies terpinene-4-ol (36.39%), 

γ-terpinene (19.12%), α-terpipene (10.83%) and 1,8-cineole (also known as eucalyptol) (3.22%) 

as the major compounds while Chintalchere et al. (2021) reported terpinen-4-ol (45.78%), γ-

terpinene (16.52%), 4-carene (8.75%) and β-cymene (7.98%) and a small proportion of α-terpineol 
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(4.48%) in TTEO. Terpineol-4-ol and its derivatives are known for its antibacterial effects (Sobhy 

et al. 2023). 

 

Majority of the essential oils that have been analysed via GC-MS when compared to the same type 

of essential oil have the same major volatile compounds however, the quantities differ vastly 

between the oils. This will influence the desired outcome that is expected of the essential oil. This 

difference may be due to the area the plant has been harvested, the time from the time of harvest 

to the time of processing, the method of extraction that was used to extract the essential oil, the 

storage of the essential oil, or the time taken from the processed product being used. 

 

5.2 MIC AND MBC OF ESSENTIAL OILS 

The MIC was used in vitro to identify the antibiotic effects of essential oils against bacterial strains. 

This study identified LEO effective against K. pneumoniae, Micrococcus luteus and E. coli with 

an MIC of 0.5%, 0.125% and 0.5% (V/V) respectively. Luis A. Ortega-Ramirez et al. (2020) 

demonstrated lower mechanism of inhibition of LGEO against E. coli.  Citral, and geraniol present 

in LGEO showed MIC of 2.2 and 1.0mg/mL, respectively against E. coli.  In contrast to the present 

study, tea tree and thyme essential oils were more efficient than lemongrass as reported by Loose, 

Pilger and Wagenlehner (2020). Torres Neto et al. (2022) used a combination of oregano (50%), 

thyme (40%), and lemongrass (10%) EOs to achieve maximum inactivation of foodborne 

pathogens. In a study by Pedrós-Garrido et al. (2020) LGEO was effective against L. 

monocytogenes showing MIC of 0.4% (V/V). In this study CEO demonstrated a consistent MIC 

of 0.5% (V/V) against K. pneumoniae, Micrococcus luteus and E. coli. This is supported by a 

study by Pathirana et al. (2019) whereby MBC for Gram-negative bacteria ranged from 0.25-0.5% 

(V/V). The same study reported MBC for Gram-positive bacteria ranging between 0.25-1% (V/V). 

Even though CEO is effective against E. coli Xiao et al. (2019) reported that oregano was more 

effective against E. coli with an MIC of 0.035% compare to clove that had an MIC of 0.125%. 

Griffin, Markham and Leach (2000) studied the MIC of TT EO against S. aureus, S. 

epidermidis, B. subtilis, B. cereus, Micrococcus luteus, Streptococcus, E. coli, Pseudomonas, 

and Proteus ranged between 0.2% and 0.5% (V/V). This was slightly more effective than this 
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study which had an MIC of 0.75% (V/V) TT EO against E. coli as well as Micrococcus luteus. In 

a different study, Borotová et al. (2022) identified the MIC 90 (µl/ml) for B. subtilis 18.36, 

Micrococcus luteus  18.68; for Gram-negative ranged from 12.32 to 25.42. 

5.3 STATISTICAL OPTIMIZATION USING RSM 

RSM using central composite design (CCD) was employed for statistical optimization of the 

selected essential oils and to study their interactions for enhanced log reduction of bacteria. 

Concentrations of LGEO, TTEO and CEO were used as three independent variables and their 

interaction were studied at five different levels (-α was lowest level, -1, 0 was central level, +1, +α 

was highest level). Response in the form of bacterial log reduction ranged from 3.33 ± 0.08 to 6.31 

± 0.19. Experimental run 11 yielded maximum log reduction of 6.31 and experiment run one 

yielded minimum log reduction of 3.33. The synergistic effect of LGEO, TTEO and CEO resulted 

in enhanced inhibition of E. coli growth. The optimized blend of LGEO, TTEO and CEO contained 

0.10%, 0.11% and 0.10%, respectively. Similar effects on log reduction of all Gram-positive and 

Gram-negative bacteria were observed when statistically optimized concentrations of EO blend 

was used during validation experiments (data not shown).  

Cattelan et al. (2018) developed RSM model to study the interaction of oregano EO and salt 

concentrations on the growth of E. coli in salad dressing. Sani et al. (2019) used RSM to show the 

enhanced antibacterial properties of composite film against E. coli by increasing the concentration 

of Melissa EO and zinc oxide. Similarly, Azevedo et al. (2014) used RSM to develop a 

mathematical model to achieve enhanced zone of inhibition against S. aureus, B. subtilis, S. 

marcescens and S. enteritidis as a function of concentrations of starch, chitosan and EO. Although 

there is sufficient literature available on the use of RSM for enhanced production of essential oils, 

reports on the use of RSM for log reduction of bacteria is limited. In fact, to the best of our 

knowledge, this is the first report on the use of RSM for statistical optimization of LGEO, TTEO 

and CEO for enhanced log reduction of bacteria. 
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5.3 CONCLUSION 

The complex compounds of LG, TT and C EOs were tested for their Minimum inhibitory 

concentrations against common Gram-positive and Gram-negative bacteria. These oils were 

proven to have powerful antibacterial properties in low concentrations. The optimized essential 

oils had a synergistic effect once combined, which further enhanced their antibacterial properties 

at even lower concentrations. We can therefore conclude that the low concentrations of essential 

oils may assist in preventing the spread of bacteria causing disease. 

