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1. Introduction 

The practice of treating various diseases using medicinal plants is as old as an ancient 

civilization. Secondary metabolites and essential oils present in the plants are predominantly 

responsible for treating various ailments. These natural compounds exert significant 

pharmacological and toxicological effects in humankind [1,2]. Folk medicines of almost all 

civilizations of the world abound in herbal remedies. The majority of the drugs used in 

traditional medicines is obtained from plants. Despite several advancements in the field of 

synthetic drug chemistry and production of antibiotics, plants continue to be one of the major 

raw materials for drugs developed for the treatment of various human ailments. Clinical and 

pharmaceutical investigations have elevated the status of medicinal plants by identifying the 

role of active components present in them and elaborating their mode of action in humans and 

in animals as well [1,3]. Medical systems all around the world, which had been developed 

thousands of years ago, heavily relied on herbal medicine; a good record of plant usage is 

available for Traditional Chinese Medicine, Kampo medicine, Ayurvedic medicine, European 

medicine, and traditional medicines of Africa, Australia, and Americas [2].  

The treatment of infections and other health disorders with herbal medicines is usually not 

or not entirely a placebo medicine but involves active natural products mostly of low molecular 

weight with great structural diversity (so-called secondary metabolites) and complex mixture 

of active components e.g. in the form of essential oils, which are found in many plants [2,3]. 

Since the medicinal herbs are widely used among laymen for various disorders there is an 

ultimate need to characterize the plant extracts’ or their purified components’ biological 

activity including their potential toxicity. 

1.1. Essential oils and their uses 

Essential oils (EOs) have been widely used in folk medicine throughout the history of 

humankind. The application of EOs covers a wide range from therapeutic, hygienic, and 

spiritual to ritualistic purposes. EOs are aromatic, volatile, lipophilic liquids extracted from 

different parts of plant materials such as barks, buds, flowers, fruits, seeds, and roots [1]. EOs 

are mixtures of complex compounds with variable individual chemical composition and 

concentrations that includes primarily terpenoids, like monoterpenes (C10), sesquiterpenes 

(C15), diterpenes (C20), acids, alcohols, aldehydes, aliphatic hydrocarbons, acyclic esters or 

lactones, rare nitrogen- and sulfur-containing compounds, coumarin, and homologs of 

phenylpropanoids [1,2]. The biological effects of EOs cover a wide range of effects, including 
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antioxidant, antimicrobial, antitumor, anti-inflammatory, and antiviral activity [3]. The 

increase in demand for the use of aromatherapy as complementary and alternative medicine 

has led people to believe in the myth that EOs are harmless because they are natural and have 

been used for a long time [4]. EOs usually recognized as safe (GRAS) are used primarily as 

flavoring agents in foods, in medicine, and as fragrances in cosmetics [5,6]. However, 

consumer’s recent demand for products extracted from eco-friendly renewable sources, with 

low toxicity, both for human and animal consumption, and with natural appeal has stimulated 

the research looking at new applications for EOs [7]. Several studies have demonstrated that 

some EOs show interesting antimicrobial properties against foodborne pathogens and food 

spoilage microorganisms. Due to this, their application as a potential green preservative for 

foods has been considered [5,8–10]. This antimicrobial activity involves their hydrophobic 

compounds' ability to disrupt microorganisms’ cell membranes, which results in a change of 

cell morphology, alteration of membrane permeability and leakage of electrolytes, 

consequently leading to cell destruction [11]. In general, essential oils act to inhibit microbial 

cell growth and the production of toxic metabolites. In case of bacteria most essential oils have 

a more pronounced effect on Gram-positive bacteria than on Gram-negative species, and this 

effect is most likely due to differences in the cell wall composition of these microbes [12]. 

Gram-positive bacteria have only one outer layer, which facilitates penetration of external 

molecules, promoting interaction with the cytoplasmic membrane and making them more 

fragile compared with Gram-negative bacteria. Gram-negative bacteria have an additional 

membrane with a phospholipid bilayer structure responsible for the protection of the inner 

cytoplasmic membrane, which confers greater resistance to this class of bacteria [13]. The 

hydrophilic wall hinders the penetration of hydrophobic compounds, for example, essential 

oils, into the cell. Mechanisms that explain the action of essential oils on microbial cells have 

been studied, but it is still not possible to say with certainty how the essential oils act on a 

microbial cell [14]. These bioactive compounds have many components, and the antimicrobial 

action cannot be confirmed by the action of only a single component or by the activity on a 

single cell site. The typical hydrophobic characteristics of essential oils is responsible for the 

breakdown of microbial cell structures, which leads to increased permeability through the 

microbial cell membrane [14–18].  

1.2. Artemisia annua L. and its secondary metabolites 

Artemisia annua L. (Sweet Wormwood, Sweet Annie, Sweet Sagewort, Annual 

Wormwood, or Qinghaosu) is a very important member of the Asteraceae family and is widely 
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distributed throughout Asia, South Africa, Europe and North America [15,16]. The use of this 

plant for the treatment of malaria has been recorded before 168 BC in Chinese traditional 

medicine [15]. Discovery of the artemisinin, a sesquiterpene with the antimalarial property 

made this plant to have potential commercial importance [17]. The search for other active 

components has led to the discovery of many phytochemicals including, monoterpenoids, 

sesquiterpenoids, flavonoids and coumarins, and aliphatic and lipid compounds [18]. Apart 

from its antimalarial activity, the plant has shown anti-tumor, anti-inflammatory, antipyretic, 

antimicrobial, antiparasitic, antiulcerogenic, and cytotoxic activities [19]. Several studies on 

the chemical composition of the Artemisia annua L. essential oil (AE) have been performed, 

and active components like camphor, artemisia ketone, germacrene D, and 1,8-cineole have 

been found [20]. Variability in the chemical composition of AE depending on the geographical 

origin and plant’s development stages has led to considerable research interests in the 

investigation of the biological properties of AE [21]. 

Artemisinin (Ar), belonging to a family of sesquiterpene lactones originally derived from 

Artemisia annua L. is well-known for its anti-malarial actions by forming free radicals through 

cleavage of intra-parasitic iron-endoperoxide groups and by alkylation of specific malarial 

proteins mediating eradication of Plasmodium species [15]. Protection against cancers and 

inflammation by artemisinin has also been documented [18]. The Ar has been reported to 

possess anti-infective activity against viruses (Human cytomegalovirus) and fungi 

(Cryptococcus neoformans) [16].  

Scopoletin (Sc, 6-methoxy-7-hydroxycoumarin) is a phenolic compound isolated from 

several plants including A. annua L. [22]. Sc possesses anti-tumor and anti-angiogenesis 

properties by initiating cell cycle arrest and facilitating apoptosis in human prostate tumor cells 

and leukemia cell lines [23,24]. Although anti-fungal effects including the anti-Candida 

activity of Ar and Sc were already studied, yet no detailed data are found in the literature on 

Candida species’ viability and biofilm formation treated with Ar and Sc at their sub-inhibitory 

concentrations. Because of the diverse biological activities including reactive oxygen species 

(ROS) generation [22,24–26], the above mentioned secondary active metabolites and essential 

oil having a wide range of biological actions might exert antimicrobial activity as well. 

1.3. Usage of arteficial vs. natural preservatives in food industry 

Food preservation is a dominant feature in all food sectors and mainly comprises curbing 

the rise of microorganisms that increase the health-related issues in consumers. The food 

attributes that attract the attention of the consumer are freshness and their naturalness and 
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minimal processing. The perception of naturalness drives the consumer towards the food 

without chemical preservatives. Modernization coupled with the change in the lifestyle of the 

consumer shifts them towards the use of ready-to-use food. Thermal processing, drying, 

freezing, refrigeration, irradiation, modified atmosphere packaging (MAP), and addition of 

antimicrobial agents or salts are some conventional methods to prevent the growth of microbes 

in foods [27,28]. Some chemical preservatives such as sodium benzoate, potassium sorbate, 

and nitrites have been used commercially in fruit juices, dairy products, confectionery, meat 

and meat products, etc. Nitrites and nitrates are applied in the meat industry to inhibit the 

growth of the microorganisms, retain the red color of the meat, and reduce the oxidation of 

lipids [29]. However, blue baby syndrome occurs in young children owing to the presence of a 

high amount of nitrites in their blood [30]. Some chemical preservatives such as sodium 

benzoate and potassium sorbate used in the fruit juice industry have also constraints like 

benzoic acid that is converted into benzene in foods [31], and S. cerevisiae and Pichia anomala 

can decarboxylate sorbic acid to 1,3 pentadiene which causes kerosene-like off-odor. 

Schizosaccharomyces pombe may produce off-flavors in the presence of sulfite [32]. Due to 

growing evidence about the harmful effects of chemical preservatives, there is a continuous 

pressure to reduce the amount of added preservatives in foods. 

To avoid the health risks associated with the consumption of chemically enriched foods, 

natural antimicrobial compounds like bacteriocins, chitosan-fermented ingredients, and plant 

antimicrobials provide another alternative for preserving food [27]. Spices and herbs are used 

in food since ancient times, not only for flavoring but also for preservation. Plant extracts, 

essential oils, and peptides exhibit a broad-spectrum activity [28]. The antimicrobial and 

antioxidant properties of plants are attributed to secondary metabolites such as 

phenylpropanoids, terpenes, flavonoids, and anthocyanins [33]. Several studies have been 

conducted around the globe to prove the efficacy of plant products, and various compounds 

isolated from these plants are secondary metabolites that possess antimicrobial and other 

medicinal properties. 

1.4. Candida species-related infections 

Fungi represent a significant burden of infection to hospitalized patients. The use of broad-

spectrum antibiotics, parenteral nutrition, indwelling catheters, or the presence of 

immunosuppression, or disruption of mucosal barriers due to surgery, chemotherapy, and 

radiotherapy are among the most important predisposing factors for invasive fungal infection. 

Fungal biofilms play an important role in numerous infections. They are composed of structural 
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microbial communities adhering to different surfaces and being enveloped by the exopolymeric 

matrix [34,35]. The development of biofilms hinders the action of the defense system of the 

host and increases the resistance to standard antifungal agents [36]. Candida species like 

Candida albicans (C. albicans), Candida dubliniensis (C. dubliniensis), Candida tropicalis (C. 

tropicalis), Candida krusei (C. krusei), Candida glabrata (C. glabrata), Candida 

guilliermondii (C. gulliermondii), and Candida parapsilosis (C. parapsilosis) are fungal 

species of major medical importance. Candida species, members of human microflora, are 

diploid polymorphic yeasts [37] that can be found in the human gastrointestinal, respiratory, 

and inside the genitourinary tracts; therefore, C. albicans is found in vaginal, mucosal, and 

deep-tissue infections [38–40]. In certain individuals with immune-compromised status, the 

Candida species might induce consequent infection. Also, Candida species can rapidly adapt 

to the host’s micro-environmental circumstances caused by pH and nutritional changes in the 

gastrointestinal tract [41]. Environmental imbalance because of nutritional change or pH 

shifting facilitates the abnormal growth of Candida species which results in candidiasis [42]. 

Candida species attack the gut epithelium barriers to reach the bloodstream via micro-fold cells 

(M cells) that are found in the gut-associated lymphoid tissue (GALT) of Peyer’s patches in 

the small intestine promoting intestinal infections [43]. Esophageal candidiasis is one of the 

major and common infections in people living with HIV/AIDS [41]. Symptoms of candidiasis 

in the mouth, throat, and esophagus generally include swallowing problems and pain [44,45]. 

Because of the increasing incidence of candidiasis and the difficulties in its treatment due to 

the limited options in the use of antifungal drugs with species-specific efficacy [43], there is 

an ultimate need for at least prevention of fungal infections.  

1.5. Experimental and application-based problems 

1.5.1. Issues related to the stability and lipophilicity of EOs 

Despite the natural appeal and interesting effectiveness against both molds and bacteria, 

EOs are highly volatile and prone to oxidative damage when exposed to light, oxygen, and 

temperature [46]. Furthermore, due to their strong odor, the application of EOs in food products 

may be limited, since undesirable changes in food natural aroma may occur [47]. Chemical 

component groups of essential oils are readily converted by oxidation, isomerization, 

cyclization, or dehydrogenation, which are reactions that can be enzymatically or chemically 

triggered, and these processes are usually associated with a loss of quality. For example, 

terpenoids tend to be volatile and thermo-labile and can be readily oxidized or hydrolyzed, 
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depending on their structure [48]. Further, the maintenance of essential oil composition 

depends strongly on the conditions under which it is processed and how it is handled and stored 

upon production. Certain factors are crucial for maintaining the stability of essential oils, such 

as temperature, light, and oxygen availability [49]. Also, there might be several side effects of 

EOs even if topical administration is applied and, among these, allergic reactions are the most 

frequent (many EOs can cause, e.g., rashes on the skin). Some of them can be poisonous if 

absorbed through the skin, breathed, or swallowed. Previous studies also report the interaction 

of EOs with other drugs [50]. The continuous production of new aroma chemicals and their 

widespread and uncontrolled usage as alternative therapies together with many carrier diluents 

have brought serious problems, especially among children. In this regard, it is of utmost 

importance to study the mode of action of essential oils and to find a proper, harmless 

formulation. Another serious problem is the highly lipophilic nature of EOs, which makes it 

impossible to measure their biological effects in an aqueous environment [1,51,52]. Several 

assays including conventional broth dilution method, disk diffusion method, and bioautography 

assay are used to measure the antimicrobial activity of EOs. Efforts have been made to 

overcome the lipophilic nature of the oils usually by application of EOs diluted in seemingly 

suitable solvents/detergents. In the case of natural lipophilic volatile compounds like EOs, 

solvents of varying polarity, e.g., DMSO, ethanol, and methanol, are most commonly used. 

However, previous studies have reported the antimicrobial effects of the solvents themselves 

(DMSO, ethanol, and other solvents in various microbial assays) or their influence on the true 

antimicrobial effects of EOs [53]. The usage of solubilizing agents limits the precise 

determination of the antimicrobial activities of EOs. Also, a major problem might arise in the 

classical assays due to the evaporation of EOs during the assay or the inability of the test 

microbes to reach the lipophilic range of the tested EOs (in bioautography, as an example) 

[54,55]. 

Therefore, new formulations have been determined to increase the solubility or to emulsify 

the EOs in an aqueous environment. These efforts help to stabilize the oils, to produce an even 

release of the active components into the required environment, and to maintain their 

antioxidant and antimicrobial activities [51,56–58]. Detergents and organic solvents are not 

welcome in this regard. Attempts have been made to entrap EOs by modified cyclodextrins for 

the exact determination of their antimicrobial characteristics [59,60]. 
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1.5.2. Lack of reliable quantitative and qualitative experimental data 

Another major problem that hinders the measurement of the antimicrobial activity studies 

is the lack of clearly visible bacterial and fungal colonies which makes precise quantification 

of the growth, difficult. Lack of a convenient viability testing method has hampered antibiotic 

testing and new drug discovery [61]. Presently, microscopic counting and quantitative PCR 

(qPCR) or reverse-transcription PCR (RT-PCR) are the main and reliable assays for rapid 

assessment. Manual microscopic counting using a counting chamber is mainly used to 

characterize microbial viability in vitro, but it is very time-consuming and is hard to perform 

in a microtiter plate. Although quantitative PCR (qPCR) can detect very small amounts of DNA 

and is usually applied for microbial viability assay in vivo, it is complex, costly, and not 

suitable for viability assay of microbes in high-throughput drug screen format. Several rapid 

colorimetric assays have been used to determine microbial enzymatic activity, cell membrane 

integrity, cell proliferation, metabolic activity, cell viability and antibiotic susceptibility [62–

72]. However, these assays either have limited sensitivity or are cumbersome and cannot be 

performed in a high throughput format. 

1.6. Possible solutions to overcome the above issues 

1.6.1. Cyclodextrins (CDs) as drug delivery systems 

Cyclodextrins (CDs) approved by the Food and Drug Administration (FDA) and enlisted 

as GRAS, are one of the most studied host molecules for their use in foods [73]. They are 

natural oligosaccharides employed for the preparation of inclusion complexes (ICs) with EOs 

resulting in enhanced oil physical and chemical stability, via reducing volatility and sensitivity 

against light, heat, and oxidation [74]. They are non-toxic with a hydrophilic outer surface and 

a hydrophobic core allowing the hydrophobic guest molecule to enter and stay inside. This 

interaction among the guest molecules and CDs forms a non-covalent inclusion complex in the 

polar medium. This inclusion complex is in dynamical equilibrium allowing the guest molecule 

to diffuse out from the CDs complex system [60]. Native CDs are composed of six, seven, or 

eight glucosyl units and are known as α-cyclodextrin (α-CD), β-cyclodextrin (β-CD) and γ-

cyclodextrin (γ-CD), respectively. The diameter of the CDs cavity is measured by the number 

of glucose units in the CD and this controls the size of the guest molecule for encapsulation 

(Figure 1). Many CD derivatives including randomly methylated β-cyclodextrins (RAMEB) 

with enhanced solubility and increased encapsulation performance are of major interest at 

present [60,75]. 
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Figure 1. Characteristics of synthetic cyclodextrins. Shapes, dimensions, chemical 

structures, and complexation of natural cyclodextrins. Cyclodextrins are cyclic 

oligosaccharides with a lipophilic central cavity and a hydrophilic outer surface. (A): 

The conical shape, dimensions, and chemical structures of α-, β-, and γ-cyclodextrin 

are illustrated. The chemical structures of α-, β-, and γ-cyclodextrin show that they are 

composed of six, seven, and eight glucose units, respectively. (B): Schematic 

illustration of inclusion complexation. A hydrophobic/amphipathic molecule enters 

the cyclodextrin cavity to form a reversible inclusion complex. Reproduced from Ref. 

[75]. 

1.6.2.  Pickering emulsions 

The application of Pickering nanoemulsion is also a quite novel approach to stabilize oil-

in-water (O/W) and water-in-oil (W/O) emulsions by solid particles instead of surfactants. The 

mechanism involves the adsorption of solid particles on the oil-water interface, causing a 

significant decrease in the surface tension that results in high emulsion stability [57] (Figure 

2). Previous studies have reported decreased evaporation of EOs from O/W emulsion of 

nanoparticle-stabilized formulations versus EO–surfactant systems to be a beneficial factor 

[76,77]. 
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Figure 2.  Sketch of a Pickering emulsion and a classical (surfactant-based) emulsion. 

The solid particles adsorbed at the oil-water interface stabilize the droplets instead of 

the surfactant molecules. Reproduced from Ref. [78]. 

1.6.3.  Development of rapid antimicrobial evaluation methods 

Sensitive viability assays that can be used for rapid viability detection of microbes and for 

high throughput drug screens to identify new drugs for improved antimicrobial treatment must 

be developed. The laboratories who do not have the access to expensive instruments will have 

the possibility to use newly developed reliable and cheaper techniques to perform live/dead 

antimicrobial assays in a high throughput fashion with a simple multi-plate reader. 

2. The major objectives of our study 

 The solubility of the plant-derived secondary metabolites, essential oils, and their 

active components in the aqueous test systems is usually very poor. That is why 

the characterization of the antioxidant and antimicrobial properties is often 

performed by adding detergents, polar protic/aprotic, and non-polar solvents.  

Therefore, we aimed to develop new drug formulations with modified cyclodextrins 

and nanoemulsions for aqueous test systems that could be used for antioxidant and 

antimicrobial assays without additives. We also characterized the entrapment efficiency 

and the thermodynamic properties of the cyclodextrin-captured EOs and pure EO 

components. 

 There is no existing rapid, high throughput assay for live/dead microbial viability 

testing. 

We have tried to establish a rapid live/dead microbial viability microplate assay 

technique using a double-stain fluorescent method. 

 Formation of fungal biofilms is a major problem and there are only a few natural 

anti-biofilm compounds that could overcome increasing microbial drug 

resistance. So, there is a need to find some new natural compounds that can 

compete with microbial drug resistivity in biofilms.  
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We aimed to investigate the antimicrobial and biofilm degradation activities of 

artemisinin and scopoletin (isolated from Artemisia annua L.) to reveal their effects on 

cellular viability, metabolic activity, and oxidative stress balance of microbial biofilms. 

 There are only a few attempts to measure the antimicrobial activity of plant 

extracts at their concentration below the MIC. 

We aimed to characterize the antimicrobial effects of essential oils and pure plant 

extracts at their Minimum Effective Concentrations (MEC10) by various methods 

(metabolic activity, oxidative stress, live/dead discrimination assay, killing activity vs. 

exposure time).  

 The exact measurement of the antimicrobial assay in the biofilms is still a 

challenge.  

That is why we have aimed to develop multi-parametric fluorescent techniques to 

evaluate the possible mode of action of our studied plant extracts in mature biofilms.  

3. Materials and methods used for RAMEB-EO experiments 

3.1. Reagents and materials used in RAMEB-EO experiments 

All chemicals used for the in vitro analysis were of analytical or spectroscopic grade and 

highly purified water (<1 µS) was applied throughout the experiments. Sterile 96-well plates, 

96-well general microtiter plates, and 96-well white optical microtiter plates were from Greiner 

Bio-One (Kremsmunster, Austria), Sarstedt AG & Co. KG., (Numbrecht, Germany) and 

PerkinElmer Inc. (MA., USA), respectively. Horseradish peroxidase (POD), 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), luminol, para-iodophenol, diphenyl-

2-2 picryl-hydrazyl (DPPH, stable free radical), fluorescein Na2 salt, 2,2`-azobis (2-

methylpropionamidine) dihydrochloride (AAPH), SYBR Green I, propidium iodide (PI), 

Lauria-Bertani (LB) liquid medium, yeast extract-glucose (YES, pH 4.5, supplemented with 

amino acids and Wickerham solution) media and Tryptic Soy Broth (TSB) were from Sigma-

Aldrich Chemie GmbH (Steinheim, Germany), and 1 mg/mL bovine serum albumin (BSA, 

Serva Electrophoresis GmbH, Heidelberg, Germany) in 50 mmol/L phosphate buffer pH 7.4, 

H2O2 (Molar Chemicals Ltd., Budapest, Hungary) diluted with 0.1% citric acid (Ph. Eur 8.0.) 

were used. Cytometer Setup and Tracking beads (CS&T beads) were from BD Biosciences Co. 

(M.A., U.S.). Dimethyl sulfoxide (DMSO), ethanol, and methanol (Reanal Labor, Budapest, 

Hungary) were of spectroscopic grade. In the oxygen radical absorbance capacity (ORAC) 

assay, 75 mmol/L K-phosphate buffer of pH 7.4 was used. All the EOs/components - RAMEB 
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(randomly methylated β-cyclodextrin) namely lavender oil, lemon balm oil, peppermint oil, 

thyme oil, borneol, citral, linalool, menthol, and thymol were obtained from CycloLab 

Cyclodextrin Research & Development Laboratory, Ltd. (Budapest, Hungary). 

3.2. Inclusion complex formation of RAMEB and selected essential oils/components 

Twenty-five grams (close to 0.02 mole) of statistically (random) methylated beta-

cyclodextrin (having an average degree of methylation of 1.8 methoxy-groups/glucopyranose 

unit) was dissolved in 30 mL of deionized water at room temperature under nitrogen stream 

protected from light. Then 1.5 g (close to 0.01 mole) of the essential oils or pure components 

were fed dropwise to the stirred cyclodextrin solution. The resulting emulsion was sonicated 

for 3 minutes and stirred for further 2 h protected from light. It was then chilled to - 45 °C in 

dry ice/ethanol mixture and lyophilized. The resulting light powder was homogenized and used 

for further studies. 

3.3. Characterization of encapsulated essential oils and their components 

3.3.1. UV-VIS spectroscopy analysis 

The encapsulation formation of the selected essential oils/components to RAMEB was 

evaluated by UV/VIS spectrophotometry (Hitachi U-3900, Auro-Science Consulting Ltd., 

Budapest, Hungary). Essential oils were dissolved in acetonitrile (0.5 mg/mL). RAMEB, 

encapsulated essential oils, components, and a 4:1 mixture of RAMEB-essential 

oils/components were mixed in acetonitrile at 5 mg/mL and shaken for 10 minutes. The 

supernatant was separated by centrifugation, diluted hundred times in acetonitrile, and was 

scanned in the range of 200 – 400 nm to obtain UV-VIS absorption spectra [79].   

3.3.2. Photometric titration assay 

The photometric titration was performed in acetonitrile. In brief, the oil concentrations 

were kept constant (1 mmol/L) while the CD concentrations were varied from 1 mmol/L up to 

8 mmol/L. Data evaluation was performed as described before [80,81].  

3.3.3. Phase solubility studies 

Phase solubility plots were obtained to identify and to evaluate the stability of the inclusion 

complexes [82]. In brief, excess of essential oils was added to 10 mL aqueous solutions of 

RAMEB in a concentration range of 0 – 10 mmol/L, incubated at 25 °C and 35 °C, shaken at 
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200 rpm for 24 h and filtered through 0.45 µm syringe filter (Fisher Scientific). The quantity 

of essential oils remained in the solution was measured spectrophotometrically at 214.5 nm 

(Hitachi U-3900) and data were compared with the standard curve obtained for the 

components. The quantity of essential oils in the solution was plotted against RAMEB 

concentration. The stability constant KS (L/mole) was calculated from the slope and intercept 

of the plot from the equation: 

𝐾𝑆 =  
𝑠𝑙𝑜𝑝𝑒

𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡 × (1 − 𝑠𝑙𝑜𝑝𝑒)
 (1) 

where Ks (L/mole) represents the stability constant and intercept (mmol/L) is the dissolved 

guest molecules (essential oil or their pure components) in the aqueous complex medium when 

no cyclodextrin is present. 

3.3.4. Thermodynamics of the encapsulation formation of CDs with the essential oils  

The processes associated with the complex formation, thermodynamic parameters were 

determined using the stability constants measured at different temperatures applying the van’t 

Hoff equation: 

𝐼𝑛(𝐾) =  
−∆𝐺

𝑅𝑇
=  

−∆𝐻

𝑅𝑇
 +  

∆𝑆

𝑅
 (2) 

where, G, H, K, R, S, and T represent Gibb’s free energy, standard enthalpy change, the 

equilibrium constant, ideal gas constant, the entropy of the system, and temperature, 

respectively. 

3.3.5. Headspace gas chromatography with flame ionization analysis 

The formation of inclusion complexes of the selected essential oils, their components, and 

RAMEB was examined by headspace gas chromatography with flame ionization detection 

(Agilent 7890A GC system, G1888 Network Headspace Sampler). Encapsulation efficiency 

for the RAMEB-EO complexes and formation constant (Kf) values of RAMEB/aroma 

inclusion complexes were determined using the static headspace gas chromatography based on 

the previous publication [83]. Essential oils (100 ppm) or their components (1 mmol/L) were 

added to 10 mL deionized water or RAMEB’s aqueous solution (20 mmol/L) previously 

introduced into 20 mL headspace vial. The vial was crimp sealed and thermostated at 25 ± 0.1 

°C. After the equilibrium was established (30 minutes), 100 µL of vapor was injected directly 

into the chromatographic column (DB-ALC2, Agilent J&W Scientific, 30 m x 0.32 mm 
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internal diameter (i.d.) and a 1.2 µm film thickness). The HS loop and transfer line temperatures 

were set at 80 °C and 150 °C, respectively. The injection port temperature was kept at 230 °C 

and used in split mode with a split ratio of 1:2. The flame ionization detection (FID) 

temperature was maintained at 250 °C. Nitrogen was used as the carrier gas. The initial GC 

oven temperature was held at 76 °C for 10 minutes, then the temperature increased at 2 

°C/minute to 128 °C and then ramped at 10 °C/minute to 218 °C which was kept for 60 seconds. 

To determine the formation constant (Kf) and the encapsulation efficiency (EE) 3-3 parallel 

measurements were performed. Kf values (L/mole) and EE (%) were calculated using the 

following equations: 

𝐾𝑓 =
(

𝐴0

𝐴𝑅𝐴𝑀𝐸𝐵
) − 1

𝐶𝑅𝐴𝑀𝐸𝐵
 

(3) 

where, A0 and ARAMEB are the peak areas of aroma components in the absence and the presence 

of RAMEB, respectively; CRAMEB is the initial concentration of RAMEB, and, 

𝐸𝐸 = (
∑ 𝐴0 − ∑ 𝐴𝑅𝐴𝑀𝐸𝐵

∑ 𝐴0
) × 100 (4) 

 where, ∑A0 and ∑ARAMEB are the sum of the peak areas of aroma components in the absence 

and presence of RAMEB, respectively. 

3.3.6. Determination of average molecular weight of the essential oils 

In brief, the average molecular weight of the experimented essential oils was examined by 

determining the cryoscopic constants of dimethyl sulfoxide (DMSO, 4.484 K kg/mole) using 

1.003654 kg/mole naphthalene. DMSO was used as the media. All measurements were 

repeated three times. 

3.4. Determination of total antioxidant capacity (TAC) of RAMEB-EOs 

3.4.1. DPPH assay 

DPPH assay has been performed following the procedure described previously [84–86] 

with modifications. DPPH (2.94 mg) in 25 mL of 96% ethanol (300 µM) was prepared and 

stored in the refrigerator being stable for one week. Acetate buffer (100 mmol/L, pH 5.5) was 

used throughout the experiments. Trolox standard of 1 mmol/L was prepared in 50% ethanol. 

Serial dilutions of Trolox standards ranging from 0-180 µM and EOs - RAMEB dilutions of 1 

mg/mL - 0.01 mg/mL % (w/v) were prepared in PBS, pH 7.4. 50 µL of acetate buffer (100 
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mmol/L, pH 5.5) followed by 50 µL standard/sample dilutions and 95 µL DPPH (300 µM) 

were pipetted into 96-well general micro-titer plates. The absorbance changes in the wells were 

measured at 517 nm by the PerkinElmer EnSpire Multimode reader at 25 oC after 90 minutes 

of incubation in the dark, at room temperature. Measurements were performed in triplicates or 

more. Antioxidant capacities were calculated in the form of inhibitory concentration at 50% 

TAC level (IC50) which was obtained from the equation derived from % scavenger activity vs. 

serial sample dilution concentration graph [85,87,88]. IC50 values were referred to as 1 gram 

dry mass of the samples. 

3.4.2. Enhanced chemiluminescence (ECL) assay 

We followed the method previously published [89]. The enhanced chemiluminescence 

reaction was performed in 96-well white optical plates. Ice-cold premixed ECL reagent and 

POD working solution (200 µL POD +70 µL ECL reagent) was prepared freshly. Trolox 

standards were used in the concentration range of 0 – 100 µM. 20 µL Trolox/blank/sample and 

270 µL of POD-ECL reagent were pipetted into each well. For initiation of the ECL reaction, 

20 µL ice-cold H2O2 in citric acid was injected into the wells by the automated dispenser of a 

Biotek Synergy HT Gen5 (Auro-Science, Consulting Ltd., Budapest, Hungary) microplate 

reader. The chemiluminescence signal was followed for 10 minutes. For the ECL assay, total 

light output (area under the curve, AUC) data were taken. TAC of the samples was obtained 

by using the regression equation obtained for the standards, results multiplied by the dilution 

factor, and expressed as µM Trolox equivalent (TE). The TE for each sample was further 

referred to as 1 g of initial essential oil content. Measurements were performed at least in 

triplicates or more.   

3.4.3. ORAC assay 

We used a standard procedure described previously [89] with modifications. The working 

fluorescein (FL) concentration was elevated to 400 nmol/L in 75 µmol/L phosphate buffer, pH 

7.4 while the AAPH oxidant concentration was also increased to 400 mmol/L. Trolox standards 

were prepared as described above within the concentration range of 0 – 160 µmol/L. 25 µL of 

blank/standard/sample and 150 µL of working fluorescein solution were pipetted into the wells 

of 96-well general microtiter plates. The outer wells were filled with 200 µL phosphate buffer 

only to have better temperature stabilization. Before the measurements, plates were preheated 

to 37 °C for 30 minutes in the dark. The reaction was started by an automated injection of 25 

µL AAPH solution into each well by the injector of the Biotek Synergy HT Gen5 microplate 
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reader. Fluorescence intensities were monitored for 80 minutes using 490/520 nm filter 

settings. Total light outputs as AUC were calculated. The AUC of the blank was subtracted 

from that of the standards/samples (net AUC) and was further used in the antioxidant capacity 

calculations. The total antioxidant capacity (TAC) of the samples was obtained by using the 

regression equation data obtained for the Trolox standards. The TE was multiplied by the 

dilution factor and was finally expressed as µmol/L Trolox equivalent. The TE of the samples 

was referred to 1g of initial essential oils content. 

3.5. Determination of minimum inhibitory concentration (MIC) of RAMEB-EOs 

3.5.1. Microorganisms used in the studies 

Escherichia coli (E. coli) PMC 201, Staphylococcus aureus (S. aureus) ATCC 29213, 

Schizosaccharomyces pombe (S. pombe) ATCC 38366 were obtained from the Department of 

General and Environmental Microbiology, Institute of Biology, University of Pecs, Hungary 

(PMC). 

3.5.2. Antimicrobial activity against S. pombe, E. coli and S. aureus 

The antifungal activity was carried out according to the standard protocol suggested by 

CLSI (Clinical & Laboratory Standards Institute) guidelines [90]. Briefly, S. pombe slant agar 

inoculum stock was prepared from the main stock and was incubated for 16 h at 30 °C in YES 

media. On the second day, EO-RAMEB and EO component-RAMEB complexes with 

concentrations ranging from 5 mg/mL to 0.039 mg/mL in square dilution format were added 

to the yeast population and incubated at 30 °C for 48 h in YES media. 96-well general microtiter 

plates were used for all experiments. The final population of S. pombe per well was 103 

cells/mL. The absorbance per well was measured by the Perkin Elmer EnSpire Multimode 

reader at 595 nm.  

The antibacterial activity of the samples was evaluated on E. coli and S. aureus strains 

according to the protocol described by the CLSI (Clinical & Laboratory Standards Institute) 

guidelines [70,90]. Briefly, the working population of the bacteria was prepared on the first 

day, from the stock. For E. coli and S. aureus we used LB medium and TSB, respectively 

throughout the experiments. On the second day, the desired population was obtained (0.5 

McFarland standards mentioned in NCCLS protocols). The bacterial populations were reduced 

to 5 x 105 cells/mL and were kept as the final population per well throughout the whole 

experiment. EO-RAMEB and EO component-RAMEB complexes from 5 mg/mL to 0.0312 
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mg/mL concentration range were introduced to the inoculated media. The absorbance was 

measured by the PerkinElmer EnSpire Multimode reader at 600 nm after 12 to 16 h of 

incubation at 35 ± 2 °C. 

3.6. Rapid live/dead fluorescent cellular discrimination assay  

3.6.1. Development of a SYBR Green I/propidium iodide microbial viability assay 

Care has been taken to remove any traces of growth medium before staining the 

experimented microbial samples with the fluorescent dyes. The nucleic acids and other media 

components may bind SYBR Green I and propidium iodide in an unpredictable manner, which 

may result in unacceptable imprecision in the staining procedure. A single wash step with PBS 

(pH 7.4) was sufficient to remove traces of interfering media components from the microbial 

suspension. Briefly, 15 mL cultures of either S. pombe, E. coli or S. aureus were grown to log 

phase in nutrient broth (YES media, LB media, and TSB). Ten milliliters of microbial 

suspension in each tube was pelleted by centrifugation at 1000g for 5 minutes. The supernatant 

was removed, and the pellet was re-suspended in 10 mL media (for living microbes) and 2.5-

25 % (v/v) of 2-propanol in respective centrifuge tubes for obtaining different ratios of 

dead/live microbes. All samples were incubated at room temperature for 15 minutes then were 

centrifuged at 1000g. The supernatants were removed, and the pellets were re-suspended and 

washed with 5 mL PBS (pH 7.4) followed by centrifugation again. The pellets were finally 

suspended in 10 mL PBS (pH 7.4). 

3.6.2. Optimization of the fluorescence assay 

The staining concentration of the two fluorescent dyes has been balanced so that the 

applied mixture should provide good live/dead cell discrimination in our experimental 

conditions. For thorough optimization of the staining protocol, we have experimented a wide 

range of concentrations (5.5 to 5500 times dilution in logarithmic dilution format) of SYBR 

Green I dye (10,000x stock) each in combination with a concentration range (500 to 5 times in 

logarithmic dilution format) of propidium iodide (20 mmol/L stock in DMSO). 

3.6.3. Staining microbial suspensions with SYBR Green I/propidium iodide for 

fluorescence microplate reader and flow cytometry testing 

The microbial suspensions (live and killed) were adjusted to ~106 cells/mL. One hundred 

microliters of the above mentioned treated and untreated samples were pipetted into 96-well 
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transparent flat bottom general plates. One hundred microliters of premixed dye was pipetted 

into the wells containing the samples and mixed thoroughly. The plates were incubated in the 

dark for 10 minutes. The outer wells (row A and H and columns 1 and 12) were kept filled with 

PBS (pH 7.4) to maintain even temperature distribution during the incubation process. For the 

evaluation of microbial viability, fluorescence intensities of the samples in the 96-well 

microtiter plates were measured at two monochromatic settings. First, fluorescence intensity 

was recorded at 490 nm/525 nm excitation/emission wavelengths (emission 1, green). Then the 

samples were re-measured at 530 nm/620 nm (emission 2, red). Data were analyzed by dividing 

the fluorescence intensity of the stained microbial suspensions (Fcell) at emission 1 by 

fluorescence intensity at emission 2: 

𝑅𝑎𝑡𝑖𝑜𝐺
𝑅⁄ =

𝐹𝑐𝑒𝑙𝑙,𝑒𝑚 1

𝐹𝑐𝑒𝑙𝑙,𝑒𝑚 2
 (5) 

Dose-dependent % of dead cells in the microbial suspension was then calculated from the 

respective RatioG/R using the following formula: 

% 𝐷𝑒𝑎𝑑 𝑐𝑒𝑙𝑙𝑠𝐷𝑜𝑠𝑒 = 100 − {(
𝐷𝑜𝑠𝑒𝐺/𝑅

𝐶𝑜𝑛𝑡𝑟𝑜𝑙𝐺/𝑅
) × 100} (6) 

where DoseG/R is the green to red ratio (RatioG/R) of a specific dose and ControlG/R is the green 

to red ratio of the living control. 

In our flow cytometric analysis, we assessed the ratio of living and dead cells using SYBR 

Green I and propidium iodide double staining as in the case of the plate reader experiments. 

Flow cytometric measurements were performed on a FACS Canto II instrument (BD 

Biosciences) using FACS Diva V6.0 software (BD Biosciences). Before sample analysis, the 

flow cytometer settings were checked using CS&T beads according to the manufacturer’s 

instructions. Doublets were discriminated by a side scatter SSC-H vs. SSC-W plot, and forward 

scatter FSC-H vs. FSC-W plot. For data analyses, we used FCS express V4.0 software. 

3.6.4. Rapid viability assay of RAMEB-EOs on S. pombe, E. coli and S. aureus strains 

The viability assay was performed according to the method reported by [61] with 

modifications. For the discrimination of live and dead cells in 96-well microtiter plates, SYBR 

Green I and PI were used for staining the nucleic acids of the test microbes. One hundred times 

dilutions of SYBR Green I (10,000x stock) in DMSO were prepared in aliquots and were stored 

at -20 °C for future use. In brief, 10 mL microbes with a population of 105 cells/mL were 

incubated (30 °C for S. pombe in YES medium, 37 °C for E. coli and S. aureus in LB media 
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and TS broth, respectively) for 16 h, treated by different EOs - RAMEB dilutions ranging from 

2 mg/mL to 0.06 mg/mL. The treated microbes were centrifuged at 1000g for 5 minutes, 

washed in PBS (pH 7.4) and were re-suspended in PBS (pH 7.4). Working dye solution was 

prepared by mixing 18 µL of SYBR Green I from the aliquots and 2 µL of propidium iodide 

(20 mmol/L in DMSO) with 1000 µL of PBS, pH 7.4. 100 µL of re-suspended treated microbes 

were pipetted into each well of 96-well general micro-titer plates. Then 100 µL of working dye 

solution was pipetted into each well containing the microbes and the plate was incubated at 

room temperature in the dark with mild shaking, for 15 minutes. Considering the excitation 

wavelength of 490 nm for SYBR Green I and 530 nm for PI, fluorescence intensities at 525 

nm (green emission) and 620 nm (red emission) were measured for each well by the 

PerkinElmer EnSpire Multimode reader. Green to red ratios of every sample and for every dose 

was achieved. The percentage of dead cells with the response to the dose was calculated using 

the formula described earlier and the percentage of dead cells was plotted against EOs-

RAMEB/components-RAMEB doses applied to the cells. 

4. Materials and methods used for chamomile EO-Pickering emulsion experiments 

4.1. Synthesis, surface modification, and characterization of Stöber silica nanoparticles 

(SNPs) 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). 

Detailed information regarding the preparation and surface-modification of the silica 

nanoparticles can be found in Ref. [91] and her PhD thesis “Pickering Emulsions in 

Pharmaceutical Technology” (in preparation). In brief, the silica nanoparticles were 

synthesized and surface-modified following the previously reported methods [92,93].  

4.2. Preparation and characterization of CPe, CEt, and CT80 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). 

Detailed information to the preparation and characterization of CPe, CEt, and CT80 can be found 

in Ref. [91] and her PhD thesis “Pickering Emulsions in Pharmaceutical Technology” (in 

preparation). 
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4.3. Materials used for biological experiments for CPe, CEt, and CT80 

In these experiments, the sterile 96-well micro-titer plates were from Greiner Bio-One 

(Kremsmünster, Austria), potassium phosphate monobasic, glucose, adenine, 96% ethanol 

(Et), peptone, yeast extract, agar-agar, and Mueller Hinton agar (MHA) were from Reanal 

Labor (Budapest, Hungary), modified RPMI 1640 (contains 3.4% MOPS, 1.8% glucose, and 

0.002% adenine), SYBR Green I 10,000x, propidium iodide, dihydrorhodamine 123 (DHR 

123), 2′,7′-dichlorofluorescin diacetate (DCFDA), dihydroethidine (DHE) and menadione 

(Me) were from Sigma-Aldrich Chemie GmbH (Steinheim, Germany), disodium phosphate 

and dimethyl sulfoxide (DMSO) were from Chemolab Ltd. (Budapest, Hungary), sodium 

chloride from VWR Chemicals (Debrecen, Hungary), potassium chloride was from Scharlau 

Chemie S.A (Barcelona, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) was from 

Serva Electrophoresis GmbH (Heidelberg, Germany), caspofungin (Cas) from Merck Sharp & 

Dohme Ltd (Hertfordshire, UK), vancomycin (Van) from Fresenius Kabi Ltd. (Budapest, 

Hungary), 0.22 μm vacuum filters from Millipore (Molsheim, France) and the cell spreader 

was from Sarstedt AG & Co. KG (Numbrecht, Germany). All other chemicals used in the study 

were of analytical or spectroscopic grade. For fungi, we used an in-house nutrient agar medium 

[94] while phosphate-buffered saline (PBS, pH 7.4) was from Life Technologies Ltd. 

(Budapest, Hungary). Highly purified water (<1.0 μS) was applied throughout the studies. 

4.4. Determination of minimum inhibitory concentration of CPe, CEt, and CT80 

4.4.1.  Microorganisms used for the assay 

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, 

Bacillus subtilis (B. subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, 

Streptococcus pyogenes (S. pyogenes) SZMC 0119, Schizosaccharomyces pombe (S. pombe) 

ATCC 38366, Candida albicans (C. albicans) ATCC 1001, and Candida tropicalis (C. 

tropicalis) SZMC 1368 were obtained from Szeged Microbial Collection, Department of 

Microbiology, University of Szeged, Hungary (SZMC) and Department of General and 

Environmental Microbiology, Institute of Biology, University of Pecs, Hungary (PMC). 

4.4.2. Antimicrobial activity assay 

The antibacterial activity of the tested drugs was separately evaluated on E. coli, P. 

aeruginosa, B. subtilis, S. aureus, and S. pyogenes according to our previously published 

protocol [95]. In brief, bacterial populations of ~105 CFU/mL were inoculated into RPMI 
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media and incubated for 16 h at 35 ± 2 °C with test compounds chamomile oil-Pickering 

emulsion (CPe), chamomile oil-Tween 80 emulsion (CT80), chamomile oil-ethanol solution 

(CEt), and Van over a wide concentration range (0.3–0.01 μg/mL). The absorbance was 

measured by a Thermo Scientific Multiskan EX 355 plate reader (InterLabsystems, Budapest, 

Hungary) at 600 nm. The antifungal activity against S. pombe, C. albicans, and C. tropicalis 

species was also carried out according to our previously published method [95]. Briefly, ~103 

cells/mL were incubated for 48 h at 30 ± 2 °C with test compounds (CPe, CT80, CEt, and Cas) at 

a wide concentration range (20–0.01 μg/mL) in modified RPMI media. The absorbance was 

measured by a Thermo Scientific Multiskan EX 355 plate reader (InterLab systems, Budapest, 

Hungary) at 595 nm. Absorbance values were converted to percentages compared to growth 

control (~100%) and data were fitted by nonlinear dose-response curve method to calculate the 

dose producing ≥90% growth inhibition (MIC90). All the measurements were performed by 

applying three technical replicates in six independent experiments. The Van and Cas were used 

as a standard antibacterial and antifungal drug, respectively, throughout the experiments. 

4.4.3. Determination of minimum effective concentration (MEC10) 

The assay has been designed to determine the dose-response curves produced by the effects 

of the test drugs on the microbial cell population causing sub-minimal killing effects. In brief, 

a wide concentration range (0.03–80 μg/mL) of the test samples was used to treat ~106 cells/mL 

for one hour. One milliliter of treated and untreated samples was taken and was diluted 105 

times followed by spreading 50 μL samples onto 20 mL nutrient agar media and incubated for 

24 h at 35 °C (bacteria) and 30 °C (fungi) for the colony-forming unit (CFU/mL) quantification. 

The data were compared with growth control and positive control (Van for bacteria and Cas 

for fungi) for percentage mortality (~10% death) determination. It is noteworthy that in the 

MEC10 experiments, the inoculated microbial cell number was 103 times higher than was used 

in the MIC90 determinations (106 vs. 103). However, in both cases, the same formula was used 

(see Section 7). All the measurements were performed by applying three technical replicates 

in six independent experiments.  

4.5. Determination of microbial free radical generation and killing activity  

4.5.1.  Quantification of total ROS generation 

Total ROS generation was assayed according to previously published protocols [94,96–

98]. Briefly, ~106 cells/mL were collected and centrifuged at 1500g for 5 minutes and were 
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suspended in PBS. The cells were stained with a 20 mM stock solution of DCFDA in PBS (pH 

7.4) to achieve an end concentration of 25 μM, and were incubated at 35 °C (for bacteria) and 

30 °C (for fungi) for 30 minutes in the dark with mild shaking. The cells were centrifuged 

(Hettich Rotina 420R, Auro-Science Consulting Ltd., Budapest, Hungary) and suspended in 

RPMI media. The cells were treated with CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their 

respective MEC10 concentrations for one hour. The fluorescence signals were recorded at 

Ex/Em = 485/535 nm wavelengths by a Hitachi F-7000 fluorescence spectrophotometer/plate 

reader (Auro-Science Consulting Ltd., Budapest, Hungary). The percentage increase in 

oxidative balance was measured by comparing the signals to those of the growth controls (Gc). 

Six independent experiments were done with three technical replicates for each treatment. 

4.5.2. Detection of peroxide (O2
2-) and superoxide anion (O2

•-) generation 

The previously described protocol was adapted for peroxide [98,99] and superoxide anion 

radicals [94,100] with modifications. A positive control, Me (0.5 mmol/L as end 

concentration), CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 

concentrations were used to treat the cell suspensions (~106 cells/mL) for an hour at 35 °C 

(bacteria) and 30 °C (fungi) in RPMI media. Thereafter, the cells were centrifuged at 1500g 

for 5 minutes at room temperature followed by resuspension of pellets in PBS of the same 

volume. DHR 123 (10 μmol/L, end concentration) and DHE (15 μmol/L, end concentration) 

were added separately to the cell samples for peroxide and superoxide determination. The 

stained cells were further incubated at 35 °C (bacteria) and 30 °C (fungi) in the dark with mild 

shaking. The samples were centrifuged and re-suspended in PBS followed by the distribution 

of the samples into the wells of 96-well microtiter plates. The fluorescence was measured at 

excitation/emission wavelengths of 500/536 nm for peroxides and 473/521 nm for superoxide 

detection by the Hitachi F-7000 fluorescence spectrophotometer/plate reader. The percentage 

increase in oxidative stress was measured by comparing the signals to those of the growth 

controls (Gc). Six independent experiments were done with three technical replicates for each 

treatment. 

4.6. Time-kill kinetics assay 

We followed a protocol previously published by T. Appiah et. al., with modifications 

[101]. In brief, CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 

concentrations were used to treat the microbial population of ~106 CFU/mL and were incubated 

at 35 °C (bacteria) and 30 °C (fungi). One milliliter of the treated and untreated samples was 
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pipetted at time intervals of 0, 2, 6, 8, 16, and 24 h for bacteria, and 0, 6, 12, 30, 36, and 48 h 

for fungi, and were diluted 105 times followed by spreading 50 μL onto 20 mL nutrient agar 

media using a cell spreader and incubated at 35 °C (bacteria) and 30 °C (fungi) for 24 h. Van 

and Cas were used as reference controls for bacteria and fungi. Control without treatment was 

considered as growth control (Gc). The colony-forming unit (CFU/mL) of the microorganisms 

was determined, performed in triplicate, and was plotted against time (h). Six independent 

experiments were done with three technical replicates for each treatment. 

4.7. Live/dead discrimination of microbial cells  

For live/dead cell discrimination, we followed the protocol published previously [95]. In 

brief, the cell population of ~106 cells/mL were treated with CPe, CT80, CEt, Van (bacteria), and 

Cas (fungi) at their respective MEC10 concentrations and were incubated at 35 °C (bacteria) 

and 30 °C (fungi). Treated and untreated samples were pipetted at time intervals of 0, 2, 6, 8, 

16, and 24 h for bacteria, and 0, 6, 12, 30, 36 and 48 h for fungi followed by centrifugation at 

1000g for 5 minutes, washed and re-suspended in PBS (100 μL/well). One hundred microliters 

of freshly prepared working dye solution in PBS (using 20 μL SYBR Green I and 4 μL 

propidium iodide diluted solutions as described earlier) were added to the samples. The plate 

was incubated at room temperature for 15 minutes in the dark with mild shaking. The Hitachi 

F-7000 fluorescence spectrophotometer/plate reader was used to measure the fluorescence 

intensities of SYBR Green I (excitation/emission wavelengths: 490/525 nm) and propidium 

iodide (excitation/emission wavelengths: 530/620 nm), respectively. A green to red 

fluorescence ratio for each sample and each dose was achieved and the % of dead cells with 

the response to the applied dose was plotted against the applied test compound doses using a 

previously published formula [95]. All treatments were done in triplicates and six independent 

experiments were performed. 

4.8. Interaction study between the cell model (unilamellar liposomes) and different 

formulations of chamomile EO 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). 

Detailed information regarding the interaction study between the cell model (unilamellar 

liposomes) and different formulations of chamomile EO can be found in Ref. [91] and her PhD 

thesis “Pickering Emulsions in Pharmaceutical Technology” (in preparation). In brief, the 

unilamellar liposomes (ULs) were prepared by the modified method described before [78].  
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4.9. GC-MS analysis of chamomile EO 

Gas chromatography and mass spectrometry (GC–MS) analyses were carried out on an 

Agilent Technologies (Palo Alto, CA, USA) gas chromatograph model 7890A with 5975C 

mass detector. Operating conditions were as follows: column HP-5MS (5% phenylmethyl 

polysiloxane), 30 m × 0.25 mm i.d., 0.25 μm coating thickness. Helium was used as the carrier 

gas at 1 mL/minute, injector temperature was 250 °C. The HP-5MS column temperature was 

programmed at 70 °C isothermal for 2 minutes, and then increased to 200 °C at a rate of 3 

°C/minute and held isothermal for 18 minutes. The split ratio was 1:50, ionization voltage 70 

eV; ion source temperature 230 °C; mass scan range: 45–450 mass units. The percentage 

composition was calculated from the GC peak areas using the normalization method (without 

correction factors). The component percentages were calculated as mean values from duplicate 

GC–MS analyses of the oil sample. 

5.  Materials and methods used for artemisinin and scopoletin related experiments 

5.1. Materials used for the biological assays 

For our experiments, sterile 96-well microtiter plates for antifungal activity, live/dead 

discrimination and metabolic assays (Catalog number: 30096, SPL Life Sciences Co. Ltd., 

Gyeonggi-do, Korea), and for biofilm assays (Catalog number: 83.3924.500, Sarstedt AG & 

Co. KG, Numbrecht, Germany), crystal violet, peptone, yeast extract, agar-agar, potassium 

phosphate monobasic, acetic acid (Reanal Labor, Budapest, Hungary), resazurin, modified 

RPMI 1640 medium (containing 3.4% (w/v) MOPS, 1.8% (w/v) dextrose and 0.002% (w/v) 

adenine) [102], menadione (Me), artemisinin (Ar), scopoletin (Sc), SYBR Green I 10,000x, 

propidium iodide, dihydrorhodamine 123 (DHR 123) and dihydroethidine (DHE) (Sigma-

Aldrich Chemie GmbH, Steinheim, Germany), disodium phosphate, dimethyl sulfoxide 

(DMSO) from Chemolab Ltd. (Budapest, Hungary), sodium chloride (VWR Chemicals, 

Debrecen, Hungary), dextrose, adenine, potassium chloride (Scharlau Chemie S.A, Bercelona, 

Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) (Serva Electrophoresis GmbH, 

Heidelberg, Germany), 0.22 µm vacuum filters from Merck Millipore (Molsheim, France) 

were used. All other chemicals in the study were of analytical or spectroscopic grade. Highly 

purified water (<1.0 µS) was applied throughout the experiments. Caspofungin (Cs) was 

purchased from Merck Sharp & Dohme Ltd. (Hertfordshire, UK). 
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5.2. Instruments used in the biological assays  

A microbiological incubator (Thermo Scientific Heraeus B12, Auro-Science Consulting 

Kft., Budapest, Hungary), microtiter plate reader (PerkinElmer EnSpire Multimode plate 

reader, Auro-Science Consulting Ltd., Budapest, Hungary), benchtop centrifuge (Hettich 

Rotina 420R, Auro-Science Consulting Kft., Budapest, Hungary) were used throughout the 

experiments. 

5.3. Microorganisms and cultural conditions 

All the fungal species were obtained from Szeged Microbiology Collection, University of 

Szeged, Hungary (Table 1), and were maintained at the Department of General and 

Environmental Microbiology, Institute of Biology, University of Pécs, Hungary. C. albicans 

1372, C. dubliniensis 1470, C. tropicalis 1368, C. krusei 779, C. glabrata 1374, C. 

guilliermondii 808, and C. parapsilosis 8006 were used to evaluate the MIC90, the minimum 

effective concentration (MEC10) for the planktonic cells and the inhibition of biofilm formation 

of the test samples. All the fungal species were cultured and maintained in yeast extract peptone 

dextrose agar medium (YPD: 1% (w/v) peptone, 0.5% (w/v) yeast extract, 2% (w/v) dextrose, 

1.5% (w/v) agar-agar in distilled water [94]. Phosphate-buffered saline (PBS, pH 7.4) was from 

Life Technologies Ltd. (Budapest, Hungary), and highly purified water (<1.0 µS) was applied 

throughout the experiments. 

Table 1. Candida species examined in the study. 

Species 
Collection 

Code 
Origin 

C. albicans SZMC 1372 clinical sample / Debrecen, Hungary 

C. dubliniensis 
CBS 7987 

SZMC 1470 

oral cavity of HIV-infected patient / Melbourne, 

Australia 

C. tropicalis SZMC 1368 clinical sample / Debrecen, Hungary 

C. krusei SZMC 0779 
clinical sample / National Institute of Environmental 

Health (NIEH), Hungary 

C. glabrata SZMC 1374 clinical sample / Debrecen, Hungary 

C. 

guilliermondii 
SZMC 0808 clinical sample / Pécs, Hungary 

C. parapsilosis SZMC 8006 clinical sample / Szeged, Hungary 

Abbreviations: SZMC, Szeged Microbiological Collection, Szeged, Hungary 

(http://www.wfcc.info/ccinfo/collection/by_id/987); CBS, Westerdijk Fungal Biodiversity 

Institute, Utrecht, The Netherlands (http://www.westerdijkinstitute.nl/). 

 

 

http://www.westerdijkinstitute.nl/
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5.4. Determination of minimum inhibitory concentration (MIC90) 

The MIC90 was performed according to a previously published method [95] with 

modifications. Ar and Sc were prepared in DMSO at concentrations ranging from 0.39–200 

µg/mL and 0.01–8 µg/mL for Cs. A total of 100 µL of fungal suspensions of 103 colony 

forming units (CFU)/mL in modified RPMI 1640 medium was pipetted into each well of sterile 

96-well microtiter plates and mixed with 100 µL of dilutions of Ar and Sc. The final solvent 

concentration for the dilution of the drugs was restricted up to 2.5% v/v in the wells. Inoculated 

growth medium without any treatment was considered as the growth control. The sterile 

medium was taken as the blank. After 48 h of incubation at 30 °C in a microbiological 

incubator, the absorbance was measured at 595 nm. Absorbance values were converted to 

percentages compared with those of the growth control (≈100%) and data were fitted by non-

linear dose-response curve method to calculate the dose producing ≥90% growth inhibition 

(MIC90). All the measurements were performed by applying three technical replicates in six 

independent experiments. The Cs was used as a standard antifungal drug throughout the 

experiments. 

5.5. Determination of minimum effective concentration (MEC10) 

The MEC10 measurement was performed according to our previously published protocol 

to estimate the dose-dependent survival rate of the cells [91,103,104] with modifications. 

Briefly, Ar and Sc were prepared in DMSO at concentrations ranging from 0.25–400 µg/mL 

and 0.5–32 µg/mL for Cs. A total of 100 µL of fungal suspensions of mid-log phased 105 

colony-forming unit (CFU)/mL in modified RPMI 1640 medium were pipetted into each well 

of sterile 96-well microtiter plates and mixed with 100 µL of dilutions of Ar and Sc. The final 

solvent concentration for the dilutions of the drugs was restricted up to 2.5% (v/v) in the wells. 

Inoculated growth medium without any treatment was considered as the growth control. The 

sterile medium was taken as the blank. After 60 minutes of incubation at 30 °C in a 

microbiological incubator, 1 mL of treated and untreated samples was pipetted and were spread 

in nutrient agar media for 24 h at 30 °C for colony-forming unit (CFU/mL) quantification. 

CFU/mL values were converted to percentages and data were fitted with a non-linear dose-

response curve to achieve drug concentrations producing approximately 90% fungal cell 

growth (MEC10) compared to the untreated culture after a one-hour treatment. All the 

measurements were performed by applying three technical replicates in six independent 

experiments. Cs was used as a standard antifungal drug throughout the experiments. 
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5.6. Determination of the effects on preformed mature biofilms 

The protocol for the measurement of the effects on the mature biofilms and treatment was 

adapted from the literature [44,105] with modifications. A total of 200 µL samples of 24 h old 

late-log phased C. albicans and non-albicans species in the modified RPMI 1640 medium (106 

CFU/mL) were used to culture biofilms without treatments for 24 h at 30 °C. The microtiter 

plates were washed carefully with sterile PBS (pH. 7.4) and were re-incubated with 200 µL 

culture medium containing Ar and Sc to be examined at MEC10 concentrations (µg/mL) for 

further 24 h at 30 °C. Modified RPMI media as blank, inoculated growth media as growth 

control (Gc), and Cs-treated samples were considered as controls throughout the experiments. 

The percentage (%) of inhibition was measured based on the comparison of the values with 

those of Gc. Treatments were performed with three technical replicates in six independent 

experiments. 

5.6.1. Evaluation of total fungal biomass in the biofilms 

To determine the changes in the biofilms, a previously published crystal violet assay 

protocol was used [106] with modifications. After 24 h incubation, the crystal violet-stained 

and PBS-washed biofilms were treated with 200 µL of 33% (v/v) acetic acid in double-distilled 

water. Finally, after 20 minutes the acetic acid-dissolved dye from the biofilm matrix was 

pipetted into the wells of a new microtiter plate and the absorbance was measured at 590 nm. 

Cs at MEC10 concentration was used as the positive control. The % biofilm biomass reduction 

measurement was based on growth control (Gc) values which were assigned to be 100% fungal 

biofilm mass. Six independent experiments were done with three technical replicates for each 

treatment. 

5.6.2. Resazurin-derived metabolism assay in the biofilms 

A resazurin-based fluorescent assay published by Kerekes et al. was adapted [106] and 

was used to estimate the metabolically active (viable) cell number in the biofilm matrix treated 

with Ar and Sc at MEC10 concentrations. Briefly, after 24 h of treatment, the supernatants were 

removed and the wells were rinsed with PBS. Resazurin (12.5 µmol/L) in 200 µL of sterile 

PBS was added to each well containing the biofilm. After 40 minutes of incubation at 30 °C, 

the fluorescence was measured at excitation and emission wavelengths of 560/590 nm 

respectively. The % metabolic activity measurement was estimated based on the growth control 

(Gc) fluorescence values which were considered to be 100%. The PBS was taken as blank 
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throughout the experiments. Six independent experiments were performed with three technical 

replicates for each treatment. 

5.6.3. Viability assay of the biofilms and the planktonic Candida species 

For the determination of live/dead microbes in the preformed mature biofilms we followed 

the method previously published [95]. Briefly, after 24 h of treatment with Ar, Sc, and Cs 

(positive control) at MEC10 concentrations in the wells of a microplate, the modified RPMI 

1640 medium, and the non-attached planktonic cells were removed, and the wells were rinsed 

and filled with 100 µL PBS. A working dye solution containing 20 µL SYBR Green I (from 

10,000× stock in DMSO, diluted 100 times in PBS) and 4 µL propidium iodide (500-fold 

dilution of working stock in DMSO prepared from 20 mmol/L in DMSO) in 1000 µL of PBS 

was used. A total of 100 µL of this working solution was added into the wells of the microplate. 

The plates were incubated at room temperature in the dark with mild shaking for 15 minutes. 

For the evaluation of the long-term effects of Ar, Sc, and Cs at their MEC10 on the tested 

Candida spp., a previously published live/dead planktonic cell discrimination [91] was 

optimized and used. A wide concentration range of SYBR Green I (5.5-5500-fold logarithmic 

dilutions) and propidium iodide (5-500-fold logarithmic dilutions) was examined. For the 

discrimination of live/dead cells, mid-log phased cell populations of 105 CFU/mL were treated 

by Ar and Sc with a dose assigned for MEC10 concentrations and incubated at 30 °C for 16 h. 

Sampling was done at 0, 8, and 16 h time points for the measurements. The samples were 

centrifuged at 1000g for 5 minutes, washed in PBS, and re-suspended in PBS (100 µL in each 

well). Then 100 µL of freshly prepared working dye solution in PBS (using 20 µL SYBR Green 

I and 4 µL propidium iodide diluted solutions as described earlier) was added to the samples. 

The plate was incubated at room temperature for 15 minutes in the dark with mild shaking. 

A PerkinElmer EnSpire multimode plate-reader was used to measure the fluorescence 

intensities of SYBR Green I (excitation/emission wavelengths: 490/525 nm) and propidium 

iodide (excitation/emission wavelengths: 530/620 nm), respectively. A green to red 

fluorescence ratio for each sample and each dose was achieved and the % of dead cells with 

the response to the applied dose was plotted against the applied Ar and Sc doses using the 

previously published formula [91]. In the case of biofilms, the measurements were done by the 

area scan mode of the instrument. All treatments were done in triplicates and six independent 

experiments were performed. 
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5.7. Determination of the metabolic activity with resazurin assay and colony formation of 

planktonic fungal cells 

The metabolic activity of the cells under treatment conditions was performed by the widely 

accepted resazurin fluorescence method [107–109]. The experiments had to be optimized 

because the resazurin concentration, the cell number and the incubation time are crucial to 

increase the signal to noise ratio. Fluorescence data were corrected by subtracting background 

fluorescence (resazurin in PBS). The initial Candida cell density, resazurin levels, and duration 

of incubation time were varied by using resazurin concentrations ranging from 1.6 µmol/L to 

25 µmol/L in the cell suspensions. The proper incubation time for resazurin exposure at an 

optimized concentration (12.5 µmol/L) was performed by 60 minutes incubation and sampling 

at intervals. The appropriate Candida species cell density was obtained by exposing a serial 

dilution of cells to 12.5 µmol/L resazurin in PBS. The PBS without resazurin but with identical 

cell density to the investigated samples was used as blank. 

For fungal colony-forming unit measurements, we followed a previously published 

protocol [109]. Briefly, 1 mL of untreated and Ar, Sc, and Cs-treated sample was pipetted at 0, 

8, and 16 h time intervals and was diluted 105 times followed by spreading 50 μL onto 20 mL 

YPD agar medium using a cell spreader and incubated at 30 °C for 24 h. The Cs was used as a 

reference control. Fungal colony forming units (CFU/mL) were determined, performed in 

triplicates, and were plotted against time (h). Six independent experiments were done with 

three technical replicates for each treatment 

5.8. Detection of peroxide (O2
2-) and superoxide anion (O2

•−) generation in planktonic 

fungal cells 

We adapted the protocols previously described [98] for peroxide anion radicals (O2
2-) 

determination and superoxide detection in the cells [94] with modifications. The final cell 

population for the experiment was set to mid-log phased 105 CFU/mL. An end concentration 

of 0.5 mmol/L of menadione (Me) in cell suspensions was added as the positive control. The 

cell suspensions were treated with MEC10 concentrations of test samples. The treatments were 

done for 60 minutes at 30 °C in the modified RPMI 1640 medium. Thereafter, the cells were 

centrifuged for 5 minutes at 1500g at room temperature. The pellets were re-suspended in PBS 

in the same volume. DHR 123 at a final concentration of 10 µmol/L for peroxides 

determination and DHE at a final concentration of 15 µmol/L for O2
•− determination were 

added separately to the cell samples. The stained cell samples were further incubated for 60 
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minutes at 30 °C in the dark condition with mild shaking. The samples were centrifuged and 

re-suspended in PBS followed by distribution of the samples into the wells of 96-well 

microplates. The fluorescence was measured at excitation/emission wavelengths of 500/536 

nm for peroxides and 473/521 nm for O2
•− detection, respectively by a PerkinElmer EnSpire 

multimode plate-reader. The percentage increase in oxidative stress was measured by 

comparing the signals to those of the growth controls. Six independent experiments were done 

with three technical replicates for each treatment. 

6. Materials and methods used for Artemisia essential oil-related biological assays 

6.1. Plant Collection and Extraction of Artemisia Essential Oil 

The plant samples were collected in 2017 from Békés county, Orosháza-Nagyszénás, 

Hungary, from a local farm in the autumn and were dried in the dark, under moisture-free 

conditions for two months. The plant parts were ground to farinose form and were sieved down. 

The powdered form of the plant was stored in airtight containers for future use. 

The extraction of the Artemisia annua L. (A. annua) essential oil was done by the steam 

distillation method as described earlier [3,59]. Briefly, 500 mL of distilled water was added to 

50 g dried powder of A. annua. The steam distillation was done for 30 minutes, and the reading 

in the graduated tube was recorded for the essential oil yield. The yield value was converted to 

the percentage (%) w/w of 1 g of the powdered plant’s part. 

6.2. GC-MS-FID studies 

6.2.1. Samples and sample preparation 

The Artemisia essential oil samples (10 μL) were dissolved in 990 μL of n-heptane and 

injected on the GC-MS and GC-FID systems. 

6.2.2. GC-MS analysis (performed by Prof. Dr. Luigi Mondello, and Dr. Giuseppe 

Micalizzi; University of Messina, Italy) 

The sample analyses were carried out on a GCMS-QP2020 (Shimadzu, Milan, Italy) 

equipped with a split-splitless injector, an AOC-20i autosampler, and a quadrupole MS 

detector. MS parameters were as follows: mass range 40–650 amu, scan speed: 2000 amu/s. 

Ion source temperature: 220 °C, interface temperature: 250 °C. An SLB-5ms 30 m × 0.25 mm 

id × 0.25 μm film thickness column (Supelco, PA, USA) (silphenylene polymer virtually 

equivalent in polarity to poly (5% diphenyl/95% dimethylsiloxane phase) and a Supelcowax-
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10 30 m × 0.25 mm id × 0.25 μm (Supelco) (polyethylene glycol phase) were used for a 

comprehensive characterization of the volatile fraction. Both columns operated under a 

programmed temperature: 50 °C to 280 °C at 3.0 °C/minute. Injection volumes: 0.5 μL; Split 

ratio: 10:1. Helium was used as a gas carrier at a constant linear velocity of 30 cm/s and the 

inlet pressure of 26.7 kPa. The GCMSsolution software (version 4.30 Shimadzu, Milan, Italy) 

was used for data collection and handling. A homologous series of n-alkanes (C7-C30) 

(Supelco, PA, USA) standard solution has been used for Linear Retention Indices (LRIs) 

calculation that supported the identification of analytes on the SLB-5ms column; relative to the 

Supelcowax-10 column, a Fatty Acid Methyl Esters (FAMEs) C4-C24 (Supelco, PA, USA) 

standard solution was used for LRI determination. The peaks assignment was carried out based 

on a double filter, namely the MS similarity spectra (over 85%) and an LRIs between ± 5 and 

± 10 ranges (respectively on SLB-5ms and Supelcowax-10) compared to the values reported 

in a spectral library. For mass spectral identification, Shimadzu FFNSC 3.01 was mainly used. 

6.2.3. GC-FID analysis (performed by Prof. Dr. Luigi Mondello, and Dr. Giuseppe 

Micalizzi; University of Messina, Italy) 

Sample analyses were carried out on a GC-2010 Plus (Shimadzu, Milan, Italy) equipped 

with a split-splitless injector (280 °C), an AOC-20i autosampler, and a flame ionization 

detector (FID). An SLB-5ms 30 m × 0.25 mm id × 0.25 μm film thickness column (Supelco) 

and a Supelcowax-10 column operated individually under programmed temperature: 50 °C to 

280 °C at 3.0 °C/minute. Injection volume: 0.5 μL; Split Ratio: 10:1. Helium was used as the 

carrier at a constant linear velocity of 30 cm/s and an inlet pressure of 99.5 KPa. The FID 

temperature was set at 280 °C (sampling rate 40 ms) and gas flows were 40 mL/minute for 

hydrogen, 30 mL/minute for makeup (nitrogen), and 400 mL/minute for air, respectively. Data 

were processed through LabSolution software (Shimadzu). Quantification was performed 

using the GC-FID data. Each sample was injected in triplicate for a major precision of data. 

6.3. Preparation and characterization of Pickering emulsion 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). 

Detailed information to the preparation and characterization of Artemisia EO (AE) can be 

found in Ref. [21] and her PhD thesis “Pickering Emulsions in Pharmaceutical Technology” 

(in preparation). Briefly, the synthesis and surface-modified spherical silica nanoparticles were 

done following previously published methods [57]. 
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6.4. In vitro diffusion studies-Static Franz diffusion cell method 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). 

Detailed information to the in vitro diffusion studies-Static Franz diffusion cell method can be 

found in Ref. [21] and her PhD thesis “Pickering Emulsions in Pharmaceutical Technology” 

(in preparation). In brief, the experiments were carried out following the previously published 

protocols [110]. 

6.5. Interaction study between the cellular model (unilamellar liposomes) and different 

formulations of AE 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). 

Detailed information to the interaction study between the cellular model (unilamellar 

liposomes) and different formulations of AE can be found in Ref. [25] and her PhD thesis 

“Pickering Emulsions in Pharmaceutical Technology” (in preparation). In brief, unilamellar 

liposomes (ULs) were prepared as described previously [91]. 

6.6. Materials used for the biological experiments 

Promega BacTiter-Glo microbial cell viability assay kit (Bio-Science, Budapest, 

Hungary), glass beads (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, reference 

number: G-8772), sterile petri-dishes (Greiner Bio-One, Kremsmunster, Austria), sterile petri-

dishes for the biofilm assays (Sarstedt AG & Co. KG, Numbrecht, Germany, reference number: 

83.3900.500), 0.22 µm vacuum filters (Millipore, France), cell scraper (Sarstedt AG & Co. 

KG, Numbrecht, Germany), sterile microplates (Greiner Bio-One, Kremsmunster, Austria), 

sterile microplates for the biofilm assays (Sarstedt AG & Co. KG, Numbrecht, Germany, 

catalog number: 83.3924.500), 96-well optiplates (Perkin Elmer, Waltham, Massachusetts, 

USA), bovine serum albumin (BSA; Biosera, Nuaille, France), potassium phosphate 

monobasic, ethanol 96% (Et), methanol, peptone, yeast extract, agar-agar and Mueller-Hinton 

agar (for the maintenance of the tested bacteria’s health, used throughout the experiments) 

(Reanal Labor, Budapest, Hungary), modified RPMI 1640 (contains 3.4 w/v% MOPS, 1.8 

w/v% glucose and 0.002 w/v% adenine), menadione (ME) (Sigma Aldrich, Budapest, 

Hungary), disodium phosphate, dimethyl-sulfoxide (DMSO) from Chemolab Ltd. (Budapest, 

Hungary), sodium chloride (VWR International Ltd., Debrecen, Hungary), potassium chloride 

(Scharlau Chemie S.A, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) (Serva 
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Electrophoresis GmbH, Heidelberg, Germany), Caspofungin (CAS) from Merck Sharp & 

Dohme Ltd., Netherlands, vancomycin (VAN) from Fresenius Kabi Ltd., (Budapest, Hungary), 

SYBR Green I 10,000x, propidium iodide, dihydrorhodamine 123 (DHR 123), 2’,7’ –

dichlorofluorescin diacetate (DCFDA) and dihydroethidine (DHE) were purchased from 

Sigma Aldrich (Budapest, Hungary) and from the above-mentioned sources. All other 

chemicals applied for the study were of analytical or spectroscopic grade. For fungi, we used 

an in-house nutrient medium containing 1 w/v% yeast extract, 2 w/v% peptone, 2 w/v% 

glucose, and 2 w/v% agar-agar (for the colony-forming unit assay in the Petri-dishes) [17], 

while phosphate-buffered saline (PBS, pH 7.4) was obtained from Life Technologies Ltd., 

Hungary. Highly purified water (<1.0 µS) was applied throughout the studies. 

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, 

Bacillus subtilis (B. subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, 

Streptococcus pyogenes (S. pyogenes) SZMC 0119, Schizosaccharomyces pombe (S. pombe) 

ATCC 38366, Candida albicans (C. albicans) SZMC 1372, Candida tropicalis (C. tropicalis) 

SZMC 1368, Candida dubliniensis (C. dubliniensis) SZMC 1470 and Candida krusei (C. 

krusei) SZMC 0779 were obtained from Szeged Microbial Collection, Department of 

Microbiology, University of Szeged, Hungary (SZMC) and Department of General and 

Environmental Microbiology, Institute of Biology, University of Pecs, Hungary (PMC). 

6.7. Determination of minimum inhibitory concentration (MIC90) 

We used a previously published protocol [17,91] for measuring the antibacterial activity 

separately on E. coli, P. aeruginosa, B. subtilis, S. aureus, and S. pyogenes and antifungal 

activity against S. pombe, and Candida species. In brief, for the antibacterial activity 

determination, a bacterial population of ~105 CFU/mL was inoculated in modified RPMI 1640 

medium followed by incubation for 16 h at 35 ± 2 °C Thermo Scientific Heraeus B12 

microbiological incubator (Auro-Science Consulting Kft., Budapest, Hungary) with AEP, 

AET, AEE and VAN over a wide range of concentrations (26.2—0.01 µg/mL). The absorbance 

was measured by a Thermo Scientific Multiskan EX 355 microplate reader (InterLabsystems, 

Budapest, Hungary) at 600 nm. 

The antifungal activity against S. pombe and Candida species were also performed 

according to our previously published method [17]. Briefly, ~103 cells/mL were incubated with 

AEP, AEE, AET, and CAS at a wide concentration range (26.2 - 0.01 µg/mL) in modified 

RPMI 1640 medium for 48 h at 30 °C (Sanyo MIR-154 microbiological incubator, Auro-

Science Consulting Kft., Budapest, Hungary). The absorbance values obtained by the 
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microplate reader at 595 nm were converted to percentages and were compared to the growth 

control (100%). The data were fitted by a non-linear dose-response curve fitting method to 

estimate the dose producing ≥90% growth inhibition (MIC90). All measurements were 

performed by applying three technical replicates in six independent experiments. The VAN 

and CAS were used as the standard antibacterial and antifungal drug controls, respectively 

throughout the experiments. 