 

5.4 FUTURE PERSPECTIVES 

This study noted potential for further investigation whereby essential oils may be tested against a 

wider range of pathogenic bacteria. The efficacy of essential oils against viruses, fungi and 

nematodes will also provide useful scientific knowledge. Furthermore, studies aimed at animal 

models and biomimetics should be performed to test the safety of essential oils on humans. Lastly, 

there should be more studies on the different combinations of activate chemical components in 

essential oils to investigate their effect on pathogenic cell disruption. 
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15,9227 1-tert-butyl-3,3-dimethylcyclopropene 0,82 

16,2481 Rose furan epoxide 0,52 

16,4766 Ethenylcyclohexane 1,30 

16,6447 alpha-pipene 0,18 

17,1425 N-DECANAL 0,18 

17,915 Nerol 0,19 

17,9938 L-CITRONELLOL  0,13 

18,3402 NERAL 28,38 

19,2584 GERANIAL 43,88 

19,3593 trans-p-Mentha-1(7),8-dien-2-ol 0,19 

21,4326 beta-bisabolene 0,50 

21,4873 alpha-Longipinene 0,15 

22,0971 Neryl acetate 5,39 

22,1829 .BETA. ELEMENE 0,22 

22,8514 .BETA.-CARYOPHYLLENE 2,84 

23,6302 Isoeugenol  0,80 

23,6858 ALPHA-HUMULENE 0,31 

24,3763 GERMACRENE-B 0,26 

24,7228 GERMACRENE-D 0,29 

24,8747 alpha-Muurolene 0,11 

24,9504 (1RS,2RS,1'SR)-1-(1-Methyloxyethyl)-2-vinylcyclobutane 0,10 

25,2045 gamma-Cadinene  2,46 

25,4304 .DELTA.-CADINENE 0,56 

25,6345 CIS-.GAMMA.-BISABOLENE 0,44 
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26,0372 (E,Z)-.ALPHA.-FARNESENE 0,15 

26,3601 GERANYL BUTYRATE 0,10 

26,7856 CARYOPHYLLENE OXIDE 1,02 

27,3873 spiro[4,4]nonan-2-one 0,11 

36,863 FARNESOL 1 0,15 

37,5042 FARNESOL 1 0,31 

37,9996 3-(4,8-dimethyl-3,7-nonadienyl)-Furan 0,31 
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16,7296 BETA.-FENCHYL ALCOHOL 3,40 

16,8202 cis-Piperitol 0,08 

17,161 Piperitol isomer I 0,13 

20,7216 Bicycloelemene 0,06 

21,0571 alpha-Copaene 0,08 

21,6503 (-)-ISOLEDENE 0,10 

21,7241 alpha-Cubebene 0,17 

21,799 Aristolene 0,12 

22,1675 beta-elemene 0,03 

22,5932 (-)-.ALPHA.-GURJUNENE 0,57 

22,8272 .BETA.-CARYOPHYLLENE 0,53 

23,0459 VALENCENE 0,09 

23,1998 Selina-3,7(11)-diene 0,10 

23,3242 (+)-AROMADENDRENE 1,49 

23,4321 ALLOAROMADENDRENE 0,19 

23,6153 delta-Cadinene 0,23 

23,6766 ALPHA-HUMULENE 0,15 

23,8649 AROMADENDRENE 0,73 

24,2087 

Ethanone, 1-[2,2-dimethyl-1-(3-methyl-1,3-

butadienyl)bicyclo[2.1.0]pent-5-yl]-, (E)- 0,60 

24,4926 .BETA.-SELINENE 0,12 

24,5443 ALLOAROMADENDRENE 0,13 

24,6425 .delta.-selinene 0,30 

24,7627 BICYCLOGERMACRENE 2,35 

24,8707 alpha-cadinene 0,20 
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25,4462 .DELTA.-CADINENE 2,08 

25,6237 

1,2,3,4,4a,7-hexahydro-1,6-dimethyl-4-(1-methylethyl)-

Naphthalene 0,27 

26,2377 EPIGLOBULOL 0,10 

26,4117 AROMADENDRENE VI 0,12 

26,6602 (+) spathulenol 0,08 

26,809 Viridiflorol 0,43 

26,9834 gamma-Gurjunene 0,20 

27,0421 3-Methylacetanilide 0,18 

27,2319 1-ethylideneoctahydro-7a-methyl-, cis-1H-Indene 0,15 

27,7024 3,4,5,6,7,8-hexahydro-7-methyl-1(2H)-Naphthalenone 0,18 

27,8297 

1,2,3,4,4a,7-hexahydro-1,6-dimethyl-4-(1-methylethyl)-

Naphthalene 0,26 

 