6.8. Determination of minimum effective concentration (MEC10) 

The MEC10 concentration was obtained according to our previously published protocol 

[91]. In brief, a wide concentration range (105–0.2 µg/mL) of AEP, AET, and AEE was used 

to treat mid-log phased ~105 cells/mL in modified RPMI 1640 medium for an hour, incubated 

at 35 ± 2 °C and 30 °C for the bacteria and the fungi, respectively, in an orbital incubator 

(Sanyo MIR-220RU orbital incubator, Auro-Science Consulting Kft., Budapest, Hungary). 

Inoculated growth medium without any treatment was considered as growth control. For the 

colony-forming unit (CFU/mL) quantification, 1 mL of the treated and untreated samples were 

pipetted out and 105 times dilutions were prepared followed by spreading 50 µL of the test 

samples onto 20 mL respective nutrient-rich agar media containing Petri-dishes and were 

incubated for 24 h at 35 ± 2 °C and 30 °C in the case of bacteria and fungi, respectively. The 

colony formation data (CFU/mL) were converted to percentages and the data were fitted using 

a non-linear dose-response curve fitting method to evaluate the drug concentrations producing 

approximately 90% microbial cell population growth (MEC10) when compared to the untreated 

microbial cell populations after one hour of treatment. Three technical replicates in six 

independent experiments were performed in all the measurements. The VAN and CAS were 

used as the standard antibacterial and antifungal drug controls throughout the experiments, 

respectively.  

6.9. Quantification of microbial oxidative stress production in the planktonic cells 

6.9.1. Combined ROS generation measurement 

For the quantification of the combined (not specified separately) reactive oxygen species 

(ROS) generation, we have followed our previous protocol [17]. In brief, for the ROS 

measurements, mid-log phased ~105 cells/mL were collected and centrifuged at 1500g (Hettich 

Rotina 420R bench-top centrifuge, Auro-Science Consulting Ltd., Budapest, Hungary) for 5 

minutes and were re-suspended in PBS. The staining of the cells was done with 2’,7’ –

dichlorofluorescein diacetate (DCFDA) stock solution (20 mM in DMSO) with a final 
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concentration of 25 µM in each well, followed by incubation at 35 ± 2 °C for the bacteria and 

30 °C for the fungi in the dark with mild rotation in a test tube rotator (Cole-Parmer Roto-

Torque Variable Speed Rotator, InterLabsystems, Budapest, Hungary) for 30 minutes. The 

cells were re-suspended in modified RPMI 1640 medium after centrifugation followed by 

treatment with AEP, AET, and AEE at their respective MEC10 concentrations for one hour. The 

fluorescence data were recorded by a fluorescence spectrophotometer/microplate reader 

(Hitachi F-7000 fluorescent spectrophotometer, Auro-Science Consulting Ltd., Budapest, 

Hungary) at Ex/Em = 485/535 nm in 96-well Optiplates. VAN and CAS were used as the 

standard antimicrobial controls in the case of bacteria and fungi. The ME treated samples were 

considered as the positive controls. The percentage increase (%) in the ROS generation was 

measured by comparing the signals obtained from the growth controls (GC). Six independent 

experiments with three technical replicates in each treatment were performed. 

6.9.2. Determination of peroxide (O2
2-) and superoxide anion (O2

•-) generation 

Our previously described protocol was adapted for the peroxide and the superoxide anion 

radicals’ measurements [17,96]. AEP, AET, and AEE at their respective MEC10 concentrations 

were used to treat the mid-log phased (~105 cells/mL) microbial cell suspensions followed by 

incubation in an orbital incubator at 35 ± 2 °C and 30 °C for the bacteria and fungi in modified 

RPMI 1640 medium for an hour, respectively. The VAN and CAS were used as the standard 

antimicrobial controls in the case of bacteria and fungi. Menadione (ME) (0.5 mmol/L, end 

concentration) was used as a positive control throughout the experiments. The cells were 

centrifuged at 1500g for 5 minutes at room temperature and were re-suspended in PBS at the 

original volume of the samples. DHR 123 (10 µmol/L end concentration) and DHE (15 

µmol/L) were used to stain the microbial cell samples for the peroxide and superoxide 

determination and were further incubated at 35 ± 2 °C for the bacteria and 30 °C for the fungi 

in the dark with mild shaking. The samples were centrifuged again and were re-suspended in 

PBS, followed by even sample distribution into the 96-well microplates. For the peroxide 

measurements, the fluorescence was measured at Ex/Em: 500/521 nm, whereas, Ex/Em: 

473/521 nm was used to detect the superoxide generation by a fluorescence 

spectrophotometer/microplate reader in 96-well Optiplates. The percentage increase (%) in the 

oxidative stress was measured by comparing the signals obtained from the growth controls 

(GC). Six independent experiments were performed with three technical replicates for each 

treatment.  
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6.10. Microbial cytotoxicity and viability kinetic assays of planktonics 

The cytotoxicity and the viability of the microbial cells were performed with our 

previously published method [17,91]. Briefly, AEP, AET, AEE, VAN (bacteria) and CAS 

(fungi) at their respective MEC10 concentrations were used to treat the mid-log phased 

microbial cell populations (~105 cells/mL) in modified RPMI 1640 medium followed by 

incubation in an orbital shaker-incubator at 35 ± 2 °C and 30 °C for the bacteria and fungi in 

modified RPMI 1640 medium. After that, the multi-parametric cytotoxicity and viability 

kinetic studies were performed (Sections 6.10.1 – 6.10.4). 

6.10.1. Determination of the colony-forming unit (CFU/mL) 

We followed our previously published protocol for determining the changes in colony 

formation (CFU/mL) [91]. Briefly, 1 mL of the treated and the untreated samples were pipetted 

at the 0, 2, 6, 8, 16 and 24 h for the bacteria, and 0, 6, 12, 30, 36 and 48 h for the fungi, and 

were diluted 105 times followed by spreading 50 µL onto 20 mL nutrient agar media with a cell 

spreader and incubation at 35 ± 2 °C (bacteria) and 30 °C (fungi) for 24 h. VAN and CAS were 

used as the reference controls for the bacteria and fungi. Controls before the treatment at 0 h 

were considered to be 100% and sigmoidal time interval vs. % CFU decrease was established 

for each test sample. Three technical replicates for each treatment in six independent 

experiments were performed. 

6.10.2. Quantification of the planktonics’ intracellular ATP and total protein contents 

The instructions provided by the manufacturer were followed for the intracellular ATP 

measurement of the microbial planktonics. In brief, 1 mL of both treated and untreated aliquots 

were sampled at time intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 

48 h (for fungi) and were centrifuged at 1000g for 5 minutes. The pellets were washed and 

were re-suspended in 1 mL PBS. An equal volume of the freshly prepared BacTiter-Glo reagent 

was pipetted to 100 µL of PBS containing the planktonic cells in 96-well Optiplates. The 

microplates were shaken in the dark at 4 °C for 15 minutes on an orbital shaker and the 

luminescence was measured using a Perkin Elmer EnSpire Multimode plate reader (Perkin 

Elmer, Waltham, Massachusetts, USA). All the measurements were calculated in terms of 

nmol/L from an ATP standard calibration curve and were converted to intracellular ATP over 

total protein content ratio (nmol/mg) followed by comparison with the controls before the 

treatment at 0 h. The PBS, VAN (for bacteria), and CAS (for fungi) were considered as the 
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blank and standard antimicrobial controls throughout the experiments. Three technical 

replicates were performed for each treatment in six independent experiments [80,89]. 

For the total protein content of the planktonics, we adapted the Bradford protein assay 

method [80,111]. One mL of AEP, AET and AEE treated samples were collected at time 

intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) and 

were centrifuged at 1000g for 5 minutes. The pellets were washed and were re-suspended in 1 

mL NaOH (1 M) containing 100 mg of glass beads (425-600 µm) [112]. The collected samples 

were stabilized on ice for 5 minutes followed by 5 minutes vortexing with a mechanical cell 

disruptor (Scientific Industries SI analog cell disruptor (InterLabsystems, Budapest, Hungary), 

consecutively. The cycle was repeated three times and then the samples were centrifuged at 

20,000g for 10 minutes at 4 °C (Heraeus Multifuge 3 S-R bench-top centrifuge, Kendo 

Laboratory products, Osterode, Germany). The supernatants’ microbial cell lysates were 

collected in separate 1.5 mL centrifuge tubes. Two hundred microliters of the freshly prepared 

Bradford reagent were added to a new 96-well general microplate containing 20 µL of the test 

samples’ lysates. The absorbance was measured at 595 nm by a multimode plate reader. NaOH, 

VAN, and CAS treated samples were used as the blank, standard antibacterial and antifungal 

controls, respectively. Three technical replicates for each treatment in six independent 

experiments were performed. All the measurements were calculated in terms of mg/L from a 

BSA standard calibration curve and were compared to the 0 h samples [80,89]. 

6.10.3. Quantification of the planktonics’ metabolic activity 

For the metabolic activity measurements, AEP, AET, and AEE treated samples were 

pipetted at time intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h 

(for fungi) and were centrifuged at 1000g for 5 minutes. The pellets were washed and were re-

suspended in 200 µL PBS containing resazurin (12.5 µmol/L) followed by 40 minutes of 

incubation at 30 °C. The fluorescence was measured with a fluorescence 

spectrophotometer/microplate reader in 96-well Optiplates at an Ex/Em: 560/590 nm 

wavelengths. The percentage (%) metabolic activity was estimated based on the fluorescence 

intensities of samples before the application of the treatment at 0 h which were considered to 

be 100%. A sigmoidal time interval vs % metabolic activity was established for each test 

sample. The PBS, VAN (for bacteria), and CAS (for fungi) were considered as the blank and 

standard antimicrobial controls throughout the experiments. Three technical replicates for each 

treatment in six independent experiments were performed [17]. 
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6.10.4. Live/dead discrimination of planktonic microbial cells 

Briefly, both untreated, AEP, AET and AEE treated samples were taken at 0, 2, 6, 8, 16 

and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) following centrifugation at 

1000g for 5 minutes, washed and re-suspended in PBS (100 µL/mL). Freshly prepared 100 µL 

of the SYBR Green I/PI working solutions [95] were added to the samples. For 15 minutes, the 

plates were incubated in the dark with mild shaking at room temperature. Fluorescence 

intensities of the SYBR Green I and PI were measured in 96-well Optiplates at an Ex/Em: 

490/525 nm and 530/620 nm wavelengths, respectively, by a fluorescence 

spectrophotometer/microplate reader. The green to red fluorescence ratio for each sample and 

each dose was established and the % of the dead (non-viable) microbial cells with the response 

to the applied dose were plotted against the applied test compounds using our previous formula 

[17,95]. The VAN and CAS were considered as the standard antimicrobial controls, whereas, 

PBS was used as the blank. All the treatments were done in triplicates and six independent 

experiments were performed. 

6.11. Determination of the effects on preformed mature Candida biofilms 

The effects (Sections 6.11.1–6.11.4) on the mature Candida species biofilms and the 

treatment conditions were adapted from our previously published work [17]. Briefly, 200 µL 

of 24 h-old late-log phased (~106 cells/mL) C. albicans and non-albicans species in modified 

RPMI 1640 medium were used to culture biofilms in the microplates before the treatments for 

24 h at 30 °C. The microplates were washed in PBS followed by re-incubation in 200 µL 

modified RPMI 1640 medium containing AEP, AET, and AEE at MEC10 concentrations 

(µg/mL) for further 24 h at 30 °C. Modified RPMI 1640 medium, untreated growth sample, 

and CAS treated samples were considered as the blank, growth control (GC), and standard 

antimicrobial control (CAS), respectively. The biofilm degradation percentage (%) was 

measured based on the comparison of the values with those of the GC. All the treatments were 

performed in three technical replicates in six independent experiments.  

6.11.1. Evaluation of the total fungal biomass 

The change in the biofilm biomass was determined by our previously published crystal 

violet assay [17]. After 24 h of incubation, the supernatant containing the test samples was 

pipetted out and the wells were washed with PBS. Two hundred microliters of methanol were 

added to each well to fix the biofilms. The supernatant was removed and 200 µL of 0.1% crystal 

violet in absolute ethanol was pipetted into each well. The crystal violet solution was pipetted 
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out and 200 µL of acetic acid (33% v/v in double distilled water working stock) was pipetted 

to the crystal violet pre-stained biofilms to release the bound stains. Subsequently, 20 minutes 

later, the acetic acid-dissolved dye from the stained biofilms was pipetted into the wells of 

general microplates. The absorbance was measured at 590 nm by a multimode plate reader. 

The CAS was considered as the standard antifungal control. The change in the percentage (%) 

biofilm biomass was evaluated from the growth control (GC) values which were taken as 100% 

fungal biofilm biomass. Three technical replicates in each treatment for six independent 

experiments were considered.  

6.11.2. Metabolic activity in the biofilms 

A resazurin-derived fluorescent technique was adapted from our previously published 

protocol to determine the metabolic activity in the fungal biofilms [17]. Briefly, after 24 h of 

the treatment with AEP, AET, and AEE at their respective MEC10 concentrations, all of the 

supernatants were removed followed by rinsing the wells with the PBS. Two hundred 

microliters of sterile PBS containing resazurin (12.5 µmol/mL) were pipetted into the wells 

and were incubated at 30 ºC for 40 minutes. The fluorescence intensities were recorded at an 

Ex/Em: 560/590 nm wavelengths, respectively, by a fluorescent spectrophotometer/microplate 

reader. The percentage (%) metabolic activity measurements were evaluated based on the 

fluorescence values recorded by the growth control (GC), which was considered as 100%. The 

PBS was taken as the blank throughout the measurements. Six independent experiments were 

performed with three technical replicates for each treatment.  

6.11.3. Viability assay of the biofilms 

For the discrimination of the live/dead fungal cells in the biofilms, we have followed a 

method previously published [17,91,95]. After 24 h of treatment with AEP, AET, and AEE, at 

their respective MEC10 concentrations in modified RPMI 1640 medium, the planktonic cells 

were pipetted out, followed by rinsing and filling of the biofilm-attached wells with 100 µL 

PBS. One hundred microliters of SYBR Green I/PI working solutions [17,95] were pipetted 

into the wells of the microplate. The plates were incubated at room temperature for 15 minutes 

in the dark with mild shaking. A fluorescence spectrophotometer/microplate reader was used 

to measure the fluorescent intensities at an Ex/Em: 490/525 nm and 530/620 nm for SYBR 

Green I and PI, respectively, into 96-well Optiplates. The green to red fluorescence ratio for 

each sample and each dose was established, and the % of the dead microbial cells with the 

response to the applied dose was plotted against the applied test compounds using our previous 
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formula [17,91]. All treatments were done using three technical replicates in six independent 

experiments.  

6.11.4. Determination of the Candida biofilms’ intracellular ATP and total protein 

contents 

The instructions provided by the company were followed for the intracellular ATP 

measurement of the Candida mature biofilms. In brief, after 24 h of the treatment with AEP, 

AET, and AEE, the planktonic cells were pipetted out, followed by rinsing the biofilm and 

pipetting 100 µL of PBS into every well of the microplate. An equal volume of the freshly 

prepared BacTiter-Glo reagent was pipetted into the wells containing the biofilms submerged 

in the PBS. The microplates were shaken in the dark at 4 °C for 15 minutes on an orbital shaker. 

The content of the microplates was transferred to 96-well Optiplates and the luminescence was 

measured using a multimode plate reader. All measurements were quantified by using an ATP 

standard calibration curve and were converted to intracellular ATP over the total protein 

content ratio (nmol/mg) followed by comparison with the growth control (GC). The PBS and 

CAS were used as the blank and the standard antifungal controls, respectively. Three technical 

replicates for each treatment in six independent experiments were performed [17].  

For the measurement of the total protein content in the biofilms, parallel to the microplate 

cultures the biofilms were produced and treated in 35 mm diameter sterile Petri-dishes with 

identical surface properties to those of the microplates. We have adapted the Bradford protein 

assay method [111]. Briefly, after 24-hour treatment of the mature biofilms with AEP, AET, 

and AEE, the planktonic cells were pipetted out and biofilms were rinsed with PBS. The 

biofilms were scraped out from the Petri-dishes using a cell scraper into sterile 1.5 mL 

centrifuge tubes containing 1 mL NaOH (1 M) and 100 mg of glass beads (425–600 µm). The 

collected samples were stabilized on ice for 5 minutes, followed by 5 minutes vortexing, 

consecutively. The cycle was repeated three times and then the samples were centrifuged at 

20,000g for 10 minutes at 4 °C. The supernatants’ fungal cell lysates were pipetted out and 

were diluted in NaOH (1 M) up to the initial volume used for biofilm growth. Two hundred 

microliters of the homemade freshly prepared Bradford reagent were added to a new 96-well 

general microplate containing 20 µL of the test sample lysates. The absorbance was measured 

at 595 nm by a multimode plate reader. All the measurements were calculated in terms of mg/L 

from a BSA standard calibration curve. Total protein contents were referred to as the surface 

area of the microplates to obtain the valid ATP/TP values. The NaOH and CAS treated samples 

were used as the blank and the standard antifungal controls, respectively. Three technical 
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replicates for each treatment in six independent experiments were performed. All the 

measurements were calculated in terms of mg/L from a BSA standard calibration curve and 

were compared to the growth control (GC). 

7. Statistical analyses 

All data were given as mean ± SD. Graphs and statistical analyses were conducted using 

OriginPro 2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed 

independently six times in triplicates and data were analyzed by a one-way ANOVA test. P-

values of <0.05 were considered statistically significant. The minimum inhibitory 

concentrations (MIC80 and MIC90) and the minimum effective concentration (MEC10) were 

calculated using a non-linear dose-response curve function as follows: 

𝑦 = 𝐴1 + 
𝐴2 − 𝐴1

1 + 10(𝐿𝑂𝐺𝑥0−𝑥)𝑝
 (7) 

where A1, A2, LOGx0, and p as the bottom asymptote, top asymptote, center, and hill slope of 

the curve have been considered. Either MIC80 or MIC90 were calculated depending on our 

methodological requirements. 

8. Results and discussion: RAMEB-EO complexes 

8.1. Characterization of RAMEB encapsulated essential oils/components 

8.1.1. UV-VIS spectroscopy analysis 

The UV absorption spectra of investigated essential oils, active components, and RAMEB 

are shown in Figure 3. The maximum absorption of the essential oils was found to be in the 

range of 210 – 220 nm which is attributed to the active components. The absorption peak of 

essential oils at 250 nm corresponding to 1,8-cineole. The spectral analysis of the physical 

mixture of RAMEB with essential oils and with components before complexation was found 

to be harmonious with the essential oils and components. The absorbance spectra of the 

physical mixture of essential oils with RAMEB with components were in symmetry with the 

essential oil spectra and components. In the case of complexation, the absorption peaks 

disappear in RAMEB complexation spectra. The active compounds from the encapsulation 

were recovered by dissolving the complexes in 95% acetonitrile [113]. The compounds were 

released from the RAMEB cavity and were separated by centrifugation. The solutions were 

diluted to hundred times in acetonitrile and the absorbance was measured. In this line, beside 

the active compounds, 1,8 cineole, cis-β-ocimene, α- pinene, α-terpineol, p-cymene, and β-
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caryophyllene were also observed at 210 nm and 240 nm respectively. We are aware of the 

complexity of EOs which makes our absorbance spectroscopic analysis to be an approximation 

only however, it indicates the successful formation of complexation of essential oils and their 

components with RAMEB. 

 

 

Figure 3. The UV absorption spectra of the physical mixture of essential oil-RAMEB 

(1), physical mixture of component-RAMEB (2), essential oil (3), active component 

(4), encapsulated essential oil-RAMEB (5), encapsulated component-RAMEB (6), 

RAMEB (7) and chemicals extracted from encapsulated essential oils. The four graphs 

are the UV spectra of the followings: (A): lavender oil, linalool, RAMEB, (B): 

peppermint oil, menthol, borneol, RAMEB, (C): lemon balm oil, citral, RAMEB and 

(D): thyme oil, thymol, RAMEB. Six independent experiments with three technical 

replicates were performed (mean ± SD). 

8.1.2. Determination of average molecular weight of the essential oils  

The evaluated average molecular weight of the examined essential oils are as follows in 

decreasing order: peppermint oil (237.19), lemon balm oil (236.64), lavender oil (225.44) and 

thyme oil (182.84). All measurements were repeated three times showing less than 1% 

imprecision.  
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8.1.3. Phase solubility studies 

The y-intercept is referred to as the concentration of solubilized guests without a host in 

the solution medium. The plot indicates the type of inclusion complex. Positive slopes < 1 with 

a linear relationship among the concentration of dissolved essential oil or active components 

and RAMEB were obtained in every case (Figure 4). The complexes thus may be classified as 

an AL type (1:1 molar ratio of guest to host) [82]. Major entrapped compounds are mono- and 

sesquiterpenoids and phenylpropane derivatives (average molecular weight: 120-160 g/mole), 

thus a 1:1 complex formation can be expected [114]. Ks (stability constant) is an important 

parameter to measure the difference in the equilibrium between free and complex formulation. 

Low Ks were obtained in case of essential oils while for the active components they are in the 

order for those of RAMEB complexes (Figure 4). This may be because of the competition or 

affinity of other compounds with the active components used in the study to form RAMEB 

complexes. The decrease in KS with an increase in temperature reflects an exothermic process 

[115]. The phase solubility study (Figure 4) shows that the aqueous solubility of essential oils 

used in the study can be increased with increasing RAMEB concentration. The complex 

stabilities for thymol with cyclodextrins vary from 152 L/mole [73] to 3337 L/mole [83]. One 

possible reason for this variation of the complex stability constants is the encapsulation of water 

molecules by the host cyclodextrins and also the microsolvation of guest molecules by water 

[116]. This property highly affects the complex formation due to the modified structure of the 

solvation shell of guests and the exit of the solvent water molecules from the CD cavity before 

the formation of the complexes. Studies performed previously on the host-guest interactions of 

calixarenes with similar-sized aromatic guests, the protic character of water should be 

considered, as the entropy change associated with the complex formation is also highly affected 

by the processes [117]. Furthermore, the large difference of complex stabilities obtained in 

protic aqueous and non-protic acetonitrile media for the main components of essential oils also 

highlights the role of micro-solvation during the complex formation (Figure 4). 
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Figure 4. The A, B, C, and D represents slope, stability constant (Ks, L/mol), enthalpy 

(ΔH, kJ/mol), and entropy (ΔS, J/Kmol) changes of encapsulated essential oils and 

active components at specified temperatures. Data in parentheses reflect stability 

constants determined in acetonitrile (mean ± SD, n= six independent experiments). R2 

is higher than 0.86 for all components. 

The thermodynamic data show clearly that the complex formation is an entropy-driven 

process. The enthalpy changes associated with the complex formation are about 2-4 kJ/mole 

which value is just the average kinetic energy associated according to the equipartition 

theorem. This stabilization energy is far to be responsible for complex formation. In contrast, 

entropy gain plays a determinant role to improve complex stability. It is doubled in some cases 

(for main components) resulting in a huge increase of the calculated stabilities compared to 

those related to the essential oils. Comparing the complex stabilities derived from the 

measurements performed in aqueous or acetonitrile media the probable determinant process 

responsible for the complex formation is the leave of solvent molecules from the CD cavity 

before the complex formation (Supplementary Figures S1-S6). The hydrophobic interior of the 

cavity supports the exchange of water molecules with the guest essential oils while this process 

is just blocked when the essential oils want to replace the acetonitrile molecules in the CDs 

cavity. As a result, the enhanced freedom of water molecules after the formation of complexes 

manifest the entropy gain while no similar process can be obtained in acetonitrile media. As a 
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result, much lower stabilities can be obtained in acetonitrile. It is worth mentioning here the 

much larger stability derived for the main component compared with the appropriate oil: the 

components of oil other than the main component only weakly can replace the water molecules 

in the CD interior resulting in much lower entropy gain during complex formation. 

8.1.4. Encapsulation efficiency 

Encapsulation efficiency (EE) expressed in % of RAMEB-EO complexes is based on GC 

analyses (Supplementary Figure S7). Peppermint oil showed the highest encapsulation 

efficiency (94.95 ± 0.57%) followed by thyme oil (93.30 ± 1.58%), lemon balm oil (93.13 ± 

1.04%) and lavender oil (87.38 ± 2.28%) respectively. Several EO components, including 

pinene, can polymerize in low-permittivity solutions [118]. In such cases, the large polymer 

adducts are not able to form complexes with the RAMEB molecules. As a result, the 

concentration of the components which are active in the complex formation is much lower than 

it can be assumed from the physical amount of EO used in the experiments.  

The Formation constant (Kf) values of RAMEB/aroma inclusion complexes are as follows 

(L/mole): linalool 688, neral (Z-citral) 399, geranial (E-citral) 416, menthol 1464, iso-borneol 

1689, borneol 1784 and thymol 1206 (SD <10%). 

8.2. Antioxidant capacity (DPPH, ECL, and ORAC assay) 

We have quantified the antioxidant properties of EOs - RAMEB and their components by 

DPPH, ORAC, and ECL assay methods. As reported previously [119] cyclodextrin may 

influence the ORAC fluorescence assay for antioxidant activity evaluation. However, we could 

not find any interference or measurable antioxidant activities of RAMEB at the applied 

concentrations (1 to 100 mg/mL) on the emission intensity of fluorescein used in the ORAC 

assay. Also, EOs are strongly lipophilic molecules with limited effect in aqueous antioxidant 

tests therefore, entrapment by RAMEB was essential for our TAC assays. Consequently, it was 

postulated that EOs –RAMEB complexes being water-miscible enable the use of fewer 

amounts of entrapped EOs than the free oils alone. The antioxidant activity obtained by thyme 

oil and its component thymol was found to be the highest followed by lemon balm oil, lavender 

oil, and peppermint oil (Figure 5). Previous data [84,86,120,121] reported a higher 

concentration of EOs than were used in our experiments to produce suitable antioxidant 

activity. We found, that when EOs are captured by RAMEB, a remarkable antioxidant activity 

is achieved despite the use of smaller amounts of them. 
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Figure 5. Antioxidant activities of investigated EO-RAMEB (A) and EO components 

RAMEB (B) complexes. The effects of selected RAMEB packed EOs and their 

components on ORAC, ECL, and DPPH assays. Six independent experiments with 

three technical replicates were performed (mean ± SD). The activity of RAMEB was 

not shown as the data were outside the acceptable ranges. 

8.3. Antifungal and antibacterial activities 

Different EOs-RAMEB inclusions were tested against S. pombe cultured for 48 hours at 

30 oC, E. coli and S. aureus cultured for 24 hours at 37 oC. Antifungal and antimicrobial effects 

were expressed as a minimum inhibitory concentration (MIC80) which is the first concentration 

where 80% of microorganisms are inhibited (Figure 6). All the inclusion complexes showed 

antifungal and antimicrobial activity. However, RAMEB-thyme oil was found to have the best 

MIC (MIC80 = 0.125 – 0.25 mg/mL, 0.156 – 0.312 mg/mL, 0.5 – 1 mg/mL) against S. pombe, 

E. coli, and S. aureus respectively, followed by lemon balm oil, peppermint oil, and lavender 

oil, in this order (Figure 6). RAMEB-EO components also showed antifungal and antimicrobial 

activity. Antimicrobial and antifungal effect of RAMEB-citral (MIC80 = 0.0078 – 0.156 

mg/mL, 0.125 – 0.25 mg/mL, 0.078 – 0.156 mg/mL) was close to RAMEB-thymol (MIC80= 

0.078 – 0.156 mg/mL, 0.125 - 0.5 mg/mL, 0.25 – 0.5 mg/mL) under our test conditions.  
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Figure 6. Anti-fungal and anti-microbial activity of investigated EO-RAMEB and EO 

component-RAMEB complexes and on S. pombe, E. coli and S. aureus. The effects 

of selected RAMEB packed EOs (THO: thyme, LBO: lemon balm, PPO: peppermint, 

LAV: lavender, LIN: linalool, CIT: citral, THY: thymol, BOR: borneol and MEN: 

menthol) and their components are found to be variable on the gram (+)ve, gram (-)ve 

and fungus used in the study. Six independent experiments with three technical 

replicates were performed (mean ± SD). 

Free thyme oil and thymol with MIC of 0.64 mg/mL and 0.73 mg/mL have been reported 

by several authors [122,123]. Our study shows MIC of 0.156 mg/mL and 0.125 mg/mL against 

E. coli. When applied against both E. coli and S. aureus, free peppermint oil showed MIC at 

0.6 mg/mL [60]. Both free linalool and lavender oil have MIC at higher concentrations [124]. 

Our data suggest that RAMEB encapsulated lavender oil and linalool have MIC at lower 

concentrations 1.25 mg/mL and 0.078 mg/mL, respectively. It has been reported that inclusion 

complexes with RAMEB may elevate aqueous solubility of the encapsulated guests resulting 

in better antimicrobial efficiency of the essential oils and their components at lower 

concentrations [10,115]. Our obtained MIC values are different from those of previously 

published results by other authors that may be due to differences in media composition, 

methodology, and strains of bacteria and fungus used in the studies [115]. 

8.4. Rapid SYBR Green I/propidium iodide live-dead discrimination assay 

8.4.1. Comparison of the plate reader method with flow cytometry  

To evaluate if the SYBR Green I/propidium iodide staining can be used for rapid plate 

reader viability assay, S. pombe was subjected to treatment with different concentrations of 2-
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propanol (see section 3.6.4). Also, we assessed the ability of SYBR Green I/propidium iodide 

assay to determine the viability of S. pombe by flow cytometry. In summary, we have evaluated 

the microbial viability to compare the percentage of dead cells by both plate reader and flow 

cytometry methods. We found the optimized SYBR Green I/propidium iodide assay to be 

reliable for the rapid estimation of the viability of microbes using the plate reader technique 

(Figure 7).  

 

 

Figure 7. Comparison of the live/dead discrimination results between the plate reader 

assay and the flow cytometric assay using SYBR Green I/propidium iodide double 

staining on S. pombe (six independent experiments). Six independent experiments 

with three technical replicates were performed (mean ± SD).  

8.4.2. Rapid microbial cell live/dead discrimination plate reader assay of S. pombe, E. 

coli and S. aureus 

This viability assay was attempted for the fast evaluation of the susceptibility of different 

concentrations of EOs - RAMEB on S. pombe, E. coli, and S. aureus. Our findings suggest that 

complexed peppermint oil is less effective in killing S. pombe at 2 mg/mL when compared to 

the percentage of dead/compromised cells of E. coli and S. aureus at the same concentration 

(Figure 8). Thyme oil was found to be more potent at 0.5 mg/mL, killing 90% of cells in all 

three cases followed by citral which showed 90% inhibition at 0.25 mg/mL. Lavender oil, 

although expressing less killing property at 2 mg/mL, was more effective towards E. coli and 
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S. aureus at more than 90% efficiency at the same concentration. Thymol is the active 

constituent of thyme oil showed high (80% and above) killing/compromising ability at low 

concentrations starting from 0.25 mg/mL. On the other hand, menthol showed more 

effectiveness in killing E. coli and S. aureus at 2 mg/mL. Borneol had no killing or inhibiting 

properties at all towards both microbes. The validity of our plate reader assay was verified by 

testing the microbial samples using flow cytometry as well. The two methods can be considered 

to be equivalent and the plate reader assay offers the advantage of high throughput 

determinations. 

 

 

Figure 8. Percentage death of cells using SYBR Green I/PI double-stained plate 

reader method for live/dead discrimination of the test microbes. Six independent 

experiments with three technical replicates were performed (mean ± SD). 

9. Results and discussion: Pickering-chamomile essential oil experiments  

9.1. Chamomile essential oil and its components 

The gas chromatography-mass spectrometry detection (GC-MS) analyses (Supplementary 

Figure S8 and Table S1) have documented trans β-farnesene (17.93%), germacrene D (1.54%), 

bicyclogermacrene (1.39%), (E,E)-α-farnesene (2.08%), spathulenol (1.88%), bisabolol oxide 
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B (7.57%), bisabolone (21.83%), chamazulen (3.19%), bisabolol oxide A (10.48%) and 

vetivazulene (4.94%). 

9.2. Characteristics of Stöber silica nanoparticles 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). The 

results of the characteristics of Stöber silica nanoparticles can be found in Ref. [91] and her 

PhD thesis “Pickering Emulsions in Pharmaceutical Technology” (in preparation). The size 

distribution obtained by dynamic light scattering (DLS) was confirmed by transmission 

electron microscopy (TEM), which showed that the mean diameter of silica samples was 20 

nm; they are highly monodisperse and have a spherical shape. 

9.3. Nanoemulsion stability  

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). The 

results of the nanoparticle stability can be found in Ref. [91] and her PhD thesis “Pickering 

Emulsions in Pharmaceutical Technology” (in preparation). The Pickering nanoemulsion using 

silica nanoparticles was stable for three months. 

9.4. Anti-bacterial and anti-fungal activities (MICs) of prepared emulsion 

The effect of chamomile Pickering nanoemulsion, conventional emulsion, and essential 

oil in ethanol on the growth of some foodborne microbes and opportunistic fungi have been 

evaluated. The CPe has been shown to have good antibacterial and antifungal activities (MIC90) 

on Escherichia coli (E. coli) (2.19 μg/mL), Pseudomonas aeruginosa (P. aeruginosa) (1.02 

μg/mL), Bacillus subtilis (B. subtilis) (1.13 μg/mL), Staphylococcus aureus (S. aureus) (1.06 

μg/mL), Streptococcus pyogenes (S. pyogenes) (2.45 μg/mL), Schizosaccharomyces pombe (S. 

pombe) (1.28 μg/mL), Candida albicans (C. albicans) (2.65 μg/mL), and Candida tropicalis 

(C. tropicalis) (1.69 μg/mL), respectively when compared to CT80 counterpart (P ˂ 0.01). CPe 

showed antimicrobial activity on the selected microbes at an average of fourteen fold less 

concentration compared with free essential oil in ethanol (CEt). Simultaneously, CPe showed a 

similar antifungal effect as caspofungin (Cas) on Candida tropicalis. The comparative dose-

response curves are shown in Figures 9 and 10 for bacteria and fungi, respectively. Based on 

our antimicrobial activity analyses, CPe shows higher growth inhibitory action and 

consequently lower MICs compared to CT80 and CEt. 
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Figure 9. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and 

vancomycin (Van, μg/mL) on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa 

(D), and S. pyogenes (E). Six independent experiments with three technical replicates 

were performed (mean ± SD). 
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Figure 10. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and 

caspofungin (Cas, μg/mL) on S. pombe (A), C. albicans (B), and C. tropicalis (C). Six 

independent experiments with three technical replicates were performed (mean ± SD). 

9.5. Minimum effective concentrations (MEC10) for tested bacteria and fungi 

The minimum effective concentration (MEC10) of CPe, CT80, and CEt on foodborne Gram-

positive and Gram-negative bacteria as well as fungi have been determined. The dose-response 

curve shows a slow killing effect (≤10% of the population) of CPe after 60 minutes of treatment 

at a two-fold lower concentration compared with MIC90 data. The MEC10 also highlights the 

effective killing effect of CPe when compared to CT80 and CEt (Figures 11 and 12) (P ˂ 0.01). 

Many researchers have studied the antimicrobial activity of chamomile oil [3,52,125–127], 

however, the mechanism of action at sub-inhibitory concentrations has not previously been 

studied. Our data suggest an effective killing activity of CPe on selected bacteria and fungi. It 

is believed that EOs act against cell cytoplasmic membrane and induce stress in 

microorganisms [96,97,128,129]. 
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Figure 11. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Van 

(μg/mL) on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. 

pyogenes (E). Six independent experiments with three technical replicates were 

performed (mean ± SD). 
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Figure 12. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Cas 

(μg/mL) on S. pombe (A), C. albicans (B), and C. tropicalis (C). Six independent 

experiments with three technical replicates were performed (mean ± SD). 

9.6. Effects on microbial oxidative stress 

Reactive oxygen species (ROS) production and accumulation in the cells initiate oxidative 

stress, leading to cellular structural damage followed by induced apoptosis [51]. We have 

investigated the relationship between oxidative stress generation after 60 minutes of treatment 

and microbial killing activity. The results are demonstrated in Figures 13 and 14 for bacteria 

and fungi, respectively. Data expressed as % of the control are as follows: the ROS (1085.86 

± 126.36), peroxide (1229.86 ± 164.52) and superoxide (1276.86 ± 165.42) generation were 

the highest in case of S. aureus. The CPe showed an increment of ROS, peroxide, and 

superoxide generation in both Gram-positive and negative bacteria when compared to CT80 and 

CEt (P < 0.01). CPe showed increased oxidative stress in both bacteria and fungi at least seven-

fold higher than the negative control whereas the positive control (menadione) produced an 

eight- to nine-fold increase in 60 minutes. The CEt has generated a two to four-fold increment 

in oxidative stress which is the lowest among all tested compounds. The CPe was able to 

generate higher oxidative stress compared to the conventional emulsion and ethanolic solution 
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followed by metabolic interference and cell wall disruption and finally caused cell death at sub-

inhibitory concentration [76,93,130–132]. 

 

 

Figure 13. Percentage oxidative stress generation by CPe, CT80, CEt, and Van on E. 

coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six 

independent experiments, each with 3 replicates, compared with menadione (Me) and 

growth control (Gc) as controls after 1 h of treatment (**P < 0.01).  
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Figure 14. Percentage oxidative stress generation by CPe, CT80, CEt, and Cas on S. 

pombe (A), C. albicans (B), and C. tropicalis (C). Six independent experiments, each 

with 3 replicates, compared with Me and Gc as positive and growth controls after 1 h 

of treatment (**P < 0.01). 

9.7. Time-kill kinetics study 

The time-kill kinetics curve was performed to quantify living populations after a definite 

time interval under different sample MEC10 concentrations. A significant reduction (four log-

fold) in the cell survivability has been observed in the case of CPe when compared to Gc (P < 

0.01) (Figures 15 and 16). Fifty percent of cell death occurred by CPe at 16 and 36 h in the case 

of bacteria and fungi and was most effective in reducing living colonies in the case of C. 

albicans (1.73 ± 0.15 CFU/mL) after 48 h of treatment. At an average of a two-fold higher 

concentration, CEt was able to show a killing effect compared to CPe (P < 0.01). 

 



64 

 

 

Figure 15. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on E. coli (A), S. 

aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent 

experiments, each with 3 replicates, compared with Van and Gc as positive and growth 

controls. 
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Figure 16. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on S. pombe (A), C. 

albicans (B), and C. tropicalis (C). Six independent experiments, each with 3 

replicates, compared with Cas and Gc as positive and growth controls. 

9.8. Live/dead cell viability discrimination 

The effect of CPe, CT80, and CEt on the viability of selected bacteria and fungi were tested 

(Figures 17 and 18). The CPe decreases the viability of the tested bacteria and fungi with an 

average viability reduction to 42.36% ± 3.74% and 49.62% ± 5.25% of mean percentage 

viability compared to Gc after 16 and 36 h of treatments in bacteria and fungi respectively (P 

< 0.01), whereas CT80 and CEt were less effective than CPe with mean percentage viabilities of 

≥60% and 70%, respectively. 
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Figure 17. Mean percentage viability of CPe, CT80, and CEt on E. coli (A), S. aureus 

(B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent 

experiments, each with 3 replicates, compared with Van and Gc as positive and growth 

controls. 
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Figure 18. Mean percentage viability of CPe, CT80, and CEt on S. pombe (A), C. 

albicans (B), and C. tropicalis (C). Six independent experiments, each with 3 

replicates, compared with Cas and Gc as positive and growth controls. 

9.9. Interaction study between cell model and different formulations of chamomile EO 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). The 

results of the nanoparticle stability can be found in Ref. [91] and her PhD thesis “Pickering 

Emulsions in Pharmaceutical Technology” (in preparation). The results obtained in the model 

experiment show that CPe is the most effective form for the intracellular delivery of chamomile 

EO.  

10. Results and discussion: antifungal effects of artemisinin and scopoletin  

10.1. Antifungal activities (MIC90) of Ar and Sc 

Average MIC90 data obtained after 48 h of treatment with Ar and Sc for seven Candida 

spp. are presented in Figure 19. The Ar MIC90 ranged from 21.83 to 142.1 µg/mL, while Sc 

MIC90 was between 83.43 and 119 µg/mL taking all the tested Candida species. The Ar MIC90 

values were significantly lower than those of Sc in the case of C. dubliniensis, C. krusei, and 

C. parapsilosis (P < 0.01). C. glabrata and C. tropicalis were more susceptible to Sc (67.22 
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and 119 µg/mL, respectively). However, in general, Ar expressed higher fungicidal activity 

than Sc at concentrations in the range of 27 to 80%, less than was seen for Sc. Ar and Sc were 

effective against the selected Candida spp. and their antifungal activities were comparable in 

every measured parameter to Cs even if the antifungal agent’s MIC90 value was much lower 

than that of our plant-derived test compounds. The susceptibility of selected Candida spp. to 

Ar and Sc has not been reported before. The antifungal activity of Ar and Sc may be attributed 

to the inhibition of efflux pumps as it was shown for berberine, a natural isoquinoline alkaloid 

[133]. The measured lower effects of Sc is not known, however, the presence of efflux pump 

proteins belonging to ABC (ATP Binding Cassette) and MFS (Major Facilitators) superfamily 

might also be the responsible factors [34,133].  

 

 

Figure 19. Minimum inhibitory concentrations (MIC90) (mean ± SD) of artemisinin 

(Ar) and scopoletin (Sc) on C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. 

krusei (D), C. glabrata (E), C. guilliermondii (F) and C. parapsilosis (G) species. Six 

independent experiments, each in three replicates, compared with caspofungin (Cs) as 

positive control and comparison of Ar and Sc treatments (µg/mL). 

10.2. Data of minimum effective concentrations (MEC10) for planktonic Candida species 

Dose-response curves regarding the minimum effective concentrations (MEC10) for Ar and 

Sc on the selected opportunistic Candida species are shown in Figure 20. For Ar the obtained 
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MEC10 concentrations are as follows: C. albicans 84.04 ± 2.92; C. dubliniensis 71.26 ± 3.81; 

C. tropicalis 89.95 ± 3.62; C. krusei 233.14 ± 4.72; C. glabrata 324.97 ± 4.42; C. guilliermondii 

180.9 ± 3.36; and C. parapsilosis 171.86 ± 4.24 (in µg/mL). For Sc the MEC10 values were: C. 

albicans 132.17 ± 4.19; C. dubliniensis 132.17 ± 5.08; C. tropicalis 134.27 ± 4.66; C. krusei 

162.01 ± 5.03; C. glabrata 215.38.97 ± 5.41; C. guilliermondii 149.2 ± 5.32, and C. 

parapsilosis 164.7 ± 5.26 (in µg/mL). The curves have expressed a dose-dependent cell 

survival (CFU count) after 60 minutes of exposure to Ar and Sc. The doses corresponding to 

MEC10 (meaning an average 90% survival rate of mid-log phased populations, at ~105 

CFU/mL) were further used to evaluate their effects on planktonic cells and mature biofilms. 

Cs, Ar, and Sc have shown an average MEC10 of 6.66 ± 0.14 µg/mL, 165.16 ± 3.87 µg/mL, 

and 160.84 ± 4.99 µg/mL, respectively for the tested planktonic Candida spp. Ar appeared to 

have the lowest MEC10 in the case of C. dubliniensis (21.83 ± 2.85 µg/mL), C. krusei (27.92 ± 

2.55 µg/mL), and C. parapsilosis (27.98 ± 4.69 µg/mL), respectively. 

 

 

Figure 20. Minimum effective concentrations (MEC10) (mean ± SD) of artemisinin 

(Ar) and scopoletin (Sc) on C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. 

krusei (D), C. glabrata (E), C. guilliermondii (F) and C. parapsilosis (G) species. Six 

independent experiments, each in three replicates, compared with caspofungin (Cs) as 

positive control and comparison of Ar and Sc treatments (µg/mL). 
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10.3. Effects on mature biofilms 

Variable response to Ar, Sc, and Cs at MEC10 doses has been found. Although no changes 

in the biomass have been observed in the case of Ar treatments, yet an average 55.04 ± 9.46% 

and 46.32 ± 12.62% reduction in metabolic activities and non-viable cells were seen in the case 

of C. albicans, C. dubliniensis, C. tropicalis, and C. glabrata when compared to growth control 

(P < 0.01). A significant reduction up to an average of 60% in the total biomass on Sc-treated 

C. albicans, C. dubliniensis and C. glabrata (P < 0.01) was found when compared with growth 

control (Gc) and Cs treatments. However, the data obtained from metabolic activity testing and 

non-viable cell numbers are invalid for the above species because of the significant biomass 

loss. C. guilliermondii has shown significantly higher resistance to Ar and Sc compared with 

the other species. The highest cell death (>60%) detected by the double fluorescence staining 

assay and the reduced metabolic activities (<50%) for C. krusei, and C. parapsilosis were found 

in the case of Sc treatment (Figure 21). Our results demonstrated that Ar is more effective in 

disrupting the preformed complexed, extracellular matrix-covered biofilm structure and killing 

the sessile (surface-attached) cell population as well compared to Sc at their respective MEC10 

concentrations after 24 h exposure. This may be due to the abilities of the sesquiterpenoids to 

have action on amyloid proteins, which are one of the major building blocks of microbial 

biofilms [134,134–136]. On the other hand, Sc treatment showed a dramatic decrement in the 

total biomass including cell loss from the polystyrene surface in case of C. albicans, C. 

dubliniensis, and C. glabrata, which might be due to the action of coumarin derivatives on the 

chemical pathways such as quorum sensing resulting in biofilm dispersion [106,137–141]. 

However, the higher metabolic activities and the less cell death rate found in the case of C. 

gulliermondii indicates the presence of other drug resistance mechanism factors apart from 

poor drug penetration into Candida biofilms. The alternate mechanism might be related to the 

expression patterns of genes coding for multidrug efflux pumps [142–144]. Moreover, this 

might be the reason why the surviving cells can adapt to stressful microenvironment by 

decreasing their metabolic activities [145,146]. Though the adapted cell populations with 

reduced metabolic activities might survive the toxicity of both test drugs, Ar exerts higher cell-

killing properties than those of Sc in the mature biofilm, whereas Sc might cause changes in 

the biofilm adherence factors to the polystyrene surfaces. The adaptation of Candida species 

under various conditions has already been described [145,147]. The widely accepted crystal 

violet assay was used to investigate the effects of the tested compounds on the changes of 

Candida biofilm biomass [148]. This chemically basic dye stains fungal cells including 
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negatively charged surface molecules and polysaccharides in the biofilm extracellular matrix 

enabling a rapid quantification of biofilm mass before labor-intensive microscope analysis 

[149]. Although, the poor correlation between biofilm biomass reduction, metabolic activities, 

and cellular viability remains a major limitation of this method because of the non-selective 

staining of the biofilm matrix including viable and dead cells as well [68]. Therefore, results 

obtained from the crystal violet assay must be combined with other multi-parametric 

techniques such as intracellular ATP, ATP/protein ratio, live/dead cell discrimination and 

selective visualization of the biomass matrix [150–152]. Our novel multi-parametric 

evaluations have more precisely highlighted the planktonic fungal susceptibility, killing ability 

inside the mature biofilm than the classical proliferation assays [153–156]. 

 

 

Figure 21. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on the metabolic activity, amount of biofilm biomass, and viability of 

C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), 

C. guilliermondii (F), and C. parapsilosis (G) cell populations (mean ± SD, n = 6 

independent experiments, data were compared with untreated controls (Gc) and with 

caspofungin (Cs)-treated positive controls. The red (*) and blue (*) asterisks represent 

a significance value of P < 0.01 for the metabolic activity and viability measurements, 

respectively. Whereas, the black double asterisks (**) highlight the changes in the Sc-

treated biofilm biomass when compared to Gc, Cs, and Ar treatments at P < 0.01 

significance level. 
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10.4. Live/dead planktonic cell viability discrimination 

The long-term effects of Ar and Sc on the viability were tested on mid-log phased 

planktonic Candida spp. as well. Ar and Sc decreased the viability of the tested Candida spp. 

with an average viability reduction of 58.2 ± 3.5% and 58.6 ± 4.2% after 8 h, whereas 33.6 ± 

3.9% and 32.2 ± 3.6% were seen after 16 h when compared with their respective controls. C. 

glabrata, C. guilliermondii, and C. parapsilosis were found to have less than 30% of viable 

cells in the presence of Ar and Sc for 16 h at their MEC10 concentrations. Ar and Sc showed a 

reduction in viability around ≤50% after 8 h of treatment on C. parapsilosis and C. krusei 

compared with the controls (Figure 22). Based on literature data both Ar and Sc may induce 

time-dependent cell wall and membrane damage enabling propidium iodide to bind to fungal 

nucleic acids [157]. The double-stain fluorescence assay showed that the longer the exposure 

time is, the higher the cellular death rate is found in the Ar and Sc-treated fungal populations. 

The difference in viability among the examined Candida species we think is due to the potential 

difference in the activity of multidrug efflux pumps among the Candida spp. The maintenance 

of metabolic activities at about 50% even in the presence of low planktonic cell populations 

indicates the adaption of surviving planktonic cells [142].  
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Figure 22. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on the viability of planktonic C. albicans (A), C. dubliniensis (B), C. 

tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii (F), and C. 

parapsilosis (G) species compared with untreated controls (Gc) after 8 and 16 h of 

treatment (mean ± SD, n = 6 independent experiments, caspofungin (Cs) was used as 

positive control). 

10.5. Effects on metabolic activity and colony formation of planktonic cells 

The metabolic activity of the mid-log phased planktonic Candida spp. in the presence of 

Ar and Sc at their MEC10 concentrations was evaluated with resazurin at 0, 8, and 16 h time 

points (Figure 23). Ar and Sc showed an average reduction in the metabolic activities of tested 

Candida spp. to two-fold after 8 h of treatment followed by three-fold after 16 h of treatment 

when compared with their respective controls. A less than the two-fold decrease of metabolic 

activity was found in C. glabrata, C. guilliermondii, and C. parapsilosis planktonic cells in the 

presence of Ar and Sc after 16 h of treatment.  
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Figure 23. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on the metabolic activities of planktonic C. albicans (A), C. 

dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii 

(F), and C. parapsilosis (G) species compared with untreated controls (Gc) and 

caspofungin (Cs) as positive control after 8 and 16 h of treatment (mean ± SD, n = 6 

independent experiments, *P < 0.05 and **P < 0.01). 

A significant change in the planktonic cell number reduction compared with the control (P 

< 0.01) was also found after 8 and 16 h of treatment (Figure 24). A prominent reduction of 

≤50% of the planktonic cell population, when compared to the controls, was found in the case 

of C. glabrata, C. guilliermondii and C. parapsilosis after 16 h of Ar, Sc, and caspofungin (Cs) 

exposures. As a limitation of our viability study, it should be mentioned that measuring a single 

parameter only (e.g., the resazurin assay) does not necessarily reflect total cell viability because 

cellular ATP levels may change rapidly without significant reduction in intracellular enzyme 

activities [158]. 
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Figure 24. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on colony formation of planktonic C. albicans (A), C. dubliniensis (B), 

C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii (F) and C. 

parapsilosis (G) species compared with untreated controls (Gc) after 8 and 16 h of 

treatment (mean ± SD, n = 6 independent experiments, caspofungin (Cs) was used as 

positive control). 

10.6. Effects on planktonics’ oxidative balance 

The effects of Ar and Sc on the induction of the oxidative stress at MEC10 concentrations 

on respective mid-log phased Candida spp. planktonic cell populations are illustrated in Figure 

25. Menadione (Me) was used as a positive control. All the test drugs caused significant 

oxidative stress in the planktonic cells compared with that of the controls (P < 0.01). More 

than 25% and 50% of O2
•− generation was observed in C. glabrata, C. guilliermondii, and C. 

parapsilosis compared with other tested Candida spp. after the treatment with Ar and Sc for 

60 minutes. The overall O2
•− generation induced by Ar was found to be 13.4 ± 1.8% higher 

than that of Sc. Peroxide generation in C. glabrata, C. guilliermondii, and C. parapsilosis was 

also found to be higher (an average of 30.2% increment in Ar treatment and 8.4% increment in 

Sc treatment) compared with the other tested Candida spp. An average increment of 64.1 ± 

2.6% was found in oxidative stress induction by Ar when compared to Sc in Candida species. 

In summary, we found that all the tested Candida species were susceptible to Ar and Sc 
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treatments in favor of Ar vs. Sc. Data presented in this study suggest the induction of apoptosis-

like processes in the tested Candida spp. that may be due to the accumulation of reactive 

oxygen species (ROS) that induce or regulate the apoptosis in yeasts [145,159]. Using the 

superoxide and peroxide radicals’ fluorescent assays, we showed the accumulation of reactive 

oxygen species, which are the indicators of lipid damage [98]. It has been postulated that Ar 

and Sc affect ergosterol synthesis [34,160]. Ergosterol, apart from maintenance and regulation 

of structural and functional integrity of the membrane, inhibits lipid peroxidation [161]. This 

can also facilitate the permeability of the cell membrane and incorporation of propidium iodide 

through the compromised membranes into the cells. Further characterization of the effects of 

Ar and Sc on the levels of superoxide dismutase and catalase at increased ROS levels must be 

assessed [160,162]. Moreover, Ar also plays an important role in the electron transport chain 

by overexpressing nuclear distribution protein nude homolog 1 (NDE1) that is responsible for 

encoding mitochondrial NADH dehydrogenases causing sensitivity to Ar followed by 

membrane disruption resulting in mitochondrial dysfunction by the higher free radical 

generation when compared to Sc [163,164]. Based on the results of the tested Candida 

planktonic cells, we found that the MEC10 concentrations of our treating compounds are more 

effective to initiate oxidative imbalance and reducing metabolic activities followed by the death 

of the planktonic cells when compared to the effects on preformed mature biofilms, which have 

shown variable results including cell death, biomass loss, and resistance. The reason behind 

the resistance to the MEC10 concentrations may be due to the extracellular matrix acting as a 

diffusion barrier [140,165,166] or the up-regulation of the genes coding the efflux pumps [167–

169]. Previous studies also reported that the planktonic cells released from the biofilms express 

subtle genetic changes for producing resistant phenotypes. As a consequence, the resistant new 

population may form biofilms with an altered phenotype that might be responsible for the 

hostility in some of the tested Candida species [170]. 
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Figure 25. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 levels on 

peroxide (O2
2-) and superoxide anion (O2

•-) generation in planktonic C. albicans (A), 

C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii 

(F), and C. parapsilosis (G) species compared with untreated (Gc), with menadione 

(Me)-treated controls and comparison of Ar and Sc treatments (mean ± SD, n = 6 

independent experiments, **P < 0.01). 

11. Results and discussion: Pickering-Artemisia essential oil experiments 

11.1. Effect of Artemisia essential oil and its components 

The amount of the essential oil obtained by steam distillation was 3% w/w of plant powder. 

Our gas chromatography-mass spectrometry-flame ionization detection (GC-MS-FID) 

analyses (Supplementary Figures S9-S14 and Table S2) have documented β-pinene (1.25%), 

artemisia ketone (4.43%), yomogi alcohol (1.29%), artemisia alcohol (1.68%), trans-

pinocarveol (7.55%), pinocarvone (3.22%), camphor (7.06%), terpinen-4-ol (1.75%), α-

copaene (2.75%), caryophyllene (5.26%), β- farnesene (4.8%), β-selinene (12.27%), 

spathulenol (1.75%), caryophyllene oxide (8.64%), eudesma-4(15),11-dien-5-ol (1.06%) and 

mustakone (1.27%) as the major components of the essential oil of Artemisia annua L. essential 

oil, that has been used throughout the experiments. 
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11.2. Preparation and stability studies of O/W type Pickering nanoemulsions 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). The 

results of the nanoparticle stability can be found in Ref. [21] and her PhD thesis “Pickering 

Emulsions in Pharmaceutical Technology” (in preparation). The Artemisia annua EO 

Pickering nanoemulsions (AEP) were more stable than the corresponding AET and AEE. 

11.3. In-vitro diffusion study of Artemisia EO (AE) formulations 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). The 

results of the in-vitro diffusion study can be found in Ref. [21] and her PhD thesis “Pickering 

Emulsions in Pharmaceutical Technology” (in preparation). The results obtained from model 

experiments have highlighted that the Pickering nanoemulsion of the AE oil is the most 

effective form for the intracellular delivery and the transport of EO through biofilms when 

compared to AET and AEE. 

11.4. Interaction studies with unilamellar liposomes as cellular models 

This was performed by Barbara Horváth and her colleagues at the Institute of 

Pharmaceutical Technology and Biopharmacy (Faculty of Pharmacy, University of Pécs). The 

results of the interaction studies with unilamellar liposomes can be found in Ref. [21] and her 

PhD thesis “Pickering Emulsions in Pharmaceutical Technology” (in preparation). The results 

of the model system suggests that the AEP facilitates the penetration of Artemisia essential 

through the biofilm and the planktonic cells as well. 

11.5. Antibacterial and antifungal activities of the prepared emulsions 

The effects of the Artemisia Pickering nanoemulsion, conventional emulsion, and essential 

oil in ethanol on Gram-positive and Gram-negative bacteria, and on opportunistic fungi were 

studied. The AEP showed acceptable antibacterial and antifungal activities (MIC90) on E. coli 

PMC 201(1.68 ± 0.72 µg/mL), S. aureus ATCC 29213 (1.62 ± 0.37 µg/mL), B. subtilis SZMC 

0209 (1.42 ± 0.64 µg/mL), P. aeruginosa PMC 103 (1.46 ± 0.22 µg/mL), S. pyogenes SZMC 

0119 (3.15 ± 0.16 µg/mL), S. pombe ATCC 38366 (2.01 ± 0.46 µg/mL), C. albicans SZMC 

1372 (3.62 ± 0.65 µg/mL), C. tropicalis SZMC 1368 (4.29 ± 0.82 µg/mL), C. dubliniensis 

SZMC 1470 (3.63 ± 0.57 µg/mL) and C. krusei SZMC 0779 (3.79 ± 0.57 µg/mL), respectively, 

when compared to AET (P ˂ 0.01). The Pickering Artemisia annua EO nanoemulsion (AEP) 
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showed higher antimicrobial activity at an average of twelve-fold less concentration when 

compared to the free essential oil in ethanol (AEE). The comparative dose-response curves are 

shown in Figures 26 and 27 for bacteria and fungi, respectively. 

 

Figure 26. Minimum inhibitory concentration (MIC90) of AEP, AET, AEE, and 

vancomycin (VAN) in µg/mL on E. coli (A), S. aureus (B), B. subtilis (C), P. 

aeruginosa (D), and S. pyogenes (E). Six independent experiments each with three 

technical replicates were performed (mean ± SD). 
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Figure 27. Minimum inhibitory concentration (MIC90) of AEP, AET, AEE, and 

caspofungin (CAS) in µg/mL on S. pombe (A), C. albicans (B), C. tropicalis (C), C. 

dubliniensis (D) and C. krusei (E). Six independent experiments each with three 

technical replicates were performed (mean ± SD). 

11.6. Effects of the minimum effective concentration (MEC10) on planktonic microbial 

cells  

The minimum effective concentration (MEC10) of the Artemisia Pickering nanoemulsion, 

conventional emulsion, and essential oil in ethanol on Gram-positive and Gram-negative 

bacteria, and on opportunistic fungi are shown in Figures 28 and 29. For the AEP the MEC10 

concentrations are as follows: E. coli (4.05 ± 0.69 µg/mL), S. aureus (4.79 ± 0.84 µg/mL), B. 

subtilis (5.54 ± 1.05 µg/mL), P. aeruginosa (6.39 ± 0.95 µg/mL), S. pyogenes (9.25 ± 1.03 

µg/mL), S. pombe (7.02 ± 1.55 µg/mL), C. albicans (7.12 ± 2.11 µg/mL), C. tropicalis (13.79 

± 2.74 µg/mL), C. dubliniensis (10.49 ± 3.77 µg/mL) and C. krusei (11.67 ± 3.62 µg/mL). The 

curves expressed a dose-dependent cell survival rate (by CFU quantification) after 60 minutes 

exposure to AEP, AET, and AEE. The doses corresponding to MEC10 (average 90% survival 

rate of the ~105 CFU/mL, mid-log phased cell population) were then used in further study on 

planktonic cells and on mature biofilms.  
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Figure 28. Minimum effective concentration (MEC10) of AEP, AET, and AEE 

(µg/mL) on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. 

pyogenes (E). Six independent experiments, each with three technical replicates, 

compared to vancomycin (VAN) were considered. 
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Figure 29. Minimum effective concentration (MEC10) of AEP, AET, and AEE 

(µg/mL) on S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and 

C. krusei (E). Six independent experiments, each with three technical replicates, 

compared to caspofungin (CAS) were considered. 

11.7. Effects on the microbial oxidative balance 

Various reactive oxygen species (ROS) production and accumulation in the bacterial and 

fungal cells initiate oxidative stress followed by cellular structural damages and apoptosis 

induction [159,171]. The oxidative stress generation after 60 minutes of treatment has been 

investigated (Figures 30 and 31). Data expressed as % of control are as follows: combined ROS 

detected by DCFDA (1235.46 ± 133.63%), peroxide by DHR 123 (1053.74 ± 146.26%) and 

superoxide by DHE (1153.84 ± 142.67%) were the highest in the case of P. aeruginosa. The 

AEP caused an effective increase in the combined ROS, peroxide, and superoxide generations 

as well, in both Gram-positive and negative bacteria and fungi when compared to AET and 

AEE (P ˂ 0.01). The AEE has generated a three to four-fold increment in oxidative stress 

compared to the growth control (GC), which was the lowest among all treatments.  
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Figure 30. Percentage oxidative stress generation by AEP, AET, AEE, and VAN on 

E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) at 

their respective MEC10 concentrations after a one-hour treatment. All results were 

compared to those for menadione (ME) and growth control (GC). The three 

formulations were evaluated separately as well. Six independent experiments, each 

with three technical replicates (** P < 0.01). 
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Figure 31. Percentage oxidative stress generation by AEP, AET, AEE, and CAS on 

S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) 

at their respective MEC10 concentrations and after a one-hour treatment. All results 

were compared to those for menadione (ME) and growth control (GC). The three 

formulations were evaluated separately as well. Six independent experiments, each 

with three technical replicates (** P < 0.01). 

11.8. Effects on the microbial planktonics’ behavior 

11.8.1. Colony formation changes 

The changes in the colony formation of the microbial cells were followed using a time-

related (kinetic) means of investigating the quantity of the living population after a definite 

time interval under different samples’ MEC10 concentrations (Figures 32 and 33). A significant 

50% reduction in the bacterial and fungal cell survivability after 6 and 18 h, respectively, was 

observed in the case of the AEP exposure when compared to that of AET and AEE (P ˂ 0.01). 

AEE was the least effective among all other treatments.  
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Figure 32. Effects of AEP, AET, and AEE at their MEC10 concentrations on the mean 

percentage colony-forming unit (CFU/mL) decrement of the planktonic E. coli (A), S. 

aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) compared to their 

respective 0 h samples and vancomycin (VAN) standard antimicrobial controls after 

2, 6, 8, 16 and 24 h of treatment (mean ± SD, n = 6 independent experiments each 

with three technical replicates). 
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Figure 33. Effects of AEP, AET, and AEE at their MEC10 concentrations on the 

metabolic activities of the mean percentage colony-forming unit (CFU/mL) decrement 

of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) 

and C. krusei (E) compared to their respective 0 h samples and caspofungin (CAS) 

standard antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment (mean ± SD, 

n = 6 independent experiments each with three technical replicates). 

11.8.2. Variations in the intracellular ATP to total protein content ratios 

The energy depletive effects of AEP, AET, and AEE at their MEC10 concentrations on the 

selected Gram-positive and -negative bacteria, and fungi were studied (Figures 34 and 35). 

Although no significant change in the total protein content (TP) over time in the planktonic 

cells was observed, a significant 60.37 ± 5.35% decrement in the ATP/TP ratio was found in 

the case of the AEP treated samples when compared to the 0 h samples (P ˂ 0.01). Both AET 

and AEE have shown a decrease up to an average of 40% in the ATP/TP ratio in the cases of 

bacteria and fungi when compared to the 0 h samples.  
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Figure 34. Effects of AEP, AET and AEE at their MEC10 concentrations on the total 

protein content (TP) and intracellular ATP/TP ratio of the planktonic E. coli (A), S. 

aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) compared to their 

respective 0 h samples and vancomycin (VAN) standard antimicrobial controls after 

2, 6, 8, 16 and 24 h of treatment (mean ± SD, n = 6 independent experiments each 

with three technical replicates). 
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Figure 35. Effects of AEP, AET, and AEE at their MEC10 concentrations on the total 

protein content (TP) and intracellular ATP/TP ratio of the planktonic S. pombe (A), 

C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) compared to 

their respective 0 h samples and caspofungin (CAS) standard antimicrobial controls 

after 6, 12, 30, 36 and 48 h of treatment (mean ± SD, n = 6 independent experiments 

each with three technical replicates). 
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11.8.3. Effects on microbial cell viability and metabolic activity 

The multi-parametric cytotoxicity assay has been performed to evaluate the viability of the 

microbial cells using SYBR Green I/PI live-dead cell technique while the resazurin 

fluorometric method was applied for reflecting the metabolic changes caused by the test 

samples. The cytotoxic effects of AEP, AET, and AEE on the viability (Figures 36 and 37) and 

the metabolic activity (Figures 43 and 44) of the selected bacteria and fungi were evaluated. 

The 50% reduction in the viable cell population was reached at an average of 9.9 ± 0.71 h and 

17.09 ± 0.45 h in the case of the Gram-positive and -negative bacteria, and fungi under AEP 

exposure. A delayed effect at an average of 9.74 ± 1.65 h was observed in the case of AET to 

initiate a 50% mean non-viability in the microbial populations when compared to AEP (P ˂ 

0.01). The AEE has shown the slowest induction of microbial non-viability with a delay of 

20.63 ± 3.73 h compared to AEP (P ˂ 0.01). A significant 50% decrement in the metabolic 

activity was observed in the case AEP treated bacteria and fungi at an average of 10.63 ± 0.55 

h and 26.35 ± 0.36 h, respectively (Figures 38 and 39). The AET treatment showed an average 

of 7.42 ± 2.63 h delay in reducing metabolic activity by 50%when compared to AEP treated 

samples (P ˂ 0.01). No significant decrease in the metabolic activity was found in the case of 

the AEE treated fungal samples. 
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Figure 36. Mean percentage non-viability of AEP, AET and AEE at their MEC10 

concentrations on the metabolic activities of the planktonic E. coli (A), S. aureus (B), 

B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) compared to their respective 0 

h samples and vancomycin (VAN) standard antimicrobial controls after 2, 6, 8, 16 and 

24 h of treatment (mean ± SD, n = 6 independent experiments each with three technical 

replicates). 
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Figure 37. Mean percentage non-viability of AEP, AET, and AEE at their MEC10 

concentrations on the metabolic activities of the planktonic S. pombe (A), C. albicans 

(B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) compared to their 

respective 0 h samples prior and caspofungin (CAS) standard antimicrobial controls 

after 6, 12, 30, 36 and 48 h of treatment (mean ± SD, n = 6 independent experiments 

each with three technical replicates). 
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Figure 38. Effects of AEP, AET and AEE at their MEC10 concentrations on the 

metabolic activities of the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. 

aeruginosa (D), and S. pyogenes (E) compared to their respective 0 h samples and 

vancomycin (VAN) standard antimicrobial controls after 2, 6, 8, 16 and 24 h of 

treatment (mean ± SD, n = 6 independent experiments each with three technical 

replicates). 
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Figure 39. Effects of AEP, AET and AEE at their MEC10 concentrations on the 

metabolic activities of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), 

C. dubliniensis (D) and C. krusei (E) compared to their respective 0 h samples and 

caspofungin (CAS) standard antimicrobial controls after 6, 12, 30, 36 and 48 h of 

treatment (mean ± SD, n = 6 independent experiments, each with three technical 

replicates). 

11.9. Effects on mature Candida spp. biofilms 

The changes in the metabolic activity, fungal cell viability, total biofilm biomass, total 

protein content (TP) of the biofilm-attached Candida cells, and their ATP content in terms of 

ATP/TP ratio are shown in Figures 40 and 41. Variable response to the AEP, AET, and AEE 

treatments at their respective MEC10 concentrations was observed when compared to the 

growth control (GC). Although no changes were found in the total biofilm biomass, a 

significant 40% reduction in the metabolic activity of the AEP treated mature biofilm-attached 

Candida species after 24 h was observed compared to GC. Whereas, AET and AEE treated 

samples have shown an average of 20% to 30% metabolic activity reduction compared to the 

AEP treatment (P ˂ 0.01). The reduction of the 50% viable biofilm-attached Candida cells was 

also observed compared to the GC after 24 h of the treatment. The killing activity of the AEE 

treatments was found to be the lowest compared to the AEP treatments (P ˂  0.01). Total protein 

(reflecting the number of cells, TP) did not change significantly during the treatments, but a 
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significant 60% reduction of the ATP/TP ratio was found in the case of the AEP treated mature 

biofilm-attached Candida samples when compared to the GC (P ˂ 0.01). An average of 28.57 

± 5.26% and 15.34 ± 4.64% reduction in the ATP/TP ratio for the AET and AEE were recorded, 

resulting in the AEE treatments to be the least effective among the treatment groups. Several 

experiments have been conducted previously; however, the mechanism of action at the sub-

inhibitory concentrations has not been studied at all [98,146,160]. Our data suggest an effective 

microbial killing activity of AEP on selected bacteria and fungi. Previous studies believe that 

the killing action of the essential oils happens due to the leakage in the cells’ cytoplasmic 

membrane and induction of oxidative stress [94,99,159]. We have introduced several staining 

methods to visualize and to understand the mechanism of action of the AEP, AET, and AEE. 

The AEP was able to induce higher oxidative stress compared to AET and AEE followed by 

metabolic interference, cell wall disruption, ATP depletion, and finally cell death in the case 

of planktonic bacterial and fungal cells as well as in mature biofilm-attached Candida cells at 

their respective sub-inhibitory concentrations. 
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Figure 40. Effects of AEP, AET and AEE after 24 h of treatments at their respective 

MEC10 concentrations on the metabolic activity, amount of biofilm biomass, and 

viability of C. albicans (A), C. tropicalis (B), C. dubliniensis (C) and C. krusei (D) 

cell populations (mean ± SD, n = 6 independent experiments each with three technical 

replicates, data were compared with untreated controls (GC) and with caspofungin 

(CAS)-treated positive controls. The red (*) and blue (*) asterisks represent a 

significance value of P ˂ 0.01 for the metabolic activity and viability measurements, 

respectively. 
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Figure 41. Effects of AEP, AET, and AEE after 24 h of treatments at their respective 

MEC10 concentrations on the ATP and the total protein content (TP) of C. albicans 

(A), C. tropicalis (B), C. dubliniensis (C) and C. krusei (D) cell populations in the 

mature biofilms (mean ± SD, n = 6 independent experiments each with three technical 

replicates, data were compared with untreated controls (GC) and with caspofungin 

(CAS)-treated positive controls. The blue double asterisks (**) represent a 

significance value of P ˂ 0.01 for the intracellular ATP/Total protein content 

(ATP/TP), respectively. 

12. Conclusions 

In this study, we have analyzed the total antioxidant capacity and antimicrobial activity of 

various plants’ secondary metabolites including their extracted essential oils. We worked out 

novel formulations for the essential oils in order to enable their examination in aqueous test 

systems. In case of randomly methylated cyclodextrin (RAMEB) encapsulation, the RAMEB 

captured essential oils (EOs) and their components showed significantly higher antioxidant and 

antimicrobial activities than the previously reported data on conventional formulations of 

essential oils/components. This suggests that the encapsulation with RAMEB may provide 

some protection to the EOs and their components from the variable oxidative environment. 

Also, the cyclodextrin captured essential oil system may provide protection against different 

environmental conditions and the enhanced aqueous solubility and functional capabilities of 

the EOs may be utilized as additives in the food packaging industry. 
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Furthermore, we have established a novel, sensitive, and rapid fluorescent SYBR Green 

I/PI double-stain live/dead microbial discrimination technique as a methodological 

development with optimization and validation of the method by flow cytometric analyses. The 

introduction of the term of live/dead population ratio proved to have promising predictive 

capacity regarding the antimicrobial action of the test drugs.  

We observed combined antifungal effects of two well-known plant-derived secondary 

metabolites, artemisinin, and scopoletin, at their MEC10 (minimum effective concentration) by 

quantitation of the sub-inhibitory dose-response curves of the tested drugs on several Candida 

species, using our novel rapid fluorescent techniques. At the sub-inhibitory concentrations, the 

synergistic antifungal activities of artemisinin and scopoletin on mature Candida biofilms and 

planktonic cells were significantly higher than their activities alone on those species. These 

promising results might be useful for further detailed research for their potential usage as 

alternative antimicrobial agents for the treatment of Candida infections using cyclodextrins, 

Pickering emulsions, and other targeted drug delivery systems resulting in improved systemic 

absorption and reduced toxicity. 

Our Pickering emulsion stabilized essential oils and lipophilic plant active component 

formulations have been successfully tested for antimicrobial activities on Gram-positive and -

negative bacteria, as well as on fungi. We have also developed quantitative, fast, and reliable 

multi-parametric fluorescent techniques to evaluate the fungal cytotoxicity including metabolic 

activities, microbial live/dead ratio, ROS, peroxide, and superoxide anion radical generation of 

the test drugs on biofilm-attached and planktonic Candida fungal cell populations. The 

formulated oil in water Pickering essential oil nanemulsions have shown better antimicrobial 

and biofilm degradation activities when compared to the detergent and apolar solvent based 

formulations at their sub-inhibitory concentrations.  

These findings suggest the potential usage of cyclodextrins and surface stabilized silica 

Pickering nanoemulsions as the targeted and sustained-release systems for the active plant 

metabolites, EOs and their components in the field of food industry and pharmaceuticals. 

Furthermore, our data also encourages the usage of the multiparametric fluorescent assay 

techniques, along with the conventional microbial assays for a fast, reliable and high 

throughput in-vitro data production. These data and test systems may serve as a starting point 

for obtaining more detailed information for future researches in the fight against pathogenic 

microbes.  
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13. Future perspectives 

Over the years, many scientists have performed research on different plant families to be 

able to identify antimicrobial activities and other actions of secondary metabolites. Therefore, 

in the future, high throughput and sensitive experimental studies should be developed and 

applied to test the biological activities of different plant families. Future research should be 

able to identify and decipher the mechanisms these secondary metabolites undergo. Also, 

future researchers should focus on the selective isolation of plant compounds, to be able to 

determine exactly which one is contributing to the antimicrobial activity and how. Our results 

regarding the applied new drug formulations (encapsulation and nanoemulsion techniques) 

proved that the antioxidant and antimicrobial efficiency of secondary plant metabolites can be 

significantly increased when compared to the present “classical” formulations. These findings 

may be used in the future in food industry and in healthcare as well. Lastly, the future of 

ethnopharmacology seems very fascinating, there is hope to eradicate these antibiotic-resistant 

microorganisms by eliminating them with phytochemicals. 
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15. Novel findings of the Ph.D. research 

 We have developed thermodynamically stable novel cyclodextrin based essential 

oils/component complexes with high encapsulation efficiency. As a result, we could 

produce more reliable and sustainable data for the antioxidant and antimicrobial 

analyses of encapsulated various essential oils/pure components.  

 We have developed and optimized a rapid microplate live/dead microbial viability 

assay technique using a fluorescent double-staining method. The assay was validated 

by flow-cytometry, and we successfully established the protocol for a fast, reliable, and 

high throughput antimicrobial analysis. 

 We were able to increase the antioxidant and antimicrobial potentials of various 

essential oils/components with the cyclodextrin encapsulation, when compared to their 

un-complexed forms. The total antioxidant capacity and the antimicrobial properties of 

the RAMEB encapsulated EOs and their components showed 5-6 times higher 

efficiency than other (classical) EOs’ formulations.  

 We have successfully created surface-modified silica nanoemulsion based delivery 

systems of the essential oil(s) along with their components and plant’s secondary 

metabolites for their enhanced aqueous solubility and better characterization of their 

biological properties. 

 We were able to characterize the antimicrobial effects of essential oils and pure plant 

extracts at their Minimum Effective Concentrations (MEC10) by various methods 

(metabolic activity, oxidative stress, live/dead discrimination assay, killing activity vs. 

exposure time). Based on our results, the Pickering EO nanoemulsions have shown 

higher growth inhibitory actions at lower MIC compared to the apolar solvent and 

conventional detergent based formulations. Furthermore, at the minimum effective 

concentrations (MEC10), the Pickering EO nanoemulsions were able to generate 3-5 
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times higher cellular oxidative stress followed by metabolic interference and 

consequent cell damage. 

 We have investigated the antimicrobial and anti-biofilm actions of artemisinin and 

scopoletin (secondary metabolites of Artemisia annua L.) and have revealed their 

effects on cellular viability, metabolic activity, and oxidative stress balance of microbial 

biofilms and planktonic cells, as well. Our data suggest, that both artemisinin and 

scopoletin, even at their MEC10 concentrations were able to initiate oxidative imbalance 

and reducing metabolic activities followed by induction of cellular damage in the tested 

Candida species. 

 We have introduced several multi-parametric fluorescent techniques to overcome the 

challenges associated with the measurements of the antimicrobial assay of the Artemisia 

annua L. Pickering EO nanoemulsions (AEP) on biofilms and on planktonic cells, and 

have investigated the possible mode of action (metabolic activity, oxidative stress, 

live/dead discrimination assay and intracellular ATP/total protein content). An effective 

microbial killing activity has been observed in case of AEP, when compared to the 

conventional detergent and apolar solvent based formulations. Overall, our 

observations demonstrated that the Pickering nanoemulsions facilitated the penetration 

of Artemisia annua L. essential oil through the biofilm and the cells, inducing oxidative 

imbalance and disruption of the cell wall integrity.  
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Supplementary materials 

 

Figure S1. Mixture of EO pure components: GC chromatogram of the solution 

containing linalool, borneol, menthol, citral and thymol at the concentration of 0.5 

mg/mL (each), diluted with acetonitrile. 

 

 

Figure S2. RAMEB only: GC chromatogram of the mixture made by 50 mg RAMEB 

mixed with acetonitrile at 50 mg/mL, shaken for 10 minutes and the supernatant was 

used after centrifugation. 
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Figure S3. Lavender: GC chromatogram of the solution containing lavender oil (2.5 

mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture prepared 

by 50 mg RAMEB-lavender oil complex mixed with acetonitrile at 50 mg/mL (B). 



118 

 

 

Figure S4. Lemon balm: GC chromatogram of the solution containing lemon balm oil 

(2.5 mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture 

prepared by 50 mg RAMEB-lemon balm oil complex mixed with acetonitrile at 50 

mg/mL (B). 
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Figure S5. Peppermint: GC chromatogram of the solution containing peppermint oil 

(2.5 mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture 

prepared by 50 mg RAMEB-peppermint oil complex mixed with acetonitrile at 50 

mg/mL (B). 
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Figure S6. Thyme: GC chromatogram of the solution containing thyme oil (2.5 

mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture prepared 

by 50 mg RAMEB-thyme oil complex mixed with acetonitrile at 50 mg/mL (B). 
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Figure S7. GC chromatograms for studying the encapsulation efficiency of RAMEB 

complexed lavender oil (A), lemon balm oil (B), peppermint oil (C) and thyme oil (D) 

based on GC analyses. Black lines: free EOs/components, blue lines: RAMEB 

complexed EOs/components. 
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Figure S8. Chromatogram of chamomile essential oil obtained by GC-MS. 

Figure S9. GC-MS chromatogram relative to the analysis of Artemisia annua L. 

essential oil on SLB-5ms column. 
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Figure S10. Expansion (5-35min) of the GC-MS chromatogram relative to the 

analysis of Artemisia annua L. essential oil on SLB-5ms column. 
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Figure S11. Expansion (35-63min) of the GC-MS chromatogram relative to the 

analysis of Artemisia annua L. essential oil on SLB-5ms column. 
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Figure S12. GC-MS chromatogram relative to the analysis of Artemisia annua L. 

essential oil on Supelcowax-10 column. 
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Figure S13. Expansion (4-32min) of GC-MS chromatogram relative to the analysis 

of Artemisia annua L. essential oil on Supelcowax-10 column. 
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Figure S14. Expansion (32-58min) of the GC-MS chromatogram relative to the 

analysis of Artemisia annua L. essential oil on Supelcowax-10 column. 
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Table S1. Results of GC-MS analysis of chamomile EO. In the table the major 

components can be seen, the compounds that were present significantly under 1% 

were not indicated or identified.  

No. Compound tR (min) Area percentage (%) 

1 trans β-Farnesene 23.304 17.93 

2 Germacrene D 23.971 1.54 

3 bicyclogermacrene 24.526 1.39 

4 (E,E)-α-Farnesene 25.100 2.08 

5 spathulenol 27.676 1.88 

6 Bisabolol oxide B 30.732 7.57 

7 Bisabolone 32.133 21.83 

8. Chamazulen 33.375 3.19 

9. Bisabolol oxide A 34.127 10.48 

10. Vetivazulene 35.048 4.94 
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Table S2. Identification of chemical composition of Artemisia annua L. essential oil 

by using LRI (Linear Retention Index). LRI lib are values reported in FFNSC 3.01 

library; LRI exp are obtained experimentally on SLB-5ms and Supelcowax-10 

columns. % MS Sim. represents the similarity between experimental and library 

spectra. Quantification of chemical composition of Artemisia annua L. essential oil is 

expressed by GC % area. 

  SLB-5ms Supelcowax-10 

ID Compounds % MS 

Sim. 

LRI 

Lib 

LRI 

exp 

Sample  

Area % 

% MS 

Sim. 

LRI 

Lib 

LRI 

exp 

Sample  

Area % 

1 Hexanal 91 802 801 0.05 92 480 477 0.05 

2 2-Hexenal, (E) 92 850 850 0.07 92 631 628 0.06 

3 Artemisia triene 95 922 923 0.40 - - - nd 

4 Thujene <alpha-> 97 926 927 0.05 96 428 427 0.05 

5 Pinene <alpha-> 96 934 933 0.10 95 425 427 0.11 

6 Camphene 97 951 953 0.02 91 462 459 0.23 

7 Thuja-2,4(10)-diene 96 955 953 0.06 97 521 519 0.06 

8 Benzaldehyde 98 963 960 0.05 95 925 931 0.03 

9 Sabinene 97 974 972 0.12 97 517 518 0.11 

10 Pinene <beta-> 97 980 978 0.03 93 502 505 0.02 

11 1,8-cineol <2,3-Dehydro-

> 

87 992 991 0.17 95 602 - 0.14 

12 Yomogi alcohol 97 995 996 1.29 95 810 812 1.32 

13 Phellandrene <alpha-> 92 1008 1007 0.03 89 570 574 0.04 

14 Terpinene <alpha-> 96 1019 1018 0.31 97 589 586 0.28 

15 Cymene <para-> 95 1026 1025 0.38 97 676 678 0.35 

16 Santolina alcohol 86 1031 1033 0.07 96 812 814 0.05 

17 Eucalyptol 98 1033 1032 0.55 96 617 614 0.57 

18 Artemisia ketone 92 1058 1056 4.43 91 756 754 3.98 

19 Terpinene <gamma-> 91 1060 1058 * 95 651 654 0.47 

20 Sabinene hydrate <cis-> 91 1071 1069 0.13 92 964 - 0.21 

21 Artemisia alcohol 94 1081 1079 1.68 94 914 913 1.74 

22 Terpinolene 93 1088 1086 0.15 95 686 681 0.13 

23 Cymenene <para-> 94 1093 1093 0.05 89 846 847 0.02 

24 Sabinene hydrate 

<trans-> 

86 1099 1103 0.15 92 872 873 0.15 

25 Menthatriene <1,3,8-

para-> 

- - - nd 88 624 626 0.01 

26 Nonanal <n->  86 1106 1107 0.08 91 805 807 0.04 

27 Sabina ketone 

<dehydro-> 

89 1122 1122 0.03 - - - nd 

28 Menth-2-en-1-ol <cis-, 

para-> 

95 1127 1124 0.10 85 968 968 0.09 

29 Campholenal <alpha-> 92 1129 1125 0.10 91 898 899 0.09 

30 Verbenol <trans-> - - - nd 91 1080 1079 0.70 

31 Pinocarveol <trans-> 93 1145 1141 7.55 94 1056 1055 7.60 

32 Camphor 95 1151 1149 7.06 96 920 918 6.82 

33 Pinene oxide <beta-> 87 1158 1156 1.25 - - - nd 

34 Sabina ketone 93 1160 1157 0.16 90 1035 1035 0.13 

35 Pinocarvone 95 1166 1164 3.22 95 971 971 2.91 
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36 Terpineol <delta-> 94 1173 1170 0.43 95 1075 1076 0.35*B 

37 Borneol 96 1175 1173 0.40 94 1102 ˗ 1.71*C 

38 Terpinen-4-ol 91 1184 1184 1.75 90 1005 1002 1.66 

39 Myrtenal 95 1186 1196 0.11 87 1030 1034 1.51 

40 Cymen-8-ol <para-> 91 1189 1189 0.15 91 1247 1243 0.18 

41 Isocarveol <trans-> 85 1191 1189 0.12 90 1193 1192 0.15 

42 Mentha-1,5-dien-7-ol 

<para-> 

85 1195 1194 0.06 91 1198 1191 0.08 

43 Terpineol <alpha-> 92 1198 1195 2.19 95 1099 1099 1.71*C 

44 Myrtenol 95 1201 1202 * 96 1188 1191 0.85 

45 Verbenone 94 1211 1208 0.12 - - - nd 

46 Carveol <trans-> 93 1222 1223 0.39 91 1232 1232 0.40 

47 Butanoate <hex-(3Z)-

enyl, 2-methyl-> 

86 1231 1231 0.08 - - - nd 

48 Carveol <cis-> 86 1236 1232 0.11 90 1262 1262 0.11 

49 Carvone 94 1247 1246 0.11 92 1135 1133 0.05 

50 Tridec-1-ene <n-> 95 1293 1292 0.13 95 750 - 0.01 

51 Pinocarvyl acetate 

<trans-> 

92 1298 1296 0.07 85 1051 1052 0.07 

52 Thymol 87 1293 1293 0.09 - - - nd 

53 Cubebene <alpha-> 90 1345 1350 0.16 98 863 864 0.19 

54 Eugenol 85 1356 1357 0.42 87 1554 1552 0.61 

55 Cyclosativene 93 1372 1367 0.02 - - - nd 

56 Copaene <alpha-> 93 1380 1375 2.75 95 896 898 2.87 

57 Cubebene <beta-> 95 1391 1392 0.32 96 941 942 0.36*A 

58 Jasmone <(Z)-> 93 1396 1394 0.12 86 1326 1330 0.10 

59 Ylanga-2,4(15)-diene 89 1410 1411 0.16 - - - nd 

60 Caryophyllene <(E)-> 95 1425 1424 5.26 96 996 996 5.55 

61 Copaene <beta-> 90 1434 1432 0.07 93 942 944 0.36*A 

62 Farnesene <(E)-, beta-> 91 1455 1452 4.80 96 1070 1070 4.07 

63 Sesquisabinene - - - nd 92 1166 1170 0.05 

64 Humulene <alpha-> 91 1459 1460 0.34 95 1067 1067 0.40 

65 Cadina-4,11-diene 88 1462 1458 0.15 - - - nd 

66 Selina-4,11-diene 91 1478 1476 0.29 86 1074 1076 0.35*B 

67 Muurolene <gamma-> - - - nd 95 1086 1086 0.13 

68 Amorpha-4,7(11)-diene 90 1481 1480 0.06 - - - nd 

69 Ionone <(E)-, beta-> 92 1483 1482 0.08 - - - nd 

70 Germacrene D 89 1485 1480 0.52 92 1107 ˗ 0.59 

71 Selinene <beta-> 97 1497 1492 12.27 94 1116 1117 12.75 

72 Cadinene <delta-> 94 1523 1518 0.42 93 1152 1152 0.47 

73 Calamenene <trans-> 89 1526 1527 0.12 88 1226 1229 0.05 

74 Calacorene <alpha-> 90 1546 1544 0.10 87 1306 1310 0.12 

75 Nerolidol <(E)-> 87 1563 1561 0.15 93 1431 1431 0.15 

76 Spathulenol 84 1581 1576 1.75 89 1510 1512 1.15 

77 Caryophyllene oxide 91 1589 1587 8.64 93 1371 1364 8.71 

78 Copaen-4-alfa-ol <beta-> - - - nd 87 1532 1534 0.39 

79 Salvial-4(14)-en-1-one 88 1599 1596 0.62 94 1395 1397 0.57 

80 Humulene epoxide II 86 1616 1613 0.73 90 1425 1431 0.43 
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81 Eudesma-4(15),11-dien-

5-ol 

85 1639 - 1.06 - - - nd 

82 Cadin-4en-7-ol <cis-> 88 1642 1638 * 89 1485 1486 0.40 

83 Eudesma-4(15),7-dien-1-

beta-ol 

88 1665 1670 0.75 87 1730 ˗ 1.06 

84 Mustakone 89 1681 1681 1.27 - - - nd 

85 Neophytadiene 94 1837 1836 0.33 - - - nd 

86 Phytone 90 1842 1841 0.25 89 1516 1514 0.54 

87 Nonadecane 95 1901 1900 0.29 88 1295 1296 0.41 

88 Heneicosane <n-> 95 2101 2100 0.12 88 1488 1488 0.27 

89 Phytol 92 2107 2111 0.17 95 1982 1983 0.22 

90 Tricosane <n-> 96 2301 2300 0.24 94 1681 1678 0.29 

 Not identified       18.99    21.43 

 TOTAL    100.00    100.00 

nd: not detected 

*: coelution 

*A: coelution between Cubebene <beta-> and Copaene <beta-> on Supelcowax-10 column 

*B: coelution between Terpineol <delta-> and Selina-4,11-diene on Supelcowax-10 column 

*C: coelution between Terpineol <alpha-> and Borneol on Supelcowax-10 column 
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Figure and table legends 

Figure 1. Characteristics of synthetic cyclodextrins. Shapes, dimensions, chemical 

structures, and complexation of natural cyclodextrins. 

Figure 2.  Sketch of a Pickering emulsion and a classical (surfactant-based) emulsion. 

Figure 3. The UV absorption spectra of the physical mixture of essential oil-RAMEB 

(1), physical mixture of component-RAMEB (2), essential oil (3), active component 

(4), encapsulated essential oil-RAMEB (5), encapsulated component-RAMEB (6), 

RAMEB (7) and chemicals extracted from encapsulated essential oils. 

Figure 4. The A, B, C, and D represents slope, stability constant (Ks, L/mol), enthalpy 

(ΔH, kJ/mol), and entropy (ΔS, J/Kmol) changes of encapsulated essential oils and 

active components at specified temperatures. 

Figure 5. Antioxidant activities of investigated EO-RAMEB (A) and EO components 

RAMEB (B) complexes. The effects of selected RAMEB packed EOs and their 

components on ORAC, ECL, and DPPH assays. 

Figure 6. Anti-fungal and anti-microbial activity of investigated EO-RAMEB and EO 

component-RAMEB complexes and on S. pombe, E. coli and S. aureus. 

Figure 7. Comparison of the live/dead discrimination results between the plate reader 

assay and the flow cytometric assay using SYBR Green I/propidium iodide double 

staining on S. pombe. 

Figure 8. Percentage death of cells using SYBR Green I/PI double-stained plate 

reader method for live/dead discrimination of the test microbes. 

Figure 9. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and 

vancomycin (Van, μg/mL) on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa 

(D), and S. pyogenes (E). 

Figure 10. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and 

caspofungin (Cas, μg/mL) on S. pombe (A), C. albicans (B), and C. tropicalis (C). 

Figure 11. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Van 

(μg/mL) on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. 

pyogenes (E). 

Figure 12. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Cas 

(μg/mL) on S. pombe (A), C. albicans (B), and C. tropicalis (C). 

Figure 13. Percentage oxidative stress generation by CPe, CT80, CEt, and Van on E. 

coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). 

Figure 14. Percentage oxidative stress generation by CPe, CT80, CEt, and Cas on S. 

pombe (A), C. albicans (B), and C. tropicalis (C). 

Figure 15. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on E. coli (A), S. 

aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). 
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Figure 16. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on S. pombe (A), C. 

albicans (B), and C. tropicalis (C). 

Figure 17. Mean percentage viability of CPe, CT80, and CEt on E. coli (A), S. aureus 

(B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). 

Figure 18. Mean percentage viability of CPe, CT80, and CEt on S. pombe (A), C. 

albicans (B), and C. tropicalis (C). 

Figure 19. Minimum inhibitory concentrations (MIC90) (mean ± SD) of artemisinin 

(Ar) and scopoletin (Sc) on C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. 

krusei (D), C. glabrata (E), C. guilliermondii (F) and C. parapsilosis (G) species. 

Figure 20. Minimum effective concentrations (MEC10) (mean ± SD) of artemisinin 

(Ar) and scopoletin (Sc) on C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. 

krusei (D), C. glabrata (E), C. guilliermondii (F) and C. parapsilosis (G) species. 

Figure 21. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on the metabolic activity, amount of biofilm biomass, and viability of 

C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), 

C. guilliermondii (F), and C. parapsilosis (G) cell populations. 

Figure 22. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on the viability of planktonic C. albicans (A), C. dubliniensis (B), C. 

tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii (F), and C. 

parapsilosis (G) species. 

Figure 23. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on the metabolic activities of planktonic C. albicans (A), C. 

dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii 

(F), and C. parapsilosis (G) species. 

Figure 24. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 

concentrations on colony formation of planktonic C. albicans (A), C. dubliniensis (B), 

C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii (F) and C. 

parapsilosis (G) species. 

Figure 25. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 levels on 

peroxide (O2
2-) and superoxide anion (O2

•-) generation in planktonic C. albicans (A), 

C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii 

(F), and C. parapsilosis (G) species. 

Figure 26. Minimum inhibitory concentration (MIC90) of AEP, AET, AEE, and 

vancomycin (VAN) in µg/mL on E. coli (A), S. aureus (B), B. subtilis (C), P. 

aeruginosa (D), and S. pyogenes (E). 

Figure 27. Minimum inhibitory concentration (MIC90) of AEP, AET, AEE, and 

caspofungin (CAS) in µg/mL on S. pombe (A), C. albicans (B), C. tropicalis (C), C. 

dubliniensis (D) and C. krusei (E). 
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Figure 28. Minimum effective concentration (MEC10) of AEP, AET, and AEE 

(µg/mL) on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. 

pyogenes (E). 

Figure 29. Minimum effective concentration (MEC10) of AEP, AET, and AEE 

(µg/mL) on S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and 

C. krusei (E). 

Figure 30. Percentage oxidative stress generation by AEP, AET, AEE, and VAN on 

E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) at 

their respective MEC10 concentrations after a one-hour treatment. 

Figure 31. Percentage oxidative stress generation by AEP, AET, AEE, and CAS on 

S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) 

at their respective MEC10 concentrations and after a one-hour treatment. 

Figure 32. Effects of AEP, AET, and AEE at their MEC10 concentrations on the mean 

percentage colony-forming unit (CFU/mL) decrement of the planktonic E. coli (A), S. 

aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). 

Figure 33. Effects of AEP, AET, and AEE at their MEC10 concentrations on the 

metabolic activities of the mean percentage colony-forming unit (CFU/mL) decrement 

of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) 

and C. krusei (E). 

Figure 34. Effects of AEP, AET and AEE at their MEC10 concentrations on the total 

protein content (TP) and intracellular ATP/TP ratio of the planktonic E. coli (A), S. 

aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). 

Figure 35. Effects of AEP, AET, and AEE at their MEC10 concentrations on the total 

protein content (TP) and intracellular ATP/TP ratio of the planktonic S. pombe (A), 

C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E). 

Figure 36. Mean percentage non-viability of AEP, AET and AEE at their MEC10 

concentrations on the metabolic activities of the planktonic E. coli (A), S. aureus (B), 

B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). 

Figure 37. Mean percentage non-viability of AEP, AET, and AEE at their MEC10 

concentrations on the metabolic activities of the planktonic S. pombe (A), C. albicans 

(B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E). 

Figure 38. Effects of AEP, AET and AEE at their MEC10 concentrations on the 

metabolic activities of the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. 

aeruginosa (D), and S. pyogenes (E). 

Figure 39. Effects of AEP, AET and AEE at their MEC10 concentrations on the 

metabolic activities of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), 

C. dubliniensis (D) and C. krusei (E). 

Figure 40. Effects of AEP, AET and AEE after 24 h of treatments at their respective 

MEC10 concentrations on the metabolic activity, amount of biofilm biomass, and 
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viability of C. albicans (A), C. tropicalis (B), C. dubliniensis (C) and C. krusei (D) 

cell populations. 

Figure 41. Effects of AEP, AET, and AEE after 24 h of treatments at their respective 

MEC10 concentrations on the ATP and the total protein content (TP) of C. albicans 

(A), C. tropicalis (B), C. dubliniensis (C) and C. krusei (D) cell populations in the 

mature biofilms. 

Table 1. Candida species examined in the study. 
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Supplementary figure and table legends 

Figure S1. Mixture of EO pure components: GC chromatogram of the solution 

containing linalool, borneol, menthol, citral and thymol at the concentration of 0.5 

mg/mL (each), diluted with acetonitrile. 

Figure S2. RAMEB only: GC chromatogram of the mixture made by 50 mg RAMEB 

mixed with acetonitrile at 50 mg/mL, shaken for 10 minutes and the supernatant was 

used after centrifugation. 

Figure S3. Lavender: GC chromatogram of the solution containing lavender oil (2.5 

mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture prepared 

by 50 mg RAMEB-lavender oil complex mixed with acetonitrile at 50 mg/mL (B). 

Figure S4. Lemon balm: GC chromatogram of the solution containing lemon balm oil 

(2.5 mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture 

prepared by 50 mg RAMEB-lemon balm oil complex mixed with acetonitrile at 50 

mg/mL (B). 

Figure S5. Peppermint: GC chromatogram of the solution containing peppermint oil 

(2.5 mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture 

prepared by 50 mg RAMEB-peppermint oil complex mixed with acetonitrile at 50 

mg/mL (B). 

Figure S6. Thyme: GC chromatogram of the solution containing thyme oil (2.5 

mg/mL) diluted with acetonitrile (A) and the chromatogram of the mixture prepared 

by 50 mg RAMEB-thyme oil complex mixed with acetonitrile at 50 mg/mL (B). 

Figure S7. GC chromatograms for studying the encapsulation efficiency of RAMEB 

complexed lavender oil (A), lemon balm oil (B), peppermint oil (C) and thyme oil (D) 

based on GC analyses. Black lines: free EOs/components, blue lines: RAMEB 

complexed EOs/components. 

Figure S8. Chromatogram of chamomile essential oil obtained by GC-MS. 

Figure S9. GC-MS chromatogram relative to the analysis of Artemisia annua L. 

essential oil on SLB-5ms column. 

Figure S10. Expansion (5-35min) of the GC-MS chromatogram relative to the 

analysis of Artemisia annua L. essential oil on SLB-5ms column. 

Figure S11. Expansion (35-63min) of the GC-MS chromatogram relative to the 

analysis of Artemisia annua L. essential oil on SLB-5ms column. 

Figure S12. GC-MS chromatogram relative to the analysis of Artemisia annua L. 

essential oil on Supelcowax-10 column. 

Figure S13. Expansion (4-32min) of GC-MS chromatogram relative to the analysis 

of Artemisia annua L. essential oil on Supelcowax-10 column. 

Figure S14. Expansion (32-58min) of the GC-MS chromatogram relative to the 

analysis of Artemisia annua L. essential oil on Supelcowax-10 column. 
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Table S1. Results of GC-MS analysis of chamomile EO. In the table the major 

components can be seen, the compounds that were present significantly under 1% 

were not indicated or identified.  

Table S2. Identification of chemical composition of Artemisia annua L. essential oil 

by using LRI (Linear Retention Index). LRI lib are values reported in FFNSC 3.01 

library; LRI exp are obtained experimentally on SLB-5ms and Supelcowax-10 

columns. % MS Sim. represents the similarity between experimental and library 

spectra. Quantification of chemical composition of Artemisia annua L. essential oil is 

expressed by GC % area. 
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A B S T R A C T

Free essential oils and their active components have a low physiochemical stability and low aqueous solubility
which limit their applications as food preservatives and in packaging industry. The aim of this study was to
characterize the physicochemical properties, antioxidant activities and antimicrobial activity of randomly me-
thylated β cyclodextrin (RAMEB) encapsulated thyme oil, lemon balm oil, lavender oil, peppermint oil and their
active components that include thymol, citral, linalool, menthol and borneol. Inclusion complex formation of
essential oils (EOs) and RAMEB were evaluated by several methods. Antioxidant capacities of RAMEB-EOs/
components were reported to be more stable than free EOs/components (P < 0.05). Rapid SYBR green I/pro-
pidium iodide live/dead microbial cellular discrimination assay for Schizosaccharomyces pombe, Escherichia coli
and Staphylococcus aureus showed similar results when compared with flow cytometry analysis (P < 0.01)
suggesting that our novel microplate fluorescence method could be applied for the fast live/dead microbial
discrimination in antimicrobial assays.

1. Introduction

Natural volatile aromatic oily plant extracts (essential oils, EOs)
have been in focus for a long time because of their antioxidant and
antimicrobial activity (Costa, Garcia-Diaz, Jimenez, & Silva, 2013)
without exerting health hazards. On the other hand, recent studies
consider synthetic antioxidants like butylated hydroxyanisole (BHA)
and butylated hydroxytoluene (BHT) as potential carcinogenic agents
(Kfoury, Auezova, Greige-Gerges, & Fourmentin, 2015). Opposite to
synthetic antioxidants, several EOs are classified as “Generally Re-
cognized as Safe” (GRAS) and the Environment Protection Agency does
not require toxicity data. Therefore, these compounds are widely ac-
cepted by the consumers all over the world. EOs along with their pur-
ified components can be considered as alternative preservatives in food

and pharmaceutical industries and several studies highlight the effec-
tiveness of the use of EOs and their components in the preservation of
food products (Kfoury et al., 2016). EOs can be introduced into the
packaging system because of their active biological potencies due to
their insect repellent capacity and they might provide protection
against the penetration of the insect pests and microorganisms (Kfoury,
Pipkin, Antle, & Fourmentin, 2017). Therefore, packaging systems in-
tegrated with essential oils could be a solution for industrial high-level
expectations (Cid et al., 2013; Cid et al., 2014). One of the major
drawbacks of using EOs in food packaging is their interaction with the
organoleptic features of foods causing alterations in the flavoring
characteristics. Thus, designing proper controlled release of EOs inside
the food packaging system should be done to optimize the preservation
applications. Hence, the development of controlled release system for
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the essential oils inside packaging system is required for the optimi-
zation of their application.

Cyclodextrins (CDs) are also in a major research focus because of
their potent encapsulating property (Astray, Gonzalez-Barreiro, Mejuto,
Rial-Otero, & Simal-Gándara, 2009). EOs complexation with CDs may
act as a potential reservoir for trapping volatile components and thus
providing controlled release and formulation in hydrophilic environ-
ment can be achieved. It has been suggested that inclusion of EOs and
their components into CDs can provide protection against harmful en-
vironmental conditions and allow the preservation of antioxidant and
antimicrobial activity (Astray et al., 2009). CDs are cyclic oligo-
saccharides derived from the enzymatic conversion of starch. They are
non-toxic with hydrophilic outer surface and a hydrophobic core al-
lowing the hydrophobic guest molecule to enter and stay inside. This
interaction among the guest molecules and CDs forms a non-covalent
inclusion complex in polar medium. This inclusion complex is in dy-
namical equilibrium allowing the guest molecule to diffuse out from the
CDs complex system (Ciobanu, Landy, & Fourmentin, 2013). Native
CDs are composed of six, seven or eight glucosyl units and are known as
α-cyclodextrin (α-CD), β-cyclodextrin (β-CD) and γ-cyclodextrin (γ-
CD), respectively. The diameter of the CDs cavity is measured by the
number of glucose units in the CD and this controls the size of the guest
molecule for encapsulation. Many CD derivatives with enhanced solu-
bility and increased encapsulation performance are of major interest at
present.

Inclusion of EOs with CDs can act as a reservoir of volatile com-
ponent encapsulation and eventually may allow controlled release of
the oils. This enables the EOs to reach the desired concentration in the
food without exceeding the organoleptically tolerated levels. Several
research papers have documented that preservation of EOs with CDs
might help in conserving the guest molecule’s properties including
antioxidant and antimicrobial activities by protecting them from the
harmful environmental conditions. The combination of EOs and CD as a
complex to be used as active food packaging material has been sug-
gested because CDs are non-toxic cyclic oligosaccharides (Rakmai,
Cheirsilp, & Mejuto et al., 2017).

Non-complexed EOs are suggested to have antioxidant and anti-
microbial activity properties. Indeed, several papers have reported the
antioxidant and antimicrobial activity of EOs dissolved in polar solvents
like DMSO, and ethanol. Water miscible EOs have been found to possess
antimicrobial and antioxidant activity. However, these solvents might
cause interference with the EOs’ micro-environment as they are com-
posed of several active molecules which react with polar solvents dif-
ferently (Rakmai, Cheirsilp, & Torrado-Agrasar et al., 2017; Rakmai,
Cheirsilp, Mejuto, Torrado-Agrasar, & Simal-Gándara, 2018).

The aim of this work was to evaluate the total antioxidant capacity
(TAC) and antimicrobial activities of four EOs namely, lemon balm oil
(Melissa officinalis L.), lavender oil (Lavandula angustifolia Mill.), pep-
permint oil (Mentha x piperita L.), thyme oil (Thymus vulgaris L.) and
their components such as, borneol, citral, linalool, menthol and thymol
using their RAMEB complexes. We also established a novel fluorescence
microplate viability assay using SYBR green I/propidium iodide double
staining for the rapid live/dead discrimination of Gram-negative/posi-
tive test bacteria and Schizosaccharomyces pombe (S. pombe) treated
with EOs-RAMEB compounds. These oils and their components are
known for their antioxidant, antimicrobial, analgesic and anti-in-
flammatory properties (Chrysargyris, Panayiotou, & Tzortzakis, 2016).
To our best knowledge, it is the first time that effects of EOs-RAMEB
and EOs components-RAMEB complexes have been evaluated by rapid
live/dead discrimination of Gram-negative/positive test bacteria and
Schizosaccharomyces pombe using SYBR green I/propidium iodide
double stained fluorescent assay technique with simultaneous analysis
of their antimicrobial and antioxidant properties.

2. Materials and methods

2.1. Reagents and materials

All chemicals used for the in vitro analysis were of analytical or
spectroscopic grade and highly purified water (< 1 µS) was applied
throughout the experiments. Horseradish peroxidase (POD from Sigma
Aldrich), 1 mg/mL bovine serum albumin (BSA, Serva) in 50mmol/L
phosphate buffer pH 7.4, H2O2 (Molar Chemicals) diluted with 0.1%
citric acid (Ph. Eur 8.0.), 6-hydroxy-2,5,7,8-tetramethylchroman-2-
caroboxilic acid (Trolox), luminol, para-iodophenol, diphenyl-2-2 pi-
cryl-hydroxyl (DPPH, stable free radical), fluorescein Na2 salt, 2,2′-
azobis (2-methylpropionamidine) dihydrochloride (AAPH), SYBR green
I and propidium iodide (PI) were all from Sigma Aldrich and used as
received. Ethanol and methanol (Reanal, Hungary) were of spectro-
scopic grade. In the oxygen radical absorbance capacity (ORAC) assay,
75mmol/L K-phosphate buffer of pH 7.4 was used. All the EOs/com-
ponents – RAMEB namely lavender oil, lemon balm oil, peppermint oil,
thyme oil, ± borneol, cis/trans citral, linalool, menthol and thymol
were obtained from CycloLab Cyclodextrin Research & Development
Laboratory, Ltd. (Budapest, Hungary).

For the microbial culture media, trypsin soy broth from Biolab
(Hungary), peptone (OXOID, UK), NaCl (VWR), yeast extract (Merck),
dextrose (Sigma-Aldrich), adenine (Fluka Chemicals), histidine (VWR),
leucine (Applichem, Germany), glycine (Reanal, Hungary) and uracil
(Sigma-Aldrich) have been used throughout the whole experiments.

S. pombe (ATCC strain: 38366), Escherichia coli (E. coli, Microbial
Collection of University of Pécs strain: 201) and Staphylococcus aureus
(S. aureus, ATCC strain: 29213) were obtained from the Department of
General and Environmental Microbiology, Institute of Biology,
University of Pécs, Hungary.

2.2. Inclusion complex formation of RAMEB and selected essential oils/
components

25 g (close to 0.02mol) of statistically (Random) methylated beta-
cyclodextrin (having an average degree of methylation of 1.8 methoxy-
groups/glucopyranose unit) was dissolved in 30mL of deionized water
at room temperature under nitrogen stream protected from light. Then
1.5 g (close to 0.01mol) of the essential oils or pure components were
fed dropwise to the stirred cyclodextrin solution. The resulting emul-
sion was sonicated for 3min and stirred for further 2 h protected from
light. It was then chilled to −45 °C in dry ice/ethanol mixture and
lyophilized. The resulting light powder was homogenized and used for
the further studies.

2.3. Characterization of encapsulated essential oils and their components

2.3.1. UV–VIS spectroscopy analysis
The formation of inclusion complexes of the selected essential oils,

their components and RAMEB was evaluated by UV–VIS spectro-
photometry (Hitachi U-3900). Essential oils were dissolved in acetoni-
trile (0.5 mg/mL). RAMEB, encapsulated essential oils, components and
a 4:1 mixture of RAMEB-essential oils/components were mixed in
acetonitrile at 5mg/mL and shaken for 10min. The supernatant was
separated by centrifugation, diluted hundred times in acetonitrile and
was scanned in the range of 200–400 nm to obtain UV–VIS absorption
spectra (Liu et al., 2013).

2.3.1.1. Photometric titration. The photometric titration was performed
in acetonitrile. In brief, the oil concentrations were kept constant
(1 mmol/L) while the CD concentrations were varied from 1mmol/L up
to 8mmol/L. Data evaluation was performed as described before (Poór
et al., 2015; Poór, Zand, Szente, Lemli, & Kunsági-Máté, 2017).
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2.3.2. Phase solubility studies
Phase solubility plots were obtained to identify and evaluate the

stability of the inclusion complexes (Nicolescu, Aram, Nsedelcu, &
Monciu, 2010). In brief, excess of essential oils were added to 10mL
aqueous solutions of RAMEB in a concentration range of 0–10mmol/L,
incubated at 25 °C and 35 °C, shaken at 200 rpm for 24 h and filtered
through 0.45 µm syringe filter (Fisher Scientific). The quantity of es-
sential oils remained in the solution was measured spectro-
photometrically at 214.5 nm (Hitachi U-3900) and data were compared
with the standard curve obtained for the components. The quantity of
essential oils in the solution was plotted against RAMEB concentration.
The stability constant KS (L/mole) was calculated from slope and in-
tercept of the plot from the equation:

=
−

slope
intercept x slope

K
(1 )s

where Ks (L/mole) represents the stability constant and intercept
(mmol/L) is the dissolved guest molecules (essential oil or their pure
components) in aqueous complex medium when no cyclodextrin is
present.

2.3.2.1. Thermodynamics of the formation of inclusion complexes of BCDs
with essential oils. To get deeper insights into the processes associated to
the complex formation, thermodynamic parameters were determined
using the stability constants measured at different temperatures
applying the van’t Hoff equation:

= − = − +K G
RT

H
RT

S
R

ln( ) Δ Δ Δ

2.3.3. HS-GC-FID analysis
The formation of inclusion complexes of the selected essential oils,

their components and RAMEB was examined by headspace gas chro-
matography with flame-ionization detection (Agilent 7890A GC system,
G1888 Network Headspace Sampler). Encapsulation efficiency for the
RAMEB-EO complexes and formation constant (Kf) values of RAMEB/
aroma inclusion complexes were determined using the static headspace
gas chromatography based on the publication of Kfoury et al., 2017.
Essential oils (100 ppm) or their components (1 mmol/L) were added to
10mL deionized water or RAMEB’s aqueous solution (20mmol/L)
previously introduced into 20mL headspace vial. The vial was crimp
sealed and thermostated at 25 ± 0.1 °C. After the equilibrium was
established (30min), 100 µL of vapor was injected directly into the
chromatographic column (DB-ALC2, Agilent J&W Scientific,
30 m×0.32mm i.d. and a 1.2 µm film thickness). The HS loop and
transfer line temperatures were set at 80 °C and 150 °C, respectively.
The injection port temperature was held at 230 °C and used in split
mode with a split ratio of 1:2. The FID temperature was maintained at
250 °C. Nitrogen was used as carrier gas. The initial GC oven tem-
perature was held at 76 °C for 10min, then the temperature increased at
2 °C/min to 128 °C and then ramped at 10 °C/min to 218 °C which was
kept for 1min.

To determine the formation constant (Kf) and the encapsulation
efficiency (EE) 3-3 parallel measurements were performed. Kf values
(L/mole) and EE (%) were calculated using the following equations:

=
−( )

K
C

1
f

A
A

RAMEB

RAMEB
0

where A0 and ARAMEB are the peak areas of aroma components in the
absence and in the presence of RAMEB, respectively; CRAMEB is the in-
itial concentration of RAMEB.
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⎝
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∑
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A
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where ΣA0 and ΣARAMEB are the sum of the peak areas of aroma

components in the absence and in the presence of RAMEB, respectively.

2.3.4. Determination of average molecular weight of the essential oils
In brief, the average molecular weight of the experimented essential

oils was examined by determining the cryoscopic constants of dimethyl
sulfoxide (DMSO, 4.484 K kg/mole) using 1.003654 kg/mole naphtha-
lene. DMSO was used as the media. All measurements were repeated
three times.

2.4. Determination of Total antioxidant capacity (TAC)

2.4.1. DPPH assay
DPPH assay has been performed following the procedure described

previously (Prevc, Šegatin, Poklar Ulrih, & Cigić, 2013; Sharma & Bhat,
2009; Wollinger et al., 2016) with modifications. 2.94mg DPPH in
25mL of 96% ethanol (300 µM) was prepared and stored in the re-
frigerator being stable for one week. Acetate buffer (100mmol/L, pH
5.5) was used throughout the experiments. Trolox standard of 1mmol/
L was prepared in 50% ethanol. Serial dilutions of Trolox standards
ranging from 0 to 180 µM and EOs – RAMEB dilutions of 1mg/mL –
0.01mg/mL (w/v %) were prepared in PBS, pH 7.4. 50 µL of acetate
buffer (100mmol/L, pH 5.5) followed by 50 µL standard/sample dilu-
tions and 95 µL DPPH (300 µM) were pipetted into 96-well general
microplates (Sarstedt). The absorbance changes in the wells were
measured at 517 nm by a Perkin Elmer EnSpire Multimode reader at
25 °C after 90min of incubation in the dark, at room temperature.
Measurements were performed in triplicates or more. Antioxidant ca-
pacities were calculated in the form of inhibitory concentration at 50%
TAC activity (IC50) which was obtained from the equation derived from
% scavenger activity vs. serial sample dilution concentration graph
(Deng, Cheng, & Yang, 2011; Mishra, Ojha, & Chaudhury, 2012;
Sharma & Bhat, 2009). IC50 values were referred to gram dry mass of
the samples.

2.4.2. Enhanced chemiluminescence (ECL) assay
We followed the method previously published (Kőszegi et al., 2017).

The enhanced chemiluminescence reaction was performed in 96-well
white optical plates (Perkin-Elmer). Ice-cold premixed ECL reagent and
POD working solution (200 µL POD+70 µL ECL reagent) was prepared
freshly. Trolox standards were used in the concentration range of
0–100 µM. 20 µL Trolox/blank/sample and 270 µL of POD-ECL reagent
were pipetted into each well. For initiation of the ECL reaction, 20 µL
ice-cold H2O2 in citric acid was injected into the wells by the automated
dispenser of a Biotek Synergy HT Gen5 microplate reader. The chemi-
luminescence signal was followed for 10min. For the ECL assay, total
light output (area under curve, AUC) data were taken. TAC of the
samples was obtained by using the regression equation obtained for the
standards, results multiplied by the dilution factor and expressed as µM
Trolox equivalent (TE). TE for each sample was further referred to 1 g of
initial essential oil content. Measurements were performed at least in
triplicates or more.

2.4.3. ORAC assay
We used a standard procedure described by Kőszegi et al. (2017)

with modifications. The working fluorescein (FL) concentration was
elevated to 400 nmol/L in 75 µmol/L phosphate buffer, pH 7.4 while
the AAPH oxidant concentration was also increased to 400mmol/L.
Trolox standards were prepared as described above within the con-
centration range of 0–160 µmol/L. 25 µL of blank/standard/sample and
150 µL of working fluorescein solution were pipetted into the wells of
96-well general plates (Sarstedt). The outer wells were filled with
200 µL phosphate buffer only in order to have better temperature sta-
bilization. Before the measurements, plates were preheated to 37 °C for
30min in the dark. The reaction was started by automated injection of
25 µL AAPH solution into each well by the injector of the Biotek plate
reader. Fluorescence intensities were monitored for 80min using 490/
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520 nm filter settings. Total light outputs as AUC were calculated. The
AUC of the blank was subtracted from that of the standards/samples
(net AUC) and was further used in the antioxidant capacity calculations.
Total antioxidant capacity (TAC) of the samples was obtained by using
the regression equation data obtained for the Trolox standards. TE was
multiplied by the dilution factor and was finally expressed as µmol/L
Trolox equivalent. TE of the samples was referred to 1 g of initial es-
sential oils content.

2.5. Determination of minimum inhibitory concentration (MIC)

2.5.1. Anti-fungal activity
The antifungal activity was carried out according to the standard

protocol suggested by CLSI (Clinical & Laboratory Standards Institute)
guidelines (Llop et al., 2000). Briefly, S. pombe slant agar inoculum
stock was prepared from the main stock and was incubated for 16 h at
30 °C in YES media (Yeast extract-glucose media, pH 4.5, supplemented
with amino acids and Wickerham solution). On the second day, EO-
RAMEB and EO component-RAMEB complexes with concentrations
ranging from 5mg/mL to 0.039mg/mL in square dilution format were
added to the yeast population and incubated at 30 °C for 48 h in Yeast-
Glucose media supplemented with appropriate amino acids and Wick-
erham solution. 96-well general plates (SPL Life Sciences) were used for
all experiments. The final population of S. pombe per well was 103 cells/
mL. The absorbance per well was measured by the Perkin Elmer En-
Spire Multimode reader at 595 nm.

2.5.2. Anti-microbial activity against E. coli and S. aureus
The antimicrobial activity of the samples was evaluated on E. coli

and S. aureus strains according to the protocol described by the CLSI
(Clinical & Laboratory Standards Institute) guidelines (Barchiesi,
Colombo, McGough, & Rinaldi, 1994; Llop et al., 2000). Briefly, the
working population of the bacteria was prepared on day 1 from the
stock. For E. coli and S. aureus we used LB (Lauria-Bertani) liquid
medium and TSA (Tryptic Soy Broth), respectively throughout the ex-
periments. On the second day, the desired population was obtained (0.5
McFarland standards mentioned in NCCLS protocols). The bacterial
populations were reduced to 5× 105 cells/mL and were kept as the
final population per well throughout the whole experiment. EO-RAMEB
and EO component-RAMEB complexes concentrations ranging from
5mg/mL to 0.0312mg/mL were introduced to the inoculated media.
The absorbance was measured by the Perkin Elmer EnSpire Multimode
reader at 600 nm after 12–16 h of incubation at 35 ± 2 °C.

2.6. Rapid viability assessment for S. pombe, E. coli and S. aureus with
SYBR green I/PI double staining method

2.6.1. Validation of SYBR green I/propidium iodide microbial viability
assay

Care has been taken to remove any traces of growth medium before
staining the experimented microbial samples with the fluorescent dyes.
The nucleic acids and other media components may bind SYBR green I
and propidium iodide in an unpredictable manner, which may result in
unacceptable imprecision in the staining procedure. A single wash step
with PBS (pH 7.4) was sufficient to remove traces of interfering media
components from the microbial suspension. Briefly, 15mL cultures of
either S. pombe, E. coli or S. aureus were grown to log phase in nutrient
broth (YES media, LB media and TSA). 10mL of microbial suspension in
each tube was pelleted by centrifugation at 1000×g for 5min. The
supernatant was removed, and the pellet was re-suspended in 10mL
media (for living microbes) and in 2.5–25% (v/v) of 2-propanol in re-
spective centrifuge tubes for obtaining different ratios of dead/live
microbes. All samples were incubated at room temperature for 15min
then were centrifuged at 1000×g. The supernatants were removed, and
the pellets were re-suspended and washed with 5mL PBS (pH 7.4)
followed by centrifugation again. The pellets were finally suspended in

10mL of PBS (pH 7.4).

2.6.1.1. Optimization of staining. The staining concentration of the two
fluorescent dyes has been balanced so that the applied mixture should
provide good live/dead cell discrimination in our experimental
conditions. For thorough optimization of the staining protocol, we
have experimented a wide range of concentrations (5.5–5500 times
dilution in logarithmic dilution format) of SYBR green I dye
(10,000× stock, Sigma-Aldrich) each in combination with a
concentration range (500–5 times in logarithmic dilution format) of
propidium iodide (20mmol/L stock in DMSO).

2.6.1.2. Staining microbial suspensions with SYBR green I/propidium iodide
for fluorescence microplate reader and flow cytometry testing. The
microbial suspensions (live and killed) were adjusted to ∼106 cells/
mL. 100 µL of the above mentioned treated and untreated samples were
pipetted into 96-well transparent flat bottom general plates. 100 µL of
premixed dye was pipetted into the wells containing the samples and
mixed thoroughly. The plates were incubated in the dark for 10min.
The outer wells (row A and H and columns 1 and 12) were kept filled
with PBS (pH 7.4) to maintain even temperature distribution during the
incubation process.

For the evaluation of microbial viability, fluorescence intensities of
the samples in the 96-well plates were measured at two monochromator
settings. First, fluorescence intensity was recorded at 490 nm/525 nm
excitation/emission wavelengths (emission 1, green). Then the samples
were re-measured at 530 nm/620 nm (emission 2, red). Data were
analyzed by dividing the fluorescence intensity of the stained microbial
suspensions (Fcell) at emission 1 by fluorescence intensity at emission 2:

=Ratio
F
FG R
cell em

cell em
/

, 1

, 2

Dose dependent % of dead cells in the microbial suspension was
then calculated from the respective RatioG/R using the following for-
mula:

⎜ ⎟= − ⎛
⎝

× ⎞
⎠

Dead cells
Dose

Control
% 100 100Dose

G R

G R

/

/

where, DoseG/R is the green to red ratio (RatioG/R) of a specific dose and
ControlG/R is the green to red ratio of the living control.

In our flow cytometric analysis, we assessed the ratio of living and
dead cells using SYBR green I and propidium iodide double staining as
in the case of the plate reader experiments. Flow cytometric measure-
ments were performed on a FACS Canto II instrument (BD Biosciences)
using FACS Diva V6.0 software (BD Biosciences). Before sample ana-
lysis, the flow cytometer settings were checked using Cytometer Setup
and Tracking beads (CS&T beads, BD Biosciences) according to the
manufacturer’s instructions. Doublets were discriminated by a side
scatter (SSC)-H vs. SSC-W plot, and forward scatter (FSC)-H vs. FSC-W
plot. For data analyses we used FCS express V4.0 software.

2.6.2. Rapid viability assay on S. pombe, E. coli and S. aureus strains
The viability assay was performed according to the method reported

by Feng, Wang, Zhang, Shi, and Zhang (2014) with modifications. For
the discrimination of live and dead cells in 96-well plates, SYBR green I
and PI were used for staining the nucleic acids of the test microbes.
100× dilutions of SYBR green I (10,000× stock, Sigma-Aldrich) in
DMSO were prepared in aliquots and were stored at −20 °C for future
use. In brief, 10mL microbes with a population of 105 cells/mL were
incubated (30 °C for S. pombe in YES medium, 37 °C for E. coli and S.
aureus in LB broth and TS broth, respectively) for 16 h, treated by dif-
ferent EOs – RAMEB dilutions ranging from 2mg/mL to 0.06mg/mL.
The treated microbes were centrifuged at 1000×g for 5min, washed in
PBS (pH 7.4) and were re-suspended in PBS (pH 7.4). Working dye
solution was prepared by mixing 18 µL of SYBR green I from the
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aliquots and 2 µL of propidium iodide (20mmol/L in DMSO) with
1000 µL of PBS, pH 7.4. 100 µL of re-suspended treated microbes were
pipetted into each well of 96-well general plates (Sarstedt). Then 100 µL
of working dye solution was pipetted into each well containing the
microbes and the plate was incubated at room temperature in the dark
with mild shaking, for 15min. Considering the excitation wavelength of
490 nm for SYBR green I and 530 nm for PI, fluorescence intensities at
525 nm (green emission) and 620 nm (red emission) were measured for
each well by the Perkin Elmer EnSpire Multimode reader. Green to red
ratios of every sample and for every dose were achieved. Percentage of
dead cells with response to the dose was calculated using the formula
described earlier and the percentage of dead cells were plotted against
EOs-RAMEB/components-RAMEB doses applied to the cells.

2.7. Statistical analysis

Statistical analysis was conducted using a one-way ANOVA test
(Origin 2016, OriginLab Corp., US). Significance was set at P < 0.05.

3. Results and discussion

3.1. UV–VIS spectroscopy analysis

The UV absorption spectra of investigated essential oils, active
components and RAMEB are shown in Supplementary Fig. 1 (Fig. S1).
The maximum absorption of the essential oils was found to be in the
range of 210–220 nm which is attributed to the active components. The
absorption peak of essential oils at 250 nm corresponded to 1,8-cineole.
The spectral analysis of physical mixture of RAMEB with essential oils
and with components prior to complexation were found to be harmo-
nious with the essential oils and components. The absorbance spectra of
physical mixture of essential oils with RAMEB with components were in
symmetry with the essential oil spectra and components. In case of
complexation, the absorption peaks disappear in RAMEB complexation
spectra. The active compounds from the encapsulation were recovered
by dissolving the complexes in 95% acetonitrile (Liu et al., 2013). The
compounds were released from the RAMEB cavity and were separated
by centrifugation. The solutions were diluted to hundred times in
acetonitrile and the absorbance was measured. In this line, beside the
active compounds, 1,8 cineole, cis-β-ocimene, α-pinene, α-terpineol, p-
cymene and β-caryophyllene were also observed at 210 nm and 240 nm
respectively. We are aware of the complexity of EOs which makes our
absorbance spectroscopic analysis to be an approximation only how-
ever, it indicates the successful formation of complexation of essential
oils and their components with RAMEB.

3.2. Phase solubility studies

The y-intercept is referred as the concentration of solubilized guests
without host in the solution medium. The plot indicates the type of the
inclusion complex. Positive slopes< 1 with a linear relationship among
the concentration of dissolved essential oil or active components and
RAMEB were obtained in every case (Table 1). The complexes thus
maybe classified as AL type (1:1 M ratio of guest to host) (Nicolescu
et al., 2010). Major entrapped compounds are mono- and sesquiterpe-
noids and phenylpropane derivatives (average molecular weight:
120–160 g/mole), thus a 1:1 complex formation can be expected (Szejtli
& Szente, 2005). Ks (stability constant) is an important parameter to
measure the difference in the equilibrium between free and complex
formulation. Low Ks were obtained in case of essential oils while for the
active components they are in the order for those of RAMEB complexes
(Table 1). This maybe because of competition or affinity of other
compounds with the active components used in the study to form
RAMEB complexes. The decrease in KS with increase of temperature
reflects an exothermic process (Hill, Gomes, & Taylor, 2013). The phase
solubility study (Table 1) shows that the aqueous solubility of essential

oils used in the study can be increased with increasing RAMEB con-
centration. The complex stabilities for thymol with cyclodextrins vary
from 152 L/mole (Fenyvesi, Zemlényi, Orgoványi, Oláh, & Szente,
2016) to 3337 L/mole (Kfoury et al., 2016). One possible reason for this
variation of the complex stability constants is the encapsulation of
water molecules by the host cyclodextrins and also the microsolvation
of guest molecules by water (Peggy, Maria, & Beatriz, 2010). This
property highly affects the complex formation due to the modified
structure of the solvation shell of guest and the exit of the solvent water
molecules from the CD cavity prior the formation of the complexes.
Studies performed previously on the host-guest interactions of calixar-
enes with similar sized aromatic guests, the protic character of water
should be considered, as the entropy change associated to the complex
formation is also highly affected by the processes (Kunsági-Máté, Csók,
Tuzi, & Kollár, 2008). Furthermore, the large difference of complex
stabilities obtained in protic aqueous and non-protic acetonitrile media
(brackets in Table 1) for the main components of essential oils also
highlights the role of microsolvation during the complex formation.

The thermodynamic data show clearly that the complex formation is
an entropy-driven process. The enthalpy changes associated to the
complex formation are about 2–4 kJ/mole which value is just the
average kinetic energy associated according to the equipartition the-
orem. This stabilization energy is far to be responsible for complex
formation. In contrast, the entropy gain plays determinant role to im-
prove the complex stability. It is doubled in some cases (for main
components) resulting in huge increase of the calculated stabilities
compared to those of related to the essential oils. Comparing the
complex stabilities derived from the measurements performed in aqu-
eous or acetonitrile media the probable determinant process re-
sponsible for the complex formation is the leave of solvent molecules
from the CD cavity prior the complex formation. The hydrophobic in-
terior of the cavity supports exchange of water molecules with the guest
essential oils while this process is just blocked when the essential oils
want to replace the acetonitrile molecules in the CDs cavity. As a re-
sults, the enhanced freedom of water molecules after formation of
complexes manifest the entropy gain while no similar process can be
obtained in acetonitrile media. As a result, much lower stabilities can be
obtained in acetonitrile. It is worth to mention here the much larger
stability derived for the main component compared with the appro-
priate oil: the components of oil other than the main component only
weakly can replace the water molecules in the CD interior resulting

Table 1
Stability constant (Ks), enthalpy (H) and entropy (S) changes of encapsulated
essential oils and active components at specified temperatures. Data in par-
entheses reflect stability constants determined in acetonitrile. R2 is higher than
0.86 for all components.

Inclusion compound Temperature °C Slope Ks (L/mol) delta H
kJ/mol

delta S
J/Kmol

Lavender oil 25 0.296 16.1 −3.8 21.5
Lavender oil 35 0.355 15.3
Linalool 25 0.945 630.7 (74.1) −1.8 52.8
Linalool 35 0.984 615.4
Peppermint oil 25 0.312 16.9 −3.7 22.0
Peppermint oil 35 0.373 16.1
Menthol 25 0.827 641.6 (38.0) −3.6 52.2
Menthol 35 0.933 611.7
Borneol 25 0.862 638.5 −4.0 52.0
Borneol 35 0.915 605.4
Thyme oil 25 0.241 13.2 −4.7 19.5
Thyme oil 35 0.287 12.4
Thymol 25 0.869 628.7 (77.6) −2.3 52.61
Thymol 35 0.914 609.5
Lemon balm oil 25 0.311 16.9 −3.7 22.0
Lemon balm oil 35 0.372 16.1
Citral 25 0.896 632.4 (72.4) −3.5 52.1
Citral 35 0.947 603.5
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much lower entropy gain during complex formation.

3.3. Determination of average molecular weight of the essential oils

The evaluated average molecular weight of the examined essential
oils are as follows in decreasing order: peppermint oil (237.19), lemon
balm oil (236.64), lavender oil (225.44) and thyme oil (182.84). All
measurements were repeated three times showing less than 1% in-
accuracy.

3.4. Encapsulation efficiency

Encapsulation efficiency (EE) expressed in % of RAMEB-EO com-
plexes is based on GC analyses (Fig. 1). Peppermint oil showed the
highest encapsulation efficiency (94.95 ± 0.57%) followed by thyme
oil (93.30 ± 1.58%), lemon balm oil (93.13 ± 1.04%) and lavender
oil (87.38 ± 2.28%) respectively. Several EO components, including
pinene are able to polymerize in low-permittivity solutions (Roberts &
Day, 1950). In such cases, the large polymer adducts are not able to
form complexes with the RAMEB molecules. As a result, the con-
centration of the components which are active in the complex forma-
tion are much lower than it can be assumed from the physical amount
of EO used in the experiments.

Formation constant (Kf) values of RAMEB/aroma inclusion com-
plexes are as follows (L/mole): linalool 688, neral (Z-citral) 399, ger-
anial (E-citral) 416, menthol 1464, isoborneol 1689, borneol 1784 and
thymol 1206 (SD < 10%).

3.5. Antioxidant activity (DPPH, ECL and ORAC assay)

We have quantified the antioxidant properties of EOs – RAMEB and
their components by DPPH, ORAC and ECL assay methods. As reported
previously (García-Padial, Martínez-Ohárriz, Navarro-Blasco, &
Zornoza, 2013) cyclodextrin may have influence on the ORAC fluor-
escence assay for antioxidant activity evaluation. However, we could
not find any interference of RAMEB at the applied concentrations
(1–100mg/mL) on the emission intensity of fluorescein used in the
ORAC assay. Also, EOs are strongly lipophilic molecules with limited
effect in aqueous antioxidant tests therefore, entrapment by RAMEB
was essential for our TAC assays. Consequently, it was postulated that
EOs – RAMEB complexes being water miscible, enable the use of less
amounts of entrapped EOs than the free oils alone. The antioxidant
activity obtained by thyme oil and its component thymol was found to
be the highest followed by lemon balm oil, lavender oil and peppermint
oil (Table 2). Previous data (Abdelli, Moghrani, Aboun, & Maachi,
2016; Anastasaki et al., 2017; Prevc et al., 2013; Wollinger et al., 2016)
reported higher concentration of EOs than were used in our experi-
ments to produce suitable antioxidant activity. We found, that when
EOs are captured by RAMEB, a remarkable antioxidant activity is
achieved despite the use of smaller amounts of them.

3.6. Antifungal and antimicrobial activity

Different EOs-RAMEB inclusions were tested against S. pombe cul-
tured for 48 h at 30 °C, E. coli and S. aureus cultured for 24 h at 37 °C.
Antifungal and antimicrobial effectiveness were expressed as minimum
inhibitory concentration 80 (MIC80) which is the first concentration

Fig. 1. Chromatograms for studying the encapsulation efficiency of RAMEB complexed lavender oil (A), lemon balm oil (B), peppermint oil (C) and thyme oil (D)
based on GC analyses. Black lines: free EOs/components, blue lines: RAMEB complexed EOs/components. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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where 80% of microorganisms are inhibited. All the inclusion com-
plexes showed antifungal and antimicrobial activity. However, RAMEB-
thyme oil was found to have the best MIC (MIC80= 0.125–0.25mg/mL,
0.156–0.312mg/mL, 0.5–1mg/mL) against S. pombe, E. coli and S.
aureus respectively, followed by lemon balm oil, peppermint oil and
lavender oil, in this order (Table 3). RAMEB-EO components also
showed antifungal and antimicrobial activity. Antimicrobial and anti-
fungal effect of RAMEB-citral (MIC80= 0.0078–0.156mg/mL,
0.125–0.25mg/mL, 0.078–0.156mg/mL) was close to RAMEB-thymol
(MIC80= 0.078–0.156mg/mL, 0.125–0.5mg/mL, 0.25–0.5 mg/mL)
under our test conditions.

Free thyme oil and thymol with MIC of 0.64mg/mL and 0.73mg/
mL have been reported by several authors (Cutillas, Carrasco, Martinez-
Gutierrez, Tomas, & Tudela, 2017; Queiroga, Teixeira Duarte, Baesa
Ribeiro, & de Magalhães, 2007). Our study shows MIC of 0.156mg/mL
and 0.125mg/mL against E. coli. When applied against both E. coli and
S. aureus, free peppermint oil showed MIC at 0.6mg/mL (Ciobanu et al.,
2013). Both free linalool and lavender oil have MIC at higher con-
centrations (Hamoud, Sporer, Reichling, & Wink, 2012). Our data
suggests that RAMEB encapsulated lavender oil and linalool have MIC
at lower concentration 1.25mg/mL and 0.078mg/mL, respectively. It
has been reported that inclusion complexes with RAMEB may elevate
aqueous solubility of the encapsulated guests resulting in better anti-
microbial efficiency of the essential oils and their components at lower
concentration (Hill et al., 2013; Wang, Li, Si, Lin, & Chen, 2011). Our
evaluated MIC results are different from those of previously published
results by other authors that maybe due to differences in media com-
position, methodology and strains of bacteria and fungus used in the
studies (Hill et al., 2013).

3.7. Rapid SYBR green/propidium iodide live-dead discrimination assay

3.7.1. Validation of the plate reader and the flow cytometry SYBR green I
and propidium iodide double stained live/dead cells discrimination assays

To evaluate if the SYBR green I/propidium iodide staining can be
used for rapid plate reader viability assay, S. pombe was subjected to
treatment with different concentrations of 2-propanol (see Methods). In
addition, we also assessed the ability of SYBR green I/propidium iodide
assay to determine the viability of S. pombe by flow cytometry. In
summary, we have evaluated the microbial viability to compare the
percentage of dead cells by both plate reader and flow cytometry
methods. We found the optimized SYBR green I/propidium iodide assay
to be reliable for rapid estimation of the viability of microbes using the
plate reader technique (Fig. 2).

3.7.2. Rapid microbial cell live/dead discrimination plate reader assay of S.
pombe, E. coli and S. aureus

This viability assay was attempted for the fast evaluation of the
susceptibility of different concentrations of EOs – RAMEB on S. pombe,
E. coli and S. aureus. Our findings suggest that complexed peppermint
oil is less effective in killing S. pombe at 2mg/mL when compared to the
percentage of dead/compromised cells of E. coli and S. aureus at the
same concentration (Table 4). Thyme oil was found to be more potent
at 0.5mg/mL, killing 90% of cells in all three cases followed by citral
which showed 90% inhibition at 0.25mg/mL. Lavender oil, although
expressing less killing property at 2mg/mL, was more effective towards
E. coli and S. aureus at more than 90% efficiency at the same con-
centration. Thymol being the active constituent of thyme oil showed
high (80% and above) killing/compromising ability at low concentra-
tions starting from 0.25mg/mL. On the other hand, menthol showed
more effectiveness in killing E. coli and S. aureus at 2mg/mL. Borneol
had no killing or inhibiting properties at all towards both microbes.

The validity of our plate reader assay was verified by testing the
microbial samples using flow cytometry as well. The two methods can
be considered to be equivalent and the plate reader assay offers the
advantage of high throughput determinations.

All essential oils and their components were complexed with
RAMEB. The above mentioned results support the idea to test the usage
of RAMEB complexed EOs in the food and pharmaceutical industries in
the future, as efficient natural antioxidants and preservatives.

Table 2
Total antioxidant capacity (TAC) and inhibitory activity of four EO-RAMEB and
five EO component-RAMEB complexes measured by three different spectro-
scopic methods (mean ± SD). IC50: µg complex at 50% inhibition (6 in-
dependent experiments, each in 3 replicates).

Investigated oils
and their main
components

DPPH assay Chemiluminescence
assay

ORAC assay

IC50 (µg) TAC (µmol/g of EO) TAC (µmol/g of EO)

Thyme oil 0.01 ± 0.01 1417.67 ± 103.42 3292.50 ± 93.64
Lemon balm oil 0.12 ± 0.01 469.59 ± 84.98 933.09 ± 75.35
Lavender oil 0.39 ± 0.02 329.77 ± 52.76 362.36 ± 53.22
Peppermint oil 0.41 ± 0.03 326.80 ± 74.23 89.69 ± 15.76
Thymol 0.09 ± 0.01 9049.05 ± 105.75 11601.11 ± 233.38
Menthol 0.68 ± 0.05 397.28 ± 92.58 23.05 ± 10.26
Linalool 0.65 ± 0.05 86.99 ± 25.35 748.60 ± 82.12
Citral 0.15 ± 0.06 144.02 ± 43.68 1136.63 ± 103.54
Borneol 0.51 ± 0.03 340.46 ± 64.25 12.86 ± 5.68

Table 3
Minimum inhibitory concentration (MIC80) of investigated EO-RAMEB and EO
component-RAMEB complexes on S. pombe, E. coli and S. aureus; (6 independent
experiments, each in 3 replicates).

EO-RAMEB and EO component-
RAMEB (mg/mL)

S. pombe 38366 E. coli 201 S. aureus
29213

Thyme oil 0.125–0.25 0.15–0.31 0.5–1.0
Lemon balm oil 0.5–1.0 0.62–1.25 0.5–1.0
Peppermint oil 1.25–2.5 0.62–1.25 1.25–2.5
Lavender oil 1.25–2.5 1.25–2.5 1.25–2.5
Linalool 0.07–0.15 1.25–2.5 1.25–2.5
Menthol 0.62–1.25 0.5–1.0 1.25–2.5
Citral 0.07–0.15 0.12–0.25 0.07–0.15
Thymol 0.07–0.15 0.12–0.5 0.25–0.5
Borneol 1.25–2.5 1.25–2.5 1.25–2.5

Fig. 2. Comparison of the live/dead discrimination results between the plate
reader assay and the flow cytometric assay using SYBR green I/propidium io-
dide double staining on S. pombe (6 independent experiments). (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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4. Conclusions

Encapsulation of essential oils and their active components with
RAMEB may provide protection from the variable environmental con-
ditions and enhances their aqueous solubility, thus increasing their
functional capabilities as additives in food packaging industry. The
characteristic UV bands of the essential oils disappeared from the in-
clusion complex spectra, as the essential oils entered the RAMEB cavity.
The TAC activity of the essential oils and their components en-
capsulated in RAMEB showed 35–40% higher stability than the pre-
viously reported data, which suggests that the inclusion complex with
RAMEB may protect the active components of the essential oils against
the effect of reactive oxidative environments. Encapsulation also ele-
vated the antimicrobial and antifungal activities of essential oils and
their components by 2–4 times compared with those of the free oils.
Live/dead SYBR green I/PI plate reader microbial discrimination assay
of the encapsulated essential oils was also performed. The validity of
the plate reader method was verified by flow cytometry using the same
double fluorescence staining conditions. Our results suggest, that
RAMEB inclusion complexes could overcome the limitations of essential
oils application in food industry by reducing their volatility and losses
during food processing or storage and enhancing their radical scaven-
ging activity, antimicrobial activity and microbial termination ability.
Thus, they could generate a controlled release system or environment
for food packaging as well as improving their aroma burst.
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S. aureus Citral 15.45 ± 1.77 34.56 ± 1.34 65.64 ± 1.99 86.58 ± 0.83 86.87 ± 0.83 86.76 ± 1.61
Borneol 5.72 ± 1.66 8.72 ± 1.94 15.56 ± 1.74 21.52 ± 0.78 33.65 ± 0.67 57.74 ± 0.89
Menthol 14.44 ± 0.65 19.41 ± 1.74 29.09 ± 1.89 48.22 ± 1.67 86.64 ± 1.94 98.88 ± 0.24
Linalool 7.64 ± 1.64 13.96 ± 1.63 19.16 ± 1.89 28.17 ± 0.98 37.74 ± 0.84 54.12 ± 1.74
Thymol 27.95 ± 1.66 45.04 ± 1.88 77.91 ± 0.83 88.17 ± 0.76 92.58 ± 0.24 98.71 ± 0.31

Peppermint oil 16.99 ± 1.66 18.89 ± 1.85 22.57 ± 2.63 29.83 ± 2.83 44.67 ± 1.83 73.56 ± 0.53
Thyme oil 10.93 ± 2.68 16.68 ± 1.67 27.75 ± 1.88 49.88 ± 1.77 94.08 ± 0.55 97.67 ± 0.64
Lavender oil 8.51 ± 1.54 10.28 ± 1.64 13.71 ± 1.77 20.57 ± 0.77 33.66 ± 0.87 61.72 ± 0.77
Lemon balm oil 10.16 ± 1.22 15.61 ± 2.24 26.11 ± 1.58 47.18 ± 1.44 89.09 ± 0.65 96.05 ± 1.38

E. coli Citral 31.23 ± 2.54 65.11 ± 0.44 86.48 ± 0.77 91.57 ± 1.83 95.25 ± 1.88 98.36 ± 0.82
Borneol 1.89 ± 1.77 3.39 ± 1.92 6.28 ± 0.83 11.72 ± 2.82 23.59 ± 2.37 46.68 ± 1.98
Menthol 8.67 ± 1.88 16.34 ± 1.11 20.76 ± 0.76 29.55 ± 0.73 47.26 ± 1.87 82.56 ± 1.21
Linalool 6.25 ± 1.65 11.22 ± 2.89 15.96 ± 2.66 25.33 ± 1.93 44.06 ± 0.73 72.66 ± 0.78
Thymol 19.24 ± 2.85 34.07 ± 1.77 62.64 ± 2.77 86.75 ± 2.19 92.29 ± 1.83 92.76 ± 1.93
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Aleksandar Széchenyi 2 and Tamás Kőszegi 1,4,*
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Abstract: Essential oils (EOs) are highly lipophilic, which makes the measurement of their biological
action difficult in an aqueous environment. We formulated a Pickering nanoemulsion of chamomile
EO (CPe). Surface-modified Stöber silica nanoparticles (20 nm) were prepared and used as a stabilizing
agent of CPe. The antimicrobial activity of CPe was compared with that of emulsion stabilized with
Tween 80 (CT80) and ethanolic solution (CEt). The antimicrobial effects were assessed by their
minimum inhibitory concentration (MIC90) and minimum effective (MEC10) concentrations. Besides
growth inhibition (CFU/mL), the metabolic activity and viability of Gram-positive and Gram-negative
bacteria as well as Candida species, in addition to the generation of oxygen free radical species
(ROS), were studied. We followed the killing activity of CPe and analyzed the efficiency of the
EO delivery for examined formulations by using unilamellar liposomes as a cellular model. CPe

showed significantly higher antibacterial and antifungal activities than CT80 and CEt. Chamomile
EOs generated superoxide anion and peroxide related oxidative stress which might be the major
mode of action of Ch essential oil. We could also demonstrate that CPe was the most effective in
donation of the active EO components when compared with CT80 and CEt. Our data suggest that CPe

formulation is useful in the fight against microbial infections.

Keywords: chamomile essential oil; Pickering emulsion; antimicrobial activity; free radical generation

1. Introduction

Essential oils (EOs) have been widely used in folk medicine throughout the history of humankind.
The application of EOs covers a wide range from therapeutic, hygienic, and spiritual to ritualistic
purposes. EOs are aromatic, volatile, lipophilic liquids extracted from different parts of plant materials
such as barks, buds, flowers, fruits, seeds, and roots [1]. EOs are mixtures of complex compounds
with variable individual chemical composition and concentrations that includes primarily terpenoids,
like monoterpenes (C10), sesquiterpenes (C15), diterpenes (C20), acids, alcohols, aldehydes, aliphatic
hydrocarbons, acyclic esters or lactones, rare nitrogen- and sulfur-containing compounds, coumarin,
and homologues of phenylpropanoids [1,2]. The biological effects of EOs cover a wide range of effects,
including antioxidant, antimicrobial, antitumor, anti-inflammatory, and antiviral activity [3].
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The increase in demand for the use of aromatherapy as complementary and alternative medicine
has led people to believe in the myth that EOs are harmless because they are natural and have been used
for a long time [4]. However, there might be several side effects of EOs even if topical administration is
applied and, among these, allergic reactions are the most frequent (many EOs can cause, e.g., rashes
on the skin). Some of them can be poisonous if absorbed through the skin, breathed, or swallowed.
Previous studies also report the interaction of EOs with other drugs [5]. The continuous production of
new aroma chemicals and their widespread and uncontrolled usage as alternative therapies together
with many carrier diluents have brought serious problems, especially among children. In this regard,
it is of utmost importance to study the mode of action of essential oils and to find a proper, unharmful
formulation. Another serious problem is the highly lipophilic nature of EOs, which makes it impossible
to measure their biological effects in an aqueous environment [1,6,7].

One major characteristic and application of EOs are their strong antimicrobial activity, including
antibacterial and antifungal effects without the development of microbial resistance. Numerous studies
are found in the literature describing the antimicrobial activities of a large variety of EOs [8–13]. Most
of these assays include conventional broth dilution method, disk diffusion method, and bioautography
assay to measure the antimicrobial activity of EOs. Efforts have been made to overcome the lipophilic
nature of the oils usually by application of EOs diluted in seemingly suitable solvents/detergents. In the
case of natural lipophilic volatile compounds like EOs, solvents of varying polarity, e.g., DMSO, ethanol,
and methanol, are most commonly used. However, previous studies have reported the antimicrobial
effects of the solvents themselves (DMSO, ethanol, and other solvents in various microbial assays) or
their influence on the true antimicrobial effects of EOs [14]. The usage of solubilizing agents limits the
precise determination of the antimicrobial activities of EOs. Also, a major problem might arise in the
classical assays due to the evaporation of EOs during the assay or the inability of the test microbes to
reach the lipophilic range of the tested EOs (in bioautography, as an example) [15,16].

Therefore, new formulations have been determined to increase the solubility or to emulsify the
EOs in an aqueous environment. These efforts help to stabilize the oils, to produce an even release of the
active components into the required environment, and to maintain their antioxidant and antimicrobial
activities [6,11,17,18]. Detergents and organic solvents are not welcome in this regard. Attempts have
been made to entrap EOs by modified cyclodextrins for the exact determination of their antimicrobial
characteristics [19,20].

The application of Pickering nanoemulsion is a quite novel approach to stabilize oil-in-water
(O/W) and water-in-oil (W/O) emulsions by solid particles instead of surfactants. The mechanism
involves the adsorption of solid particles on the oil–water interface, causing a significant decrease
in the interfacial surface tension that results in high emulsion stability [18]. Previous studies have
reported decreased evaporation of EOs from O/W emulsion of nanoparticle-stabilized formulations
versus EO–surfactant systems to be a beneficial factor [21,22].

Despite the numerous existing studies on EO–Pickering emulsion, we could not find any literature
data on chamomile volatile oil–nanoparticle formulation [7,23]. The main aim of the present work is
to use Pickering emulsion of chamomile EO stabilized with modified Stöber silica nanoparticles and
characterize its antimicrobial effect using Gram-positive and Gram-negative bacteria as well as Candida
fungal species. We could demonstrate the strong antimicrobial effects of the chamomile EO–Pickering
emulsion and suggest a plausible mode of action of this formulation. Experimental efforts were made
to support the suggested mode of action.

2. Results

2.1. Characteristics of Stöber Silica Nanoparticles

The mean diameter, PDI value (polydispersity index), and zeta potential of modified Stöber silica
nanoparticles (SNPs) were determined by dynamic light scattering (DLS), and these values were 20
nm, 0.01, and −21.3 mV, respectively. The size and morphology of SNPs were examined by TEM (see
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Figure 1). The size distribution obtained by DLS was confirmed by TEM, which showed that the mean
diameter of silica samples was 20 nm; they are highly monodisperse and have a spherical shape.

Figure 1. TEM images of silica nanoparticles (SNPs) with different resolutions: 100,000×magnification
(A) and 500,000×magnification (B), accelerating voltage: 80 kV; dTEM = 20 nm. PDI = 0.015.

2.2. Nanoemulsion Stability

We have prepared a Pickering nanoemulsion with surface-modified silica nanoparticles as
a stabilizing agent; the particle concentration was 1 mg/mL in every case. The chamomile EO
concentration was 100 µg/mL. To compare properties of chamomile EO–Pickering nanoemulsion
(CPe) with the conventional, surfactant-stabilized nanoemulsions, and an emulsion with the Tween 80
stabilizing agent was also prepared. The concentration of surfactant was the same as nanoparticles,
1 mg/mL. The emulsions were stored at room temperature (25 ◦C).

We considered the emulsion to be stable when its droplet size does not change and sedimentation,
aggregation of particles, or phase separation cannot be observed. The results show that the prepared
Pickering emulsion is more stable than conventional emulsion (see Table 1). When the volume fraction
of chamomile EO was very low, we assumed that all emulsions were of O/W type and this was
confirmed by filter paper tests with CoCl2 and dye test with Sudan Red G.

Table 1. Parameters of Pickering nanoemulsion and conventional emulsion.

Stabilizing Agent Ddroplet (nm) Stability

SNP 290 ± 4.5 3 months
Tw80 210 ± 10.5 1 month

2.3. Antibacterial and Antifungal Activities (MIC90) of Prepared Emulsions

The effect of chamomile Pickering nanoemulsion, conventional emulsion, and essential oil in
ethanol on the growth of some foodborne microbes and opportunistic fungi have been evaluated. The
CPe has been shown to have good antibacterial and antifungal activities (MIC90) on Escherichia coli (E.
coli) (2.19 µg/mL), Pseudomonas aeruginosa (P. aeruginosa) (1.02 µg/mL), Bacillus subtilis (B. subtilis) (1.13
µg/mL), Staphylococcus aureus (S. aureus) (1.06 µg/mL), Streptococcus pyogenes (S. pyogenes) (2.45 µg/mL),
Schizosaccharomyces pombe (S. pombe) (1.28µg/mL), Candida albicans (C. albicans) (2.65µg/mL), and Candida
tropicalis (C. tropicalis) (1.69 µg/mL), respectively when compared to CT80 counterpart (P < 0.01). CPe

showed antimicrobial activity on the selected microbes at an average of fourteen-fold less concentration
compared with free essential oil in ethanol (CEt). Simultaneously, CPe showed a similar antifungal
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effect as caspofungin (Cas) on Candida tropicalis. The comparative dose–response curves are shown in
Figures 2 and 3 for bacteria and fungi, respectively.

Figure 2. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and vancomycin (Van, µg/mL)
on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E).

Figure 3. Minimum inhibitory concentration (MIC90) of CPe, CT80, CEt, and caspofungin (Cas, µg/mL)
on S. pombe (A), C. albicans (B), and C. tropicalis (C).
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2.4. Minimum Effective Concentrations (MEC10) for Tested Bacteria and Fungi

The minimum effective concentration (MEC10) of CPe, CT80, and CEt on foodborne Gram-positive
and Gram-negative bacteria as well as fungi have been determined. The dose–response curve shows
a slow killing effect (≤10% of the population) of CPe after 1 h of treatment at a two-fold higher
concentration compared with MIC90 data. The MEC10 also highlights the effective killing effect of CPe

when compared to CT80 and CEt (Figures 4 and 5) (P < 0.01).

Figure 4. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Van (µg/mL) on E. coli (A),
S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E).

2.5. Effect on Microbial Oxidative Balance

Reactive oxygen species (ROS) production and accumulation in the cells initiates oxidative stress,
leading to cellular structural damage followed by induced apoptosis [6]. We have investigated the
relationship between oxidative stress generation after 1 h of treatment and microbial killing activity.
The results are demonstrated in Figures 6 and 7 for bacteria and fungi, respectively. Data expressed as
% of the control are as follows: the ROS (1085.86 ± 126.36), peroxide (1229.86 ± 164.52) and superoxide
(1276.86 ± 165.42) generation were the highest in case of S. aureus. The CPe showed an effective
increment of ROS, peroxide, and superoxide generation in both Gram-positive and -negative bacteria
when compared to CT80 and CEt (P < 0.01). CPe showed increased oxidative stress in both bacteria and
fungi at least seven-fold higher than the negative control whereas the positive control (menadione)
produced an eight- to nine-fold increase in 1 h. The CEt has generated a two to four-fold increment in
oxidative stress which is the lowest among all tested compounds.

2.6. Time–Kill Kinetics Study

The time–kill kinetics curve was performed to quantify living populations after a definite time
interval under different sample MEC10 concentrations. A significant reduction (four log-fold) in the
cell survivability has been observed in case of CPe when compared to Gc (P < 0.01) (Figures 8 and 9).
Fifty percent of cell death occurred by CPe at 16 and 36 h in the case of bacteria and fungi, and was most



Molecules 2019, 24, 4321 6 of 17

effective in reducing living colonies in case of C. albicans (1.73 ± 0.15 CFU/mL) after 48 h of treatment.
At an average of a two-fold higher concentration, CEt was able to show a killing effect compared to CPe

(P < 0.01).

Figure 5. Minimum effective concentration (MEC10) of CPe, CT80, CEt, and Cas (µg/mL) on S. pombe
(A), C. albicans (B), and C. tropicalis (C).

Figure 6. Percentage oxidative stress generation by CPe, CT80, CEt, and Van on E. coli (A), S. aureus (B),
B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates,
compared with menadione (Me) and growth control (Gc) as controls after 1 h of treatment (**P < 0.01).
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Figure 7. Percentage oxidative stress generation by CPe, CT80, CEt, and Cas on S. pombe (A), C. albicans
(B), and C. tropicalis (C). Six independent experiments, each with 3 replicates, compared with Me and
Gc as positive and growth controls after 1 h of treatment (**P < 0.01).

Figure 8. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on E. coli (A), S. aureus (B), B. subtilis (C),
P. aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates, compared
with Van and Gc as positive and growth controls.
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Figure 9. Colony-forming unit (CFU/mL) of CPe, CT80, and CEt on S. pombe (A), C. albicans (B), and
C. tropicalis (C). Six independent experiments, each with 3 replicates, compared with Cas and Gc as
positive and growth controls.

2.7. Live/dead Cell Viability Discrimination

The effect of CPe, CT80, and CEt on the viability of selected bacteria and fungi were tested (Figures 10
and 11). CPe decreases the viability of the tested bacteria and fungi with an average viability reduction
to 42.36% ± 3.74% and 49.62% ± 5.25% of mean percentage viability compared to Gc after 16 and 36 h
of treatments in bacteria and fungi respectively (P < 0.01), whereas CT80 and CEt were less effective
than CPe with mean percentage viabilities of ≥60% and 70%, respectively.

2.8. Interaction Study between Cell Model and Different Formulations of Chamomile EO

The unilamellar liposomes (ULs), consisting of a single phospholipid, can be used as artificial
cells or biological membrane model for studying the interactions between cells or cell membranes and
drugs or biologically active components [24]. This study was conducted to determine the intracellular
delivery ability of active components from chamomile EO for different formulations.

We have studied the interaction of ULs and different forms of chamomile EO for 24 h at 35 ◦C.
After 1 h of interaction, 27.2% of EO have penetrated the liposomes from Pickering nanoemulsion,
while conventional emulsion and the ethanolic solution did not provide a measurable amount. The
next sampling was after 2 h, where Pickering emulsion has delivered 48.3% of EO, conventional
emulsion 0.5%, while the amount of EO delivered by the ethanolic solution was not measurable. Final
sampling was after 24 h, with 82.2% of chamomile EO found in the ULs when it was introduced in
Pickering nanoemulsion form, and this value was 66.8% for conventional emulsion and 32.5% for the
ethanolic solution (see Table 2).
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Figure 10. Mean percentage viability of CPe, CT80, and CEt on E. coli (A), S. aureus (B), B. subtilis (C), P.
aeruginosa (D), and S. pyogenes (E). Six independent experiments, each with 3 replicates, compared with
Van and Gc as positive and growth controls.

Figure 11. Mean percentage viability of CPe, CT80, and CEt on S. pombe (A), C. albicans (B) and C.
tropicalis (C). Six independent experiments, each with 3 replicates, compared with Cas and Gc as
positive and growth controls.



Molecules 2019, 24, 4321 10 of 17

Table 2. Results of the interaction study between unilamellar liposomes (Uls) and different formulations
of chamomile EO. PA means the amount in the percentage of penetrated chamomile EO. Standard
deviations were calculated from 3 independent experiments.

Formulation PA1h PA2h PA24h

CPe 27.2 ± 3.7 48.3 ± 5.1 82.2 ± 4.9
CT80 - 0.5 ± 0.1 66.8 ± 3.6
CEt - - 35.5 ± 1.0

3. Discussion

The effect of three different formulations on antimicrobial activity of chamomile essential oil has
been examined. We have successfully prepared stable Pickering nanoemulsion using silica nanoparticles
with appropriate lipophilicity. The emulsion was stable for three months. The effectiveness of Pickering
emulsion was compared with conventional emulsion and ethanolic solution.

Based on our antimicrobial activity analyses, CPe shows higher growth inhibitory action
and consequently lower MICs compared to CT80 and CEt. Many researchers have studied the
antimicrobial activity of chamomile oil [3,7,13,23,25], however, the mechanism of action at subinhibitory
concentrations has not previously been studied. Our data suggest an effective killing activity of CPe on
selected bacteria and fungi. It is believed that EOs act against cell cytoplasmic membrane and induce
stress in microorganisms [26–29]. To visualize the effects of CPe, CT80, and CEt, we introduced different
staining methods to understand their mechanism. CPe was able to generate higher oxidative stress
compared to the conventional emulsion and ethanolic solution followed by metabolic interference and
cell wall disruption and finally caused cell death at subinhibitory concentration [21,30–33].

The results obtained in the model experiment show that CPe is the most effective form for the
intracellular delivery of chamomile EO. Based on these results it can be established that the different
antibacterial and antifungal effects may be caused by the difference of adsorption properties of EO
forms to the microbial cells. The mechanism of delivery has not been revealed in this study, but
evidence for the adsorption of Pickering emulsion droplets on the cell membrane has been previously
reported [18]. Assuming the adsorption of CPe droplets on the cell membrane of investigated microbes,
intracellular delivery of active components from EO is feasible in two ways. Passive diffusion is caused
by the higher local concentration gradient of EO on the cell membrane, or fusion of CPe droplets with
microbial cells. Overall, our observations demonstrate that CPe facilitates chamomile oil to permeate
cells, inducing oxidative stress and disrupting the membrane integrity because of higher adsorption
efficacy of chamomile EO. SNP acts as a stabilizer, inhibiting the easy escape of EOs from the emulsion
system compared to the conventional emulsion and free oils.

4. Materials and Methods

4.1. Synthesis, Surface Modification, and Characterization of Stöber Silica Nanoparticles

We have performed the synthesis of 20 nm hydrophilic silica nanoparticles with the previously
reported modified Stöber method [9]. Briefly, a solution of tetraethoxysilane (TEOS) and ultrapure
water in ethanol was prepared by using tetraethoxysilane, (Thermo Fisher GmbH, Kandel, Germany,
pur. 98%); absolute ethanol AnalaR Normapur ≥99.8% purity (VWR Chemicals, Debrecen, Hungary)
and water (membraPure Astacus Analytical with UV, VWR Chemicals, Debrecen, Hungary). The
solution was stirred for 20 min and sonicated for another 20 min (Bandelin Sonorex RK 52H, BANDELIN
electronic GmbH & Co. KG, Berlin, Germany). An appropriate amount of NH3 solution (28% (w/w)
ammonium solution, VWR Chemicals, Debrecen, Hungary) was added to the reaction mixture and
was stirred at 1000 rpm for 24 h at room temperature (25 ◦C). The molar ratio of components was
water/ethanol/TEOS/NH3 = 100:300:5.2:1. The surface of hydrophilic silica nanoparticles was modified
with propyltriethoxysilane (PTES Alfa Aesar, Haverhill, MA, USA, pur. 99%) in a post-synthesis
modification reaction [32]. The ethanolic solution of the modifying agent was added to the freshly
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prepared hydrophilic silica nanoparticle suspensions; the mixtures were stirred for 6 h with 1000 rpm at
room temperature. Before further use of the SNPs, the ammonium hydroxide and ethanol were always
removed from the reaction mixture by distillation (Heidolph Laborota 4000, Heidolph Instruments
GmbH & CO. KG, Germany). The water content was supplemented three times. The concentration of
silica nanoparticle water-based suspension was finally adjusted to 1 mg/cm3.

The size distribution and zeta potential of silica nanoparticles were determined by dynamic
light scattering (DLS) using Malvern Zetasizer NanoS and NanoZ instruments (Malvern
Instruments-Malvern Panalytical, Worcester, UK). The morphology and size distribution were also
examined with transmission electron microscopy (TEM), (JEOL JEM-1200 EX II and JEM-1400, JEOL
Ltd., Tokyo, Japan). The samples were dropped onto 200 mesh copper grids coated with carbon film
(EMR Carbon support grids, Micro to Nano Ltd, Haarlem, The Netherlands) from diluted suspensions.

4.2. Preparation and Characterization of Pickering Nanoemulsion

As stabilizing agents, surface-modified silica nanoparticles or Tween 80 surfactant (Polysorbate80,
Acros Organics, New Jersey, NJ, USA) were used. The concentration of stabilizing agents and chamomile
essential oil (bluish Matricaria chamomilla oil, Aromax Ltd., Budapest, Hungary) was kept constant for all
experiments, the values were 1 mg/mL and 100 µg/mL, respectively. The first step of the emulsification
process was sonication for 2 minutes (Bandelin Sonorex RK 52H, BANDELINelectronic GmbH & Co.
KG, Germany), then emulsification using UltraTurrax (IKA Werke T-25 basic, IKA®-Werke GmbH
& Co. KG, Germany) for 5 min at 21,000 rpm. To compare the different formulations, an ethanolic
solution was also prepared; chamomile essential oil was added to absolute ethanol at 100 µg/mL
concentration, and the solution was sonicated for 5 min.

The stability of Pickering emulsion was studied from periodical droplet size determination using
DLS measurements (Malvern Zetasizer Nano S, Malvern Panalytical Ltd, Worcester, UK).

4.3. Materials for Biological Experiments

In these experiments, the sterile 96-well microtiter plates were from Greiner Bio-One
(Kremsmunster, Austria), potassium phosphate monobasic, glucose, adenine, 96% ethanol (Et), peptone,
yeast extract, agar-agar, and Mueller Hinton agar were from Reanal Labor (Budapest, Hungary),
modified RPMI 1640 (contains 3.4% MOPS, 1.8% glucose, and 0.002% adenine), SYBR green I 10,000×,
propidium iodide, dihydrorhodamine 123 (DHR 123), 2′,7′-dichlorofluorescin diacetate (DCFDA),
dihydroethidine (DHE) and menadione (Me) were from Sigma-Aldrich Chemie GmbH (Steinheim,
Germany), disodium phosphate and dimethyl sulfoxide (DMSO) were from Chemolab Ltd. (Budapest,
Hungary), sodium chloride from VWR Chemicals (Debrecen, Hungary), potassium chloride was from
Scharlau Chemie S.A (Barcelona, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) was from
Serva Electrophoresis GmbH (Heidelberg, Germany), caspofungin (Cas) from Merck Sharp & Dohme
Ltd (Hertfordshire, UK), vancomycin (Van) from Fresenius Kabi Ltd. (Budapest, Hungary), 0.22 µm
vacuum filters from Millipore (Molsheim, France) and the cell spreader was from Sarstedt AG & Co.
KG (Numbrecht, Germany). All other chemicals used in the study were of analytical or spectroscopic
grade. For fungi, we used an in-house nutrient agar medium [34] while phosphate-buffered saline
(PBS, pH 7.4) was from Life Technologies Ltd. (Budapest, Hungary). Highly purified water (<1.0 µS)
was applied throughout the studies.

4.4. Determination of Minimum Inhibitory Concentration (MIC90)

4.4.1. Microorganisms

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, Bacillus subtilis (B.
subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, Streptococcus pyogenes (S. pyogenes)
SZMC 0119, Schizosaccharomyces pombe (S. pombe) ATCC 38366, Candida albicans (C. albicans) ATCC
1001, and Candida tropicalis (C. tropicalis) SZMC 1368 were obtained from Szeged Microbial Collection,
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Department of Microbiology, University of Szeged, Hungary (SZMC) and Department of General and
Environmental Microbiology, Institute of Biology, University of Pecs, Hungary (PMC).

4.4.2. Antimicrobial Activity Tests

The antibacterial activity of the tested drugs was separately evaluated on E. coli, P. aeruginosa, B.
subtilis, S. aureus, and S. pyogenes according to our previously published protocol [35]. In brief, bacterial
populations of ~105 CFU/mL were inoculated into RPMI media and incubated for 16 h at 35 ± 2 ◦C
with test compounds (CPe, CT80, CEt, and Van) over a wide concentration range (0.3–0.01 µg/mL). The
absorbance was measured by a Thermo Scientific Multiskan EX 355 plate reader (InterLabsystems,
Budapest, Hungary) at 600 nm.

The antifungal activity against S. pombe, C. albicans, and C. tropicalis species were also carried out
according to our previously published method [35]. Briefly, ~103 cells/mL were incubated for 48 h at
30 ± 2 ◦C with test compounds (CPe, CT80, CEt and Cas) at wide concentration range (20–0.01 µg/mL)
in modified RPMI media. The absorbance was measured by a Thermo Scientific Multiskan EX 355
plate reader (InterLabsystems, Budapest, Hungary) at 595 nm. Absorbance values were converted to
percentages compared to growth control (~100%) and data were fitted by nonlinear dose–response
curve method to calculate the dose producing ≥90% growth inhibition (MIC90). All the measurements
were performed by applying three technical replicates in six independent experiments. Van and Cas
were used as a standard antibacterial and antifungal drug, respectively, throughout the experiments.

4.5. Determination of Minimum Effective Concentration (MEC10)

The assay has been designed to determine the killing effects of the test compounds for a certain
period of time. In brief, a wide concentration range (0.03–80 µg/mL) of the test samples were used to
treat ~106 cells/mL for one hour. One milliliter of treated and untreated samples were taken and were
diluted 105 times followed by spreading 50 µL samples onto 20 mL nutrient agar media and incubated
for 24 h at 35 ◦C (bacteria) and 30 ◦C (fungi) for colony-forming unit (CFU/mL) quantification. The
data were compared with growth control and positive control (Van for bacteria and Cas for fungi) for
percentage mortality (~10% death) determination. It is noteworthy that in the MEC10 experiments, the
inoculated microbial cell number was 103 times higher than was used in the MIC90 determinations (106

vs. 103). However, in both cases, the same formula was used (see Section 4.7). All the measurements
were performed by applying three technical replicates in six independent experiments.

4.6. Determination of Microbial Oxidative Generation and Killing Activity

4.6.1. Quantification of Total ROS Generation

Total ROS generation was assayed according to previously published protocols [27,28,34,36].
Briefly, ~106 cells/mL were collected and centrifuged at 1500 g for 5 min and were suspended in
PBS. The cells were stained with a 20 mM stock solution of DCFDA in PBS (pH 7.4) to achieve an
end concentration of 25 µM, and were incubated at 35 ◦C (for bacteria) and 30 ◦C (for fungi) for
30 min in the dark with mild shaking. The cells were centrifuged (Hettich Rotina 420R, Auro-Science
Consulting Ltd., Budapest, Hungary) and suspended in RPMI media. The cells were treated with
CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 concentrations for one hour.
The fluorescence signals were recorded at Ex/Em = 485/535 nm wavelengths by a Hitachi F-7000
fluorescence spectrophotometer/plate reader (Auro-Science Consulting Ltd., Budapest, Hungary).
The percentage increase in oxidative balance was measured by comparing the signals to those of the
growth controls (Gc). Six independent experiments were done with three technical replicates for
each treatment.
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4.6.2. Detection of Peroxide (O2
2−) and Superoxide Anion (O2

•−) Generation

The previously described protocol was adapted for peroxide [36,37] and superoxide anion
radicals [34,38] with modifications. A positive control, Me (0.5 mmol/L as end concentration), CPe, CT80,
CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 concentrations were used to treat the cell
suspensions (~106 cells/mL) for an hour at 35 ◦C (bacteria) and 30 ◦C (fungi) in RPMI media. Thereafter,
the cells were centrifuged at 1500 g for 5 min at room temperature followed by resuspension of pellets
in PBS of the same volume. DHR 123 (10 µmol/L, end concentration) and DHE (15 µmol/L, end
concentration) were added separately to the cell samples for peroxide and superoxide determination.
The stained cells were further incubated at 35 ◦C (bacteria) and 30 ◦C (fungi) in the dark with mild
shaking. The samples were centrifuged and resuspended in PBS followed by the distribution of the
samples into the wells of 96-well microplates. The fluorescence was measured at excitation/emission
wavelengths of 500/536 nm for peroxides and 473/521 nm for superoxide detection by a Hitachi F-7000
fluorescence spectrophotometer/plate reader (Auro-Science Consulting Ltd., Budapest, Hungary).
The percentage increase in oxidative stress was measured by comparing the signals to those of the
growth controls (Gc). Six independent experiments were done with three technical replicates for
each treatment.

4.6.3. Time–Kill Kinetics Assay

We followed a protocol previously published by T. Appiah et. al., with modifications [39]. In
brief, CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their respective MEC10 concentrations were
used to treat the microbial population of ~106 CFU/mL and were incubated at 35 ◦C (bacteria) and
30 ◦C (fungi). One milliliter of the treated and untreated samples was pipetted at time intervals of 0,
2, 6, 8, 16, and 24 h for bacteria, and 0, 6, 12, 30, 36, and 48 h for fungi, and were diluted 105 times
followed by spreading 50 µL onto 20 mL nutrient agar media using a cell spreader and incubated at 35
◦C (bacteria) and 30 ◦C (fungi) for 24 h. Van and Cas were used as reference controls for bacteria and
fungi. Control without treatment was considered as growth control (Gc). The colony-forming unit
(CFU/mL) of the microorganisms were determined, performed in triplicate and was plotted against
time (h). Six independent experiments were done with three technical replicates for each treatment.

4.6.4. Live/dead Discrimination of Microbial Cells

For live/dead cell discrimination, we followed the protocol published previously [35]. In brief, the
cell population of ~106 cells/mL were treated with CPe, CT80, CEt, Van (bacteria), and Cas (fungi) at their
respective MEC10 concentrations and were incubated at 35 ◦C (bacteria) and 30 ◦C (fungi). Treated and
untreated samples were pipetted at time intervals of 0, 2, 6, 8, 16, and 24 h for bacteria, and 0, 6, 12, 30,
36 and 48 h for fungi followed by centrifugation at 1000 g for 5 min, washed, and resuspended in PBS
(100 µL/well). One hundred microliters of freshly prepared working dye solution in PBS (using 20 µL
SYBR green I and 4 µL propidium iodide diluted solutions as described earlier) were added to the
samples. The plate was incubated at room temperature for 15 min in the dark with mild shaking. A
Hitachi F-7000 fluorescence spectrophotometer/plate reader (Auro-Science, Consulting Ltd., Budapest,
Hungary) was used to measure the fluorescence intensities of SYBR green I (excitation/emission
wavelengths: 490/525 nm) and propidium iodide (excitation/emission wavelengths: 530/620 nm),
respectively. A green to red fluorescence ratio for each sample and for each dose was achieved and the
% of dead cells with the response to the applied dose was plotted against the applied test compound
doses using a previously published formula [35]. All treatments were done in triplicates and six
independent experiments were performed.

4.7. Statistical Analysis of Microbiological Experiments

All data were given as mean± SD. Graphs and statistical analyses were conducted using OriginPro
2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed independently six
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times and data were analyzed by one-way ANOVA test. P < 0.01 was considered statistically significant.
The growth inhibition concentration (MIC90) and minimum effective concentration (MEC10) were
calculated using a nonlinear dose–response sigmoidal curve function as follows:

y = A1 +
A2 −A1

1 + 10(logx 0−x)p

where A1, A2, LOGx0 and p as the bottom asymptote, top asymptote, center, and hill slope of the curve
have been considered.

4.8. Interaction Study between the Cell Model (Unilamellar Liposomes) and Different Formulations of
Chamomile EO

Unilamellar liposomes (ULs) have been prepared from phosphatidylcholine (Phospolipon 90G,
Phospholipid GmbH, Berlin, Germany) by the modified method described before by Alexander Moscho
et al. [40]. Phosphatidylcholine was dissolved in chloroform (≥98% stabilized, VWR Chemicals,
Debrecen, Hungary) in 0.1 M concentration, and 150 µL of this solution was diluted in a mixture of
6 mL chloroform and 1 mL of methanol. This solution was added dropwise to 40 mL of PBS buffer
while stirring on a magnetic stirrer at 600 rpm (VELP Scientifica Microstirrer, Magnetic Stirrer, Usmate
Velate MB, Italy). The solvents were removed on a rotational evaporator at 40 ◦C (Heidolph Laborota
4000, Heidolph Instruments GmbH & CO. KG, Germany). The resulting suspension volume was set
to 25 mL with PBS buffer and stored in the refrigerator at 8 ◦C until further use. A 5 mL suspension
of ULs was mixed with 3 mL Pickering nanoemulsion, conventional emulsion, or ethanolic solution,
and the chamomile EO concentration was 100 µg/mL for the different formulations. The mixture was
stirred at 600 rpm for 24 h at 35 ◦C, and 1 mL aliquots were taken after 1, 2, and 24 h. The samples were
centrifuged at 3000 rpm and 20 ◦C for 5 min, and the ULs were collected and dissolved in absolute
ethanol. The chamomile–EO content of samples was determined with UV/VIS Spectroscopy at 290 nm
(Jasco V-550 UV/VIS Spectrophotometer; Jasco Inc., Easton, MD, USA). For UV/VIS measurements we
have prepared samples without chamomile–EOs, i.e., ULs with SNP suspension, Tween 80 solution, or
ethanol were also mixed and centrifuged and were used as blanks.

4.9. GC-MS Analysis of Chamomile EO

Gas chromatography and mass spectrometry (GC–MS) analyses were carried out on an Agilent
Technologies (Palo Alto, CA, USA) gas chromatograph model 7890A with 5975C mass detector.
Operating conditions were as follows: column HP-5MS (5% phenylmethyl polysiloxane), 30 m ×
0.25 mm i.d., 0.25 µm coating thickness. Helium was used as the carrier gas at 1 mL/min, injector
temperature was 250 ◦C. HP-5MS column temperature was programmed at 70 ◦C isothermal for 2 min,
and then increased to 200 ◦C at a rate of 3 ◦C/min and held isothermal for 18 min. The split ratio
was 1:50, ionization voltage 70 eV; ion source temperature 230 ◦C; mass scan range: 45–450 mass
units. The percentage composition was calculated from the GC peak areas using the normalization
method (without correction factors). The component percentages were calculated as mean values
from duplicate GC–MS analyses of the oil sample. The results of GC–MS analysis can be seen in
Supplementary Materials.

Supplementary Materials: The followings are available online: Composition of chamomile essential oil analyzed
by GC-MS method. Results can be seen in Supplementary Table S1 and Figure S1.
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Abstract: We investigated the antifungal activities of purified plant metabolites artemisinin (Ar) and
scopoletin (Sc) including inhibition, effects on metabolic activities, viability, and oxidative stress on
planktonic forms and on preformed biofilms of seven Candida species. The characteristic minimum
inhibitory concentration (MIC90) of Ar and Sc against Candida species ranged from 21.83–142.1 µg/mL
and 67.22–119.4 µg/mL, respectively. Drug concentrations causing ≈10% CFU decrease within
60 min of treatments were also determined (minimum effective concentration, MEC10) using 100-fold
higher CFUs than in the case of MIC90 studies. Cytotoxic effects on planktonic and on mature
biofilms of Candida species at MEC10 concentrations were further evaluated with fluorescent live/dead
discrimination techniques. Candida glabrata, Candida guilliermondii, and Candida parapsilosis were the
species most sensitive to Ar and Sc. Ar and Sc were also found to promote the accumulation of
intracellular reactive oxygen species (ROS) by increasing oxidative stress at their respective MEC10

concentrations against the tested planktonic Candida species. Ar and Sc possess dose-dependent
antifungal action but the underlying mechanism type (fungistatic and fungicidal) is not clear yet. Our
data suggest that Ar and Sc found in herbal plants might have potential usage in the fight against
Candida biofilms.

Keywords: Candida species; artemisinin; scopoletin; oxidative stress; mature biofilm; antifungal effect

1. Introduction

Fungal biofilms play an important role in numerous infections. They are composed of structural
microbial communities adhering to different surfaces and being enveloped by the exopolymeric
matrix [1]. Development of biofilms hinders the action of the defense system of the host and increases
the resistance to standard antifungal agents [2]. Candida species like Candida albicans (C. albicans),
Candida dubliniensis (C. dubliniensis), Candida tropicalis (C. tropicalis), Candida krusei (C. krusei), Candida
glabrata (C. glabrata), Candida guilliermondii (C. gulliermondii), and Candida parapsilosis (C. parapsilosis)
are fungal species of major medical importance. Candida species, members of human microflora,
are diploid polymorphic yeasts [3] that can be found in the human gastrointestinal, respiratory, and
inside the genitourinary tracts; therefore, C. albicans is found in vaginal, mucosal, and deep tissue
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infections [2,4,5]. In certain individuals with immune-compromised status, the Candida species might
induce consequent infection. Also, Candida species can rapidly adapt to the host’s micro-environmental
circumstances caused by pH and nutritional changes in the gastrointestinal tract [1]. Environmental
imbalance because of nutritional change or pH shifting facilitates the abnormal growth of Candida
species which results in candidiasis [6]. Candida species attack the gut epithelium barriers to reach the
bloodstream via micro-fold cells (M cells) that are found in the gut-associated lymphoid tissue (GALT)
of Peyer’s patches in the small intestine promoting intestinal infections [4]. Esophageal candidiasis is
one of the major and common infections in people living with HIV/AIDS [1]. Symptoms of candidiasis
in the mouth, throat, and esophagus generally include swallowing problems and pain [7,8]. Because
of the increasing incidence of candidiasis and the difficulties in its treatment because of the limited
options in the use of antifungal drugs with species-specific efficacy [9], there is an ultimate need for at
least prevention of fungal infections.

Artemisinin (Ar), belonging to a family of sesquiterpene lactones originally derived from Artemisia
annua L. is well-known for its anti-malarial actions by forming free radicals through cleavage of
intra-parasitic iron-endoperoxide groups and by alkylation of specific malarial proteins mediating
eradication of Plasmodium species [10]. Protection against cancers and inflammation by artemisinin
has also been documented [11]. Ar has been reported to possess anti-infective activity against viruses
(Human cytomegalovirus) and fungi (Cryptococcus neoformans) [12].

Scopoletin (Sc, 6-methoxy-7-hydroxycoumarin) is a phenolic compound isolated from several
plants including A. annua L. [13]. Sc possesses anti-tumor and anti-angiogenesis properties by initiating
cell cycle arrest and facilitating apoptosis in human prostate tumor cells and leukemia cell lines [14,15].
Although anti-fungal effects including anti-Candida activity of Ar and Sc were already studied, yet no
detailed data are found in the literature on Candida species’ viability and biofilm formation treated
with Ar and Sc at their minimum effective concentration (MEC10). Moreover, there are no experimental
results obtained by using the double-stain rapid fluorescent assay for live/dead cellular discrimination
along with metabolic activity determination for Ar- and Sc-exposed Candida species.

Because of the diverse biological activities including reactive oxygen species (ROS)
generation [13,14,16,17], we hypothesized that both Ar and Sc having a wide range of biological
actions might exert antimicrobial activity as well. Therefore, the aim of our present study is to
contribute to the knowledge of the hypothesized anti-microbial and anti-biofilm activity of Ar and Sc
regarding their effects on C. albicans and on non-albicans species. The effect of Ar and Sc on cellular
viability, metabolic activity (enzymatic reducing ability) and oxidative stress balance of the Candida
species was evaluated by SYBR green I-propidium iodide double staining method, resazurin assay,
dihydroethidium (DHE) and dihydrorhodamine 123 (DHR 123) fluorescence assays, respectively. The
biomass and metabolic activity of the living cells in the mature biofilms were assessed by colorimetric
and double fluorescence staining techniques.

2. Results

2.1. Antifungal Activities (MIC90) of Artemisinin and Scopoletin

Average MIC90 data obtained after 48 h of treatment with Ar and Sc for seven Candida spp. are
presented in Figure 1. Ar MIC90 ranged from 21.83 to 142.1 µg/mL, while Sc MIC90 was between 83.43
and 119 µg/mL taking all the tested Candida species. Ar MIC90 values were significantly lower than
those of Sc in the case of C. dubliniensis, C. krusei, and C. parapsilosis (p < 0.01). C. glabrata and C. tropicalis
was more susceptible to Sc (67.22 and 119 µg/mL, respectively). However, in general Ar expressed
higher fungicidal activity than Sc at concentrations in the range of 27 to 80%, less than was seen for Sc.
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Figure 1. Minimum inhibitory concentrations (MIC90) (mean ± SD) of artemisinin (Ar) and scopoletin
(Sc) on C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii
(F) and C. parapsilosis (G) species. Six independent experiments, each in three replicates, compared
with caspofungin (Cs) as positive control and comparison of Ar and Sc treatments (µg/mL).

2.2. Data of Minimum Effective Concentrations (MEC10) for Planktonic Candida Species

Dose-response curves regarding the minimum effective concentrations (MEC10) for Ar and Sc on the
selected opportunistic Candida species are shown in Figure 2. For Ar the obtained MEC10 concentrations
are as follows: C. albicans 84.04 ± 2.92; C. dubliniensis 71.26 ± 3.81; C. tropicalis 89.95 ± 3.62; C. krusei
233.14 ± 4.72; C. glabrata 324.97 ± 4.42; C. guilliermondii 180.9 ± 3.36; and C. parapsilosis 171.86 ± 4.24
(in µg/mL). For Sc the MEC10 values were: C. albicans 132.17 ± 4.19; C. dubliniensis 132.17 ± 5.08;
C. tropicalis 134.27 ± 4.66; C. krusei 162.01 ± 5.03; C. glabrata 215.38.97 ± 5.41; C. guilliermondii 149.2 ± 5.32,
and C. parapsilosis 164.7 ± 5.26 (in µg/mL). The curves have expressed a dose-dependent cell survival
(CFU count) after 60 min exposure to Ar and Sc. The doses corresponding to MEC10 (meaning an
average 90% survival rate of mid-log phased populations, at ~105 CFU/mL) were further used to
evaluate their effects on planktonic cells and on mature biofilms. Cs, Ar, and Sc have shown an
average MEC10 of 6.66 ± 0.14 µg/mL, 165.16 ± 3.87 µg/mL, and 160.84 ± 4.99 µg/mL, respectively for
the tested planktonic Candida spp. Ar appeared to have the lowest MEC10 in the case of C. dubliniensis
(21.83 ± 2.85 µg/mL), C. krusei (27.92 ± 2.55 µg/mL), and C. parapsilosis (27.98 ± 4.69 µg/mL), respectively.
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Figure 2. Minimum effective concentrations (MEC10) (mean ± SD) of artemisinin (Ar) and scopoletin
(Sc) on C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii
(F) and C. parapsilosis (G) species. Six independent experiments, each in three replicates, compared
with caspofungin (Cs) as positive control and comparison of Ar and Sc treatments (µg/mL).

2.3. Effects on Mature Biofilms

A variable response to Ar, Sc, and Cs at MEC10 doses have been found. Although no changes
in the biomass have been observed in the case of Ar treatments, yet an average 55.04 ± 9.46% and
46.32 ± 12.62% reduction in metabolic activities and non-viable cells were seen in the case of C. albicans,
C. dubliniensis, C. tropicalis, and C. glabrata when compared to growth control (p < 0.01). A significant
reduction up to an average of 60% in the total biomass on Sc-treated C. albicans, C. dubliniensis and C.
glabrata (p < 0.01) was found when compared with growth control (Gc) and Cs treatments. However,
the data obtained from metabolic activity testing and non-viable cell numbers are invalid for the
above species because of the significant biomass loss. C. guilliermondii has shown significantly higher
resistance to Ar and Sc compared with the other species. The highest cell death (>60%) detected by the
double fluorescence staining assay and the reduced metabolic activities (<50%) for C. krusei, and C.
parapsilosis were found in the case of Sc treatment (Figure 3).
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Figure 3. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 concentrations on the metabolic
activity, amount of biofilm biomass, and viability of C. albicans (A), C. dubliniensis (B), C. tropicalis (C),
C. krusei (D), C. glabrata (E), C. guilliermondii (F), and C. parapsilosis (G) cell populations (mean ± SD, n =

6 independent experiments, data were compared with untreated controls (Gc) and with caspofungin
(Cs)-treated positive controls. The red (*) and blue (*) asterisks represent a significance value of p <

0.01 for the metabolic activity and viability measurements, respectively. Whereas, the black double
asterisks (**) highlight the changes in the Sc-treated biofilm biomass when compared to Gc, Cs, and Ar
treatments at p < 0.01 significance level.

2.4. Live/Dead Planktonic Cell Viability Discrimination

The long-term effects of Ar and Sc on the viability were tested on mid-log phased planktonic
Candida spp. as well. Ar and Sc decreased the viability of the tested Candida spp. with an average
viability reduction of 58.2 ± 3.5% and 58.6 ± 4.2% after 8 h, whereas 33.6 ± 3.9% and 32.2 ± 3.6% were
seen after 16 h when compared with their respective controls. C. glabrata, C. guilliermondii, and C.
parapsilosis were found to have less than 30% of viable cells in the presence of Ar and Sc for 16 h at
their MEC10 concentrations. Ar and Sc showed a reduction in viability ≤50% after 8 h of treatment on
C. parapsilosis and C. krusei compared with the controls (Figure 4).
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Figure 4. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 concentrations on the viability of
planktonic C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C. guilliermondii
(F), and C. parapsilosis (G) species compared with untreated controls (Gc) after 8 and 16 h of treatment
(mean ± SD, n = 6 independent experiments, caspofungin (Cs) was used as positive control).

2.5. Effects on Metabolic Activity and on Colony Formation of Planktonic Cells

The metabolic activity of the mid-log phased planktonic Candida spp. in the presence of Ar and Sc
at their MEC10 concentrations was evaluated with resazurin at 0, 8, and 16 h time points (Figure 5). Ar
and Sc showed an average reduction in the metabolic activities of tested Candida spp. to two-fold after
8 h of treatment followed by three-fold after 16 h of treatment when compared with their respective
controls. A less than two-fold decrease of metabolic activity was found in C. glabrata, C. guilliermondii,
and C. parapsilosis planktonic cells in the presence of Ar and Sc after 16 h of treatment.

A significant change in the planktonic cell number reduction compared with the control (p < 0.01)
was also found after 8 and 16 h of treatment (Figure 6). A prominent reduction ≤50% of planktonic cell
population, when compared to the controls, was found in the case of C. glabrata, C. guilliermondii and C.
parapsilosis after 16 h of Ar, Sc, and caspofungin (Cs) exposures.
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Figure 5. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 concentrations on the metabolic
activities of planktonic C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata
(E), C. guilliermondii (F), and C. parapsilosis (G) species compared with untreated controls (Gc) and
caspofungin (Cs) as positive control after 8 and 16 h of treatment (mean ± SD, n = 6 independent
experiments, * p < 0.05 and ** p < 0.01).

2.6. Effects on Planktonics’ Oxidative Balance

The effects of Ar and Sc on the induction of the oxidative stress at MEC10 concentrations on
respective mid-log phased Candida spp. planktonic cell populations are illustrated in Figure 7.
Menadione (Me) was used as positive control. All the test drugs caused a significant oxidative stress in
the planktonic cells compared with that of the controls (p < 0.01). More than 25% and 50% of O2

•−

generation was observed in C. glabrata, C. guilliermondii, and C. parapsilosis compared with other tested
Candida spp. after the treatment with Ar and Sc for 16 h. The overall O2

•− generation induced by Ar
was found to be 13.4 ± 1.8% higher than that of Sc. Peroxide generation in C. glabrata, C. guilliermondii,
and C. parapsilosis was also found to be higher (an average of 30.2% increment in Ar treatment and
8.4% increment in Sc treatment) compared with the other tested Candida spp. An average increment of
64.1 ± 2.6% was found in oxidative stress induction by Ar when compared to Sc in Candida species. In
summary, we found that all the tested Candida species were susceptible to Ar and Sc treatments in
favor of Ar vs. Sc.
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Figure 6. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 concentrations on colony
formation of planktonic C. albicans (A), C. dubliniensis (B), C. tropicalis (C), C. krusei (D), C. glabrata (E), C.
guilliermondii (F) and C. parapsilosis (G) species compared with untreated controls (Gc) after 8 and 16 h of
treatment (mean ± SD, n = 6 independent experiments, caspofungin (Cs) was used as positive control).

Figure 7. Effects of artemisinin (Ar) and scopoletin (Sc) at their MEC10 concentrations on peroxides (O2
2-)

and superoxide anion (O2
•-) generation in planktonic C. albicans (A), C. dubliniensis (B), C. tropicalis (C),

C. krusei (D), C. glabrata (E), C. guilliermondii (F), and C. parapsilosis (G) species compared with untreated
(Gc), with menadione (Me)-treated controls and comparison of Ar and Sc treatments (mean ± SD, n = 6
independent experiments, **p < 0.01).
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3. Discussion

Ar and Sc were effective against the selected Candida spp. and their antifungal activities were
comparable in every measured parameter to Cs even if the antifungal agent’s MIC90 value was much
lower than that of our plant-derived test compounds. The susceptibility of selected Candida spp. to Ar
and Sc has not been reported before. The antifungal activity of Ar and Sc may be attributed to the
inhibition of efflux pumps as it was shown for berberine, a natural isoquinoline alkaloid [18]. The
measured lower effects of Sc is not known, however, the presence of efflux pump proteins belonging to
ABC (ATP Binding Cassette) and MFS (Major Facilitators) superfamily might also be the responsible
factors [18,19].

The resazurin assay and SYBR green I-propidium iodide double-stain fluorescent method enabled
us to characterize both the planktonic cell populations and biofilms after the treatment with Ar and Sc.
As a limitation of our viability study, it should be mentioned that measuring a single parameter only
(e.g., the resazurin assay) does not necessarily reflect total cell viability because cellular ATP levels
may change rapidly without significant reduction in intracellular enzyme activities [20]. Based on
literature data both Ar and Sc may induce time-dependent cell wall and membrane damage enabling
propidium iodide to bind to fungal nucleic acids [21]. The double-stain fluorescence assay showed that
the longer the exposure time is, the higher cellular death rate is found in the Ar and Sc-treated fungal
populations. The difference in viability among the examined Candida species we think is due to the
potential difference in the activity of multidrug efflux pumps among the Candida spp. The maintenance
of metabolic activities at about 50% even in the presence of low planktonic cell populations indicates
the adaption of surviving planktonic cells [22].

Data presented in this study suggest the induction of apoptosis-like processes in the tested Candida
spp. that may be due to the accumulation of reactive oxygen species (ROS) that induce or regulate the
apoptosis in yeasts [23,24]. Using the superoxide and peroxide radicals’ fluorescent assays, we showed
the accumulation of reactive oxygen species, which are the indicators of lipid damage [25]. It has
been postulated that Ar and Sc affect ergosterol synthesis [19,26]. Ergosterol, apart from maintenance
and regulation of structural and functional integrity of the membrane, inhibits lipid peroxidation [27].
This can also facilitate the permeability of the cell membrane and incorporation of propidium iodide
through the compromised membranes into the cells. Further characterization of the effects of Ar and
Sc on the levels of superoxide dismutase and catalase at increased ROS level must be assessed [26,28].
Moreover, Ar also plays an important role in the electron transport chain by overexpressing nuclear
distribution protein nude homolog 1 (NDE1) that is responsible for encoding mitochondrial NADH
dehydrogenases causing sensitivity to Ar followed by membrane disruption resulting in mitochondrial
dysfunction by the higher free radical generation when compared to Sc [29,30].

In this study, we have further investigated the effects of Ar and Sc on the preformed mature biofilms
of different Candida spp. Our results demonstrated that Ar is more effective in disrupting the preformed
complexed, extracellular matrix-covered biofilm structure and killing the sessile (surface-attached) cell
population as well compared to Sc at their respective MEC10 concentrations after 24 h exposure. This
may be due to the abilities of the sesquiterpenoids to have action on amyloid proteins, which are one
of the major building blocks of microbial biofilms [31–34]. On the other hand, Sc treatment showed a
dramatic decrement in the total biomass including cell loss from the polystyrene surface in case of C.
albicans, C. dubliniensis, and C. glabrata, which might be due to the action of coumarin derivatives on
the chemical pathways such as quorum sensing resulting in biofilm dispersion [35–40]. However, the
higher metabolic activities and the less cell death rate found in the case of C. gulliermondii indicates the
presence of other drug resistance mechanism factors apart from poor drug penetration into Candida
biofilms. The alternate mechanism might be related to the expression patterns of genes coding for
multidrug efflux pumps [22,41,42]. Moreover, this might be the reason why the surviving cells can
adapt to the stressful microenvironment by decreasing their metabolic activities [23,43]. Though the
adapted cell populations with reduced metabolic activities might survive the toxicity of both test drugs,
Ar exerts higher cell killing properties than those of Sc in the mature biofilm, whereas Sc might cause
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changes in the biofilm adherence factors to the polystyrene surfaces. Adaptation of Candida species
under various conditions has already been described [23,44].

Based on the results of the tested Candida planktonic cells, we found that the MEC10 concentrations
of our treating compounds are more effective to initiate oxidative imbalance and reducing metabolic
activities followed by death of the planktonic cells when compared to the effects on preformed mature
biofilms, which have shown variable results including cell death, biomass loss, and resistance. The
reason behind the resistance to the MEC10 concentrations maybe due to the extracellular matrix acting
as a diffusion barrier [39,45,46] or the up-regulations of the genes coding the efflux pumps [47–49].
Previous studies also reported that the planktonic cells released from the biofilms express subtle genetic
changes for producing resistant phenotypes. As a consequence, the resistant new population may
form biofilms with altered phenotype that might be responsible for the hostility in some of the tested
Candida species [50].

The widely accepted crystal violet assay was used to investigate the effects of the tested compounds
on the changes of Candida biofilm biomass [51]. This chemically basic dye stains fungal cells including
negatively charged surface molecules and polysaccharides in the biofilm extracellular matrix enabling
a rapid quantification of biofilm mass prior to labor-intensive microscope analysis [52]. Although,
the poor correlation between the biofilm biomass reduction, metabolic activities and cellular viability
remains a major limitation of this method because of the non-selective staining of the biofilm matrix
including viable and dead cells as well [53]. Therefore, results obtained from the crystal violet assay
must be combined with other multi-parametric techniques such as intracellular ATP, ATP/protein ratio,
live/dead cell discrimination and selective visualization of the biomass matrix [54–56].

Our novel multi-parametric evaluations have more precisely highlighted the planktonic fungal
susceptibility, killing ability inside the mature biofilm than the classical proliferation assays [57–60].
The observed antifungal effects and combined actions on mature biofilms of Ar and Sc might be
useful for further detailed research for their potential usage as alternative antimicrobial agents for the
treatment of Candida infections.

4. Materials and Methods

4.1. Materials

For our experiments, sterile 96-well microtiter plates for antifungal activity, live/dead
discrimination and metabolic assays (Catalog number: 30096, SPL Life Sciences Co. Ltd., Gyeonggi-do,
Korea), and for biofilm assays (Catalog number: 83.3924.500, Sarstedt AG & Co. KG, Numbrecht,
Germany), crystal violet, peptone, yeast extract, agar-agar, potassium phosphate monobasic, acetic
acid (Reanal Labor, Budapest, Hungary), resazurin, modified RPMI 1640 medium (containing 3.4%
(w/v) MOPS, 1.8% (w/v) dextrose and 0.002% (w/v) adenine) [61], menadione (Me), artemisinin (Ar),
scopoletin (Sc), SYBR green I 10,000x, propidium iodide, dihydrorhodamine 123 (DHR 123) and
dihydroethidine (DHE) (Sigma-Aldrich Chemie GmbH, Steinheim, Germany), disodium phosphate,
dimethyl sulfoxide (DMSO) from Chemolab Ltd. (Budapest, Hungary), sodium chloride (VWR
Chemicals, Debrecen, Hungary), dextrose, adenine, potassium chloride (Scharlau Chemie S.A,
Bercelona, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) (Serva Electrophoresis GmbH,
Heidelberg, Germany), 0.22 µm vacuum filters from Merck Millipore (Molsheim, France) were used.
All other chemicals in the study were of analytical or spectroscopic grade. Highly purified water
(<1.0 µS) was applied throughout the experiments. Caspofungin (Cs) was purchased from Merck
Sharp & Dohme Ltd. (Hertfordshire, UK).

4.2. Instruments Used in the Experiments

A microbiological incubator (Thermo Scientific Heraeus B12, Auro-Science Consulting Kft.,
Budapest, Hungary), microtiter plate reader (PerkinElmer EnSpire Multimode plate reader,
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Auro-Science Consulting Ltd., Budapest, Hungary), benchtop centrifuge (Hettich Rotina 420R,
Auro-Science Consulting Kft., Budapest, Hungary) were used throughout the experiments.

4.3. Microorganisms and Culture Conditions

All the fungal species were obtained from Szeged Microbiology Collection, University of Szeged,
Hungary (Table 1) and were maintained at the Department of General and Environmental Microbiology,
Institute of Biology, University of Pécs, Hungary. C. albicans 1372, C. dubliniensis 1470, C. tropicalis 1368,
C. krusei 779, C. glabrata 1374, C. guilliermondii 808, and C. parapsilosis 8006 were used to evaluate the
MIC90, the minimum effective concentration (MEC10) for the planktonic cells and the inhibition of
biofilm formation of the test samples. All the fungal species were cultured and maintained in yeast
extract peptone dextrose agar medium (YPD: 1% (w/v) peptone, 0.5% (w/v) yeast extract, 2% (w/v)
dextrose, 1.5% (w/v) agar-agar in distilled water [62]. Phosphate-buffered saline (PBS, pH 7.4) was
from Life Technologies Ltd. (Budapest, Hungary), and highly purified water (<1.0 µS) was applied
throughout the experiments.

Table 1. Candida species examined in the study.

Species Collection Code Origin

C. albicans SZMC 1372 clinical sample/Debrecen, Hungary

C. dubliniensis CBS 7987
SZMC 1470

oral cavity of HIV-infected patient/Melbourne,
Australia

C. tropicalis SZMC 1368 clinical sample/Debrecen, Hungary

C. krusei SZMC 0779 clinical sample/National Institute of
Environmental Health (NIEH), Hungary

C. glabrata SZMC 1374 clinical sample/Debrecen, Hungary

C. guilliermondii SZMC 0808 clinical sample/Pécs, Hungary

C. parapsilosis SZMC 8006 clinical sample/Szeged, Hungary

Abbreviations: SZMC, Szeged Microbiological Collection, Szeged, Hungary (http://www.wfcc.info/ccinfo/collection/by_
id/987); CBS, Westerdijk Fungal Biodiversity Institute, Utrecht, The Netherlands (http://www.westerdijkinstitute.nl/).

4.4. Determination of Minimum Inhibitory Concentration (MIC90)

The MIC90 was performed according to a previously published method [63] with modifications.
Ar and Sc were prepared in DMSO at concentrations ranging from 0.39–200 µg/mL and 0.01–8 µg/mL
for Cs. Total of 100 µL of fungal suspensions of 103 colony forming units (CFU)/mL in modified RPMI
1640 medium was pipetted into each well of sterile 96-well microtiter plates and mixed with 100 µL of
dilutions of Ar and Sc. The final solvent concentration for the dilution of the drugs was restricted up
to 2.5% v/v in the wells. Inoculated growth medium without any treatment was considered as the
growth control. The sterile medium was taken as the blank. After 48 h of incubation at 30 ◦C in a
microbiological incubator, the absorbance was measured at 595 nm. Absorbance values were converted
to percentages compared with those of the growth control (≈100%) and data were fitted by non-linear
dose-response curve method to calculate the dose producing ≥90% growth inhibition (MIC90). All the
measurements were performed by applying three technical replicates in six independent experiments.
Cs was used as a standard antifungal drug throughout the experiments.

4.5. Determination of Minimum Effective Concentration (MEC10)

The MEC10 measurement was performed according to our previously published protocol to
estimate the dose-dependent survival rate of the cells [64–66] with modifications. Briefly, Ar and
Sc were prepared in DMSO at concentrations ranging from 0.25–400 µg/mL and 0.5–32 µg/mL for
Cs. Total of 100 µL of fungal suspensions of mid-log phased 105 colony forming unit (CFU)/mL in
modified RPMI 1640 medium were pipetted into each well of sterile 96-well microtiter plates and

http://www.wfcc.info/ccinfo/collection/by_id/987
http://www.wfcc.info/ccinfo/collection/by_id/987
http://www.westerdijkinstitute.nl/
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mixed with 100 µL of dilutions of Ar and Sc. The final solvent concentration for the dilutions of the
drugs was restricted up to 2.5% (v/v) in the wells. Inoculated growth medium without any treatment
was considered as the growth control. The sterile medium was taken as the blank. After 60 min
of incubation at 30 ◦C in a microbiological incubator, 1 mL of treated and untreated samples was
pipetted and were spread in nutrient agar media for 24 h at 30 ◦C for colony-forming unit (CFU/mL)
quantification. CFU/mL values were converted to percentages and data were fitted with a non-linear
dose-response curve to achieve drug concentrations producing an approximately 90% fungal cell
growth (MEC10) compared to the untreated culture after one hour treatment. All the measurements
were performed by applying three technical replicates in six independent experiments. Cs was used as
a standard antifungal drug throughout the experiments.

4.6. Determination of the Effects on Preformed Mature Biofilms

The protocol for the measurement of the effects on the mature biofilms and treatment was adapted
from the literature [7,67] with modifications. Total of 200 µL samples of 24 h old late-log phased C.
albicans and non-albicans species in the modified RPMI 1640 medium (106 CFU/mL) were used to
culture biofilms without treatments for 24 h at 30 ◦C. The microtiter plates were washed carefully
with sterile PBS (pH. 7.4) and were re-incubated with 200 µL culture medium containing Ar and Sc
to be examined at MEC10 concentrations (µg/mL) for further 24 h at 30 ◦C. Modified RPMI media as
blank, inoculated growth media as growth control (Gc) and Cs-treated samples were considered as
controls throughout the experiments. The percentage (%) of inhibition was measured based on the
comparison of the values with those of Gc. Treatments were performed with three technical replicates
in six independent experiments.

4.6.1. Evaluation of Total Fungal Biomass in the Biofilms

To determine the changes in the biofilms, a previously published crystal violet assay protocol was
used [36] with modifications. After 24 h incubation, the crystal violet-stained and PBS-washed biofilms
were treated with 200 µL of 33% (v/v) acetic acid in double-distilled water. Finally, after 20 min the
acetic acid-dissolved dye from the biofilm matrix was pipetted into the wells of a new microtiter plate
and the absorbance was measured at 590 nm. Cs at MEC10 concentration was used as positive control.
The % biofilm biomass reduction measurement was based on growth control (Gc) values which were
assigned to be 100% fungal biofilm mass. Six independent experiments were done with three technical
replicates for each treatment.

4.6.2. Resazurin-Derived Metabolism Assay in the Biofilms

A resazurin-based fluorescent assay published by Kerekes et al. was adapted [36] and was used
to estimate the metabolically active (viable) cell number in the biofilm matrix treated with Ar and
Sc at MEC10 concentrations. Briefly, after 24 h of treatment, the supernatants were removed and the
wells were rinsed with PBS. Resazurin (12.5 µmol/L) in 200 µL of sterile PBS was added to each well
containing the biofilm. After 40 min of incubation at 30 ◦C, the fluorescence was measured at excitation
and emission wavelengths of 560/590 nm respectively. The % metabolic activity measurement was
estimated based on the growth control (Gc) fluorescence values which were considered to be 100%. The
PBS was taken as blank throughout the experiments. Six independent experiments were performed
with three technical replicates for each treatment.

4.6.3. Viability Assay of the Biofilms and of Planktonic Candida Species

For determination of live/dead microbes in the preformed mature biofilms we followed the method
previously published [63]. Briefly, after 24 h of treatment with Ar, Sc, and Cs (positive control) at MEC10

concentrations in the wells of a microplate, the modified RPMI 1640 medium and the non-attached
planktonic cells were removed, and the wells were rinsed and filled with 100 µL PBS. A working dye
solution containing 20 µL SYBR green I (from 10,000× stock in DMSO, diluted 100 times in PBS) and



Molecules 2020, 25, 476 13 of 18

4 µL propidium iodide (500-fold dilution of working stock in DMSO prepared from 20 mmol/L in
DMSO) in 1000 µL of PBS was used. A total of 100 µL of this working solution was added into the
wells of the microplate. The plates were incubated at room temperature in the dark with mild shaking
for 15 min.

For the evaluation of the long-term effects of Ar, Sc, and Cs at their MEC10 on the tested Candida
spp., a previously published live/dead planktonic cell discrimination [63] was optimized and used. A
wide concentration range of SYBR green I (5.5-5500-fold logarithmic dilutions) and propidium iodide
(5-500-fold logarithmic dilutions) was examined. For the discrimination of live/dead cells, mid-log
phased cell populations of 105 CFU/mL were treated by Ar and Sc with a dose assigned for MEC10

concentrations and incubated at 30 ◦C for 16 h. Sampling was done at 0, 8, and 16 h time points for the
measurements. The samples were centrifuged at 1000g for 5 min, washed in PBS and re-suspended
in PBS (100 µL in each well). Then 100 µL of freshly prepared working dye solution in PBS (using
20 µL SYBR green I and 4 µL propidium iodide diluted solutions as described earlier) was added to
the samples. The plate was incubated at room temperature for 15 min in the dark with mild shaking.

A PerkinElmer EnSpire multimode plate-reader was used to measure the fluorescence intensities of
SYBR green I (excitation/emission wavelengths: 490/525 nm) and propidium iodide (excitation/emission
wavelengths: 530/620 nm), respectively. A green to red fluorescence ratio for each sample and for each
dose was achieved and the % of dead cells with the response to the applied dose was plotted against
the applied Ar and Sc doses using the previously published formula [63]. In the case of biofilms, the
measurements were done by area scan mode of the instrument. All treatments were done in triplicates
and six independent experiments were performed.

4.7. Determination of the Metabolic Activity with Resazurin Assay and Colony Formation of Planktonic
Fungal Cells

The metabolic activity of the cells under treatment conditions was performed by the widely
accepted resazurin fluorescence method [68,69]. The experiments had to be optimized because the
resazurin concentration, the cell number and the incubation time are crucial in order to increase
the signal to noise ratio. Fluorescence data were corrected by subtracting background fluorescence
(resazurin in PBS). The initial Candida cell density, resazurin levels, and duration of incubation time were
varied by using resazurin concentrations ranging from 1.6 µmol/L to 25 µmol/L in the cell suspensions.
The proper incubation time for resazurin exposure at an optimized concentration (12.5 µmol/L) was
performed by 60 min incubation and sampling at intervals. The appropriate Candida species cell
density was obtained by exposing a serial dilution of cells to 12.5 µmol/L resazurin in PBS. PBS without
resazurin but with identical cell density to the investigated samples was used as blank.

For fungal colony forming unit measurements, we followed a previously published protocol [70].
Briefly, 1 mL of untreated and Ar, Sc, and Cs-treated sample was pipetted at 0, 8, and 16 h time intervals
and was diluted 105 times followed by spreading 50 µL onto 20 mL YPD agar medium using a cell
spreader and incubated at 30 ◦C for 24 h. Cs was used as a reference control. Fungal colony forming
units (CFU/mL) were determined, performed in triplicates and were plotted against time (h). Six
independent experiments were done with three technical replicates for each treatment.

4.8. Detection of Peroxide (O2
2−) and Superoxide Anion (O2

•−) Generation in Planktonic Fungal Cells

We adapted the protocols previously described [25] for peroxide anion radicals (O2
2-) determination

and for superoxide detection in the cells [62] with modifications. The final cell population for the
experiment was set to mid-log phased 105 CFU/mL. An end concentration of 0.5 mmol/L of menadione
(Me) in cell suspensions was added as the positive control. The cell suspensions were treated with
MEC10 concentrations of test samples. The treatments were done for 60 min at 30 ◦C in the modified
RPMI 1640 medium. Thereafter, the cells were centrifuged for 5 min at 1500g at room temperature. The
pellets were re-suspended in PBS in the same volume. DHR 123 at a final concentration of 10 µmol/L
for peroxides determination and DHE at a final concentration of 15 µmol/L for O2

•− determination
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were added separately to the cell samples. The stained cell samples were further incubated for 60 min
at 30 ◦C in the dark condition with mild shaking. The samples were centrifuged and re-suspended in
PBS followed by distribution of the samples into the wells of 96-well microplates. The fluorescence was
measured at excitation/emission wavelengths of 500/536 nm for peroxides and 473/521 nm for O2

•−

detection, respectively by a PerkinElmer EnSpire multimode plate-reader. The percentage increase
in oxidative stress was measured by comparing the signals to those of the growth controls. Six
independent experiments were done with three technical replicates for each treatment.

4.9. Statistical Analysis

All data are given as mean ± SD. Graphs and statistical analyses were conducted using OriginPro
2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed independently six
times in triplicates and data were analyzed by one-way ANOVA test. P-value of <0.05 was considered
as statistically significant. The minimum inhibitory concentration (MIC90) and the minimum effective
concentration (MEC10) were calculated using a non-linear dose-response curve function as follows:

y = A1 +
A2 −A1

1 + 10(LOGx0−x)p
(1)

where, A1, A2, LOGx0, and p are the bottom asymptote, top asymptote, center and hill slope of the
curve have been considered.
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Abstract: The extreme lipophilicity of essential oils (EOs) impedes the measurement of their biological
actions in an aqueous environment. We formulated oil in water type Pickering Artemisia annua EO
nanoemulsions (AEP) with surface-modified Stöber silica nanoparticles (20 nm) as the stabilizing
agent. The antimicrobial activity of AEP and its effects on mature Candida biofilms were compared
with those of Tween 80 stabilized emulsion (AET) and ethanolic solution (AEE) of the Artemisia EO.
The antimicrobial activity was evaluated by using the minimum inhibitory concentrations (MIC90)
and minimum effective concentrations (MEC10) of the compounds. On planktonic bacterial and fungal
cells beside growth inhibition, colony formation (CFU/mL), metabolic activity, viability, intracellular
ATP/total protein (ATP/TP), along with reactive oxygen species (ROS) were also studied. Artemisia
annua EO nanoemulsion (AEP) showed significantly higher antimicrobial activity than AET and AEE.
Artemisia annua EO nanoemulsions (AEP) generated superoxide anion and peroxides-related oxidative
stress, which might be the underlying mode of action of the Artemisia EO. Unilamellar liposomes,
as a cellular model, were used to examine the delivery efficacy of the EO of our tested formulations.
We could demonstrate higher effectiveness of AEP in the EO components’ donation compared to AET
and AEE. Our data suggest the superiority of the AEP formulation against microbial infections.

Keywords: Artemisia essential oil; Pickering emulsion; oxidative stress; mature biofilm;
antimicrobial activity

1. Introduction

Artemisia annua L. (Sweet Wormwood, Sweet Annie, Sweet Sagewort, Annual Wormwood,
or Qinghaosu) is a very important member of the Asteraceae family, and is widely distributed
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throughout Asia, South Africa, Europe and North America [1–3]. The use of this plant for the treatment
of malaria has been recorded before 168 BC in Chinese traditional medicine [2–5]. Discovery of
the artemisinin, a sesquiterpene with the antimalarial property made this plant to have potential
commercial importance [4–7]. The search for other active components has led to the discovery
of many phytochemicals including, monoterpenoids, sesquiterpenoids, flavonoids and coumarins,
and aliphatic and lipid compounds [6,8]. Apart from its antimalarial activity, the plant has shown
anti-tumor, anti-inflammatory, antipyretic, antimicrobial, antiparasitic, antiulcerogenic, and cytotoxic
activities [2–10]. Several studies on the chemical composition of the Artemisia annua L. essential oil
(AE) have been performed, and active components like camphor, artemisia ketone, germacrene D,
and 1,8-cineole have been found [11,12]. Variability in the chemical composition of AE depending on
the geographical origin and plant’s development stages has led to considerable research interests in
the investigation of biological properties of AE [3,6].

With the increasing demand for the AE in aromatherapy as complementary and as alternative
medicine, people believe in the myth that it is harmless; therefore, it has been used for a long time [1].
Previous studies have reported many drug–drug interactions in essential oils [4,13,14]. Several
side effects of essential oils, which include allergic reactions, may occur if administered topically.
Furthermore, some essential oils can be poisonous if absorbed through the skin, breathed, or swallowed.
Uncontrolled widespread usage and continuous production of essential oils as alternative therapy along
with carrier diluents have created severe problems, especially among children [13,15–17]. Additionally,
the highly lipophilic nature of the essential oils makes it difficult to examine their biological properties in
aqueous environments [18,19]. Therefore, it is highly important to perform research on the formulations
for EOs’ usage, to determine the exact mode of their action, with such knowledge we can suggest
appropriate formulation, and avoid the danger of misuse of EOs.

The antimicrobial effectiveness is often described in terms of minimum inhibitory concentration
(MIC). Conventional broth dilution techniques and disc diffusion data have provided numerous
antimicrobial activities of the AE. However, the diffusion assay is not suitable for essential oil testing,
as the components are partitioned through the agar because of their low affinity to water [20,21].
Furthermore, the ability to compare data from the broth and agar dilution methods are limited due to
the wide spectrum of test methodologies and selection criteria for end-point determinations [16,22,23].
Several techniques have been used to overcome the lipophilicity of the AE, by the application
of suitable solvents such as ethanol, methanol, and dimethyl-sulfoxide (DMSO) or surfactants
like Tween 80 (Polyoxyethylene (80) sorbitan monooleate) and Tween 20 (Polyoxyethylene (20)
sorbitan monolaurate) [21,24,25]. However, previous studies have repeatedly reported that usage
of the solvents/surfactants in various microbiological experiments may contribute to changes in
the physicochemical properties of the testing microenvironment, leading to enhancement or reduction
of the antimicrobial properties [26–28]. Furthermore, the evaporation of the essential oils during
the assay or the inability of the active components to reach the test microbes might cause some
misleading results [29,30].

Thus, novel formulations have been used to enhance the solubility or to emulsify the essential
oils in the aqueous environment, resulting in sustained release of the active components in the testing
system [29]. The suitability of the organic solvents/surfactants has been questioned, and therefore they
are not welcomed in this regard. Efforts to entrap the essential oils by modified cyclodextrins and silica
nanoparticles have been made for the precise characterization of the antimicrobial properties [24,31,32].

Approaches to stabilizing the oil-in-water (O/W) and water-in-oil (W/O) emulsions,
by the application of solid particles instead of surfactants as stabilizing agents, is novel in the field
of essential oil research. The fundamental mechanism involves the adsorption of the solid particles
on the oil-water interface, resulting in a significant decrement of the interfacial tension, causing high
emulsion stability [21,33]. Decreased evaporation of the essential oils from the nanoparticle-stabilized
O/W emulsion formulations, when compared to essential oil-surfactant systems, has been reported
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previously [34,35]. By application of inert and biocompatible particles instead of surfactants,
the irritative and toxic effect of surfactants can be avoided [36].

Even though numerous studies have been performed on the essential oil–Pickering emulsion,
literature data on AE (obtained from Artemisia annua L. cultivated in Hungary)–nanoparticle formulations
related to their application as antimicrobial and anti-biofilm agents are not found [1,3,6,11,14,19].
The primary aim of our present study is to formulate the Pickering nanoemulsion of AE stabilized
with surface-modified spherical silica nanoparticles (AEP) and characterize its antimicrobial activity on
Gram-positive and Gram-negative bacteria and fungi as well as its effects on mature Candida species’
biofilms. We could also demonstrate an effective biofilm-related microbial cytotoxicity and antimicrobial
activity of the AEP on planktonic cells and suggest a plausible mode of action of this formulation.
Efforts were made in the experiments to support the proposed mode of action.

2. Results

2.1. Artemisia Essential Oil and Its Components

The amount of the essential oil obtained by steam distillation was 3% w/w of plant powder.
Our gas chromatography–mass spectrometry/flame ionization detection (GC-MS/FID) analyses (Table S1
and Figures S1–S6) has documented β-pinene (1.25%), artemisia ketone (4.43%), yomogi alcohol (1.29%),
artemisia alcohol (1.68%), (E)-pinocarveol (7.55%), pinocarvone (3.22%), camphor (7.06%), terpinen-4-ol
(1.75%), α-copaene (2.75%), caryophyllene (5.26%), β-farnesene (4.8%), β-selinene (12.27%), spathulenol
(1.75%), caryophyllene oxide (8.64%), eudesma-4(15),11-dien-5-ol (1.06%) and mustakone (1.27%)
as the major components of the essential oil of Artemisia annua L. essential oil, that has been used
throughout the experiments.

2.2. Preparation and Stability Studies of O/W Type Pickering Nanoemulsions

We found that AEPs and AETs have the same stability. The droplet size of the prepared emulsions
increased when the concentration of AE has been raised (Table 1). Since the volume fraction of AE is
very low (0.004 or less), we can be sure that the Pickering emulsion is o/w type, as it has been proven
before [37].

Table 1. Stability parameters and droplet sizes of Pickering nanoemulsion and conventional emulsion.

Stabilizing Agent coil (mg/mL) Ddroplet (nm) ± SD Stability

SNP 0.2–3.5 160 ± 2.2–670 ± 37.2 2–3 months

Tw80 0.2–3.5 130 ± 0.9–590 ± 19.6 2–3 months

2.3. In Vitro Diffusion Study of Artemisia EO (AE) Formulations

We assumed that the different formulations of AE have different diffusion properties, which could
cause different activities in biofilm treatment. To confirm this assumption, in vitro diffusion studies
were performed with an ethanolic solution of AE (AEE), in addition to AET and AEP. The concentration
of AE was the same for all three formulations, and the droplet sizes of AEP and AET were similar,
160 ± 2.2 and 130 ± 0.9 nm, respectively to avoid the droplet size exclusion effect (Figure 1).

The diffusion profiles were very similar in each case. Still, it can be seen that the cumulative
amounts (CA) of AE were the highest in the case of AEP in both experimental circumstances. These were
28.71% at bacterial and 32.30% at fungal experimental temperatures, where AET samples showed
lower values, 19.36%, and 30.43%, respectively, while for AEE only 17.60% and 22.82% of AE diffused
after 24 h.
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AET samples, these values were 25.0% and 27.3%, respectively, and the lowest values were obtained 
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Figure 1. Results of in vitro diffusion studies through agar gel membrane as biofilm model for AEE, AET,
and AEP at 30 ◦C (A) and 37 ◦C (B), respectively. The AE concentration is 200 µg/mL. CA: cumulative
amounts of essential oil in percentage; the experiments were performed in triplicate (mean ± SD).

2.4. Interaction Studies with Unilamellar Liposomes as Cellular Models

Similar to our previous studies, unilamellar liposomes (ULs) were used as a cellular model
for studying the intracellular delivery ability of AE for different formulations [20]. We studied
the interaction between 3.5 µm sized ULs and different formulations of AE (AEP, AET, AEE) for 48 h
at 30 ◦C and 24 h at 37 ◦C. The incubation times and temperatures were the same as in the case of
cellular microbiological experiments with fungi and bacteria (Figure 2).

For both experimental circumstances, AEP showed the best ability to deliver AE to the internal
water phase of ULs; it was 29.8% after 48 hours at 30 ◦C, and 59.2% after 24 hours at 37 ◦C. For the AET
samples, these values were 25.0% and 27.3%, respectively, and the lowest values were obtained in
the case of AEE samples.

2.5. Antibacterial and Antifungal Activities of the Prepared Emulsions

The effects of the Artemisia Pickering nanoemulsion, conventional emulsion, and essential
oil in ethanol on Gram-positive and Gram-negative bacteria, and on opportunistic fungi were
studied. The AEP showed acceptable antibacterial and antifungal activities (MIC90) on E. coli
PMC 201(1.68 ± 0.72 µg/mL), S. aureus ATCC 29213 (1.62 ± 0.37 µg/mL), B. subtilis SZMC 0209
(1.42± 0.64µg/mL), P. aeruginosa PMC 103 (1.46± 0.22µg/mL), S. pyogenes SZMC 0119 (3.15± 0.16µg/mL),
S. pombe ATCC 38366 (2.01 ± 0.46 µg/mL), C. albicans SZMC 1372 (3.62 ± 0.65 µg/mL), C. tropicalis
SZMC 1368 (4.29 ± 0.82 µg/mL), C. dubliniensis SZMC 1470 (3.63 ± 0.57 µg/mL) and C. krusei SZMC
0779 (3.79 ± 0.57 µg/mL), respectively, when compared to AET (P < 0.01). The Pickering Artemisia
annua EO nanoemulsion (AEP) showed higher antimicrobial activity at an average of twelve-fold less
concentration when compared to the free essential oil in ethanol (AEE). The comparative dose–response
curves are shown in Figures 3 and 4 for bacteria and fungi, respectively.
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in µg/mL on E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E). Six independent
experiments each with three technical replicates were performed (mean ± SD).
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Figure 4. Minimum inhibitory concentration (MIC90) of AEP, AET, AEE, and caspofungin (CAS) in µg/mL
on S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E). Six independent
experiments each with three technical replicates were performed (mean ± SD).

2.6. Effects of the Minimum Effective Concentration (MEC10) on Planktonic Microbial Cells

The minimum effective concentration (MEC10) of the Artemisia Pickering nanoemulsion,
conventional emulsion and essential oil in ethanol on Gram-positive and Gram-negative bacteria,
and on opportunistic fungi are shown in Figures 5 and 6. For the AEP the MEC10 concentrations are
as follows: E. coli (4.05 ± 0.69 µg/mL), S. aureus (4.79 ± 0.84 µg/mL), B. subtilis (5.54 ± 1.05 µg/mL),
P. aeruginosa (6.39 ± 0.95 µg/mL), S. pyogenes (9.25 ± 1.03 µg/mL), S. pombe (7.02 ± 1.55 µg/mL), C. albicans
(7.12 ± 2.11 µg/mL), C. tropicalis (13.79 ± 2.74 µg/mL), C. dubliniensis (10.49 ± 3.77 µg/mL) and C. krusei
(11.67 ± 3.62 µg/mL). The curves expressed a dose-dependent cell survival rate (by CFU quantification)
after 60 min exposure to AEP, AET, and AEE. The doses corresponding to MEC10 (average 90% survival
rate of the ~105 CFU/mL, mid-log phased cell population) were then used in further study on planktonic
cells and on mature biofilms.

2.7. Effects on the Microbial Oxidative Balance

Various reactive oxygen species (ROS) production and accumulation in the bacterial and fungal
cells initiate oxidative stress followed by cellular structural damages and apoptosis induction [5].
The oxidative stress generation after 60 min of treatment has been investigated (Figures 7 and 8).
Data expressed as % of control are as follows: combined ROS detected by DCFDA (1235.46 ± 133.63%),
peroxide by DHR 123 (1053.74 ± 146.26%) and superoxide by DHE (1153.84 ± 142.67%) were the highest
in the case of P. aeruginosa. The AEP caused an effective increase in the combined ROS, peroxide,
and superoxide generations as well, in both Gram-positive and negative bacteria and fungi when
compared to AET and AEE (P < 0.01). The AEE has generated a three to four-fold increment in
oxidative stress compared to the growth control (GC), which was the lowest among all treatments.
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three technical replicates, compared to vancomycin (VAN) were considered (mean ± SD).
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Figure 6. Minimum effective concentration (MEC10) of AEP, AET, and AEE (µg/mL) on S. pombe (A),
C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E). Six independent experiments,
each with three technical replicates, compared to caspofungin (CAS) were considered (mean ± SD).
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Figure 7. Percentage oxidative stress generation by AEP, AET, AEE, and VAN on E. coli (A), S. aureus (B),
B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) at their respective MEC10 concentrations after
one-hour treatment. All results were compared to those for menadione (ME) and growth control (GC).
The three formulations were evaluated separately as well. Six independent experiments, each with
three technical replicates (** P < 0.01, mean ± SD).
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Figure 8. Percentage oxidative stress generation by AEP, AET, AEE, and CAS on S. pombe (A),
C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) at their respective MEC10 concentrations
and after one-hour treatment. All results were compared to those for menadione (ME) and growth
control (GC). The three formulations were evaluated separately as well. Six independent experiments,
each with three technical replicates (** P < 0.01, mean ± SD).
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2.8. Effects on the Microbial Planktonics’ Behavior

2.8.1. Colony Formation Changes

The changes in the colony formation of the microbial cells were followed using a time-kinetic
means of investigating the quantity of the living population after a definite time interval under
different samples’ MEC10 concentrations (Figures 9 and 10). A significant 50% reduction in the bacterial
and fungal cell survivability after 6 and 18 h, respectively, was observed in the case of the AEP
exposure when compared to that of AET and AEE (P < 0.01). AEE was the least effective among all
other treatments.
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Figure 9. Effects of AEP, AET, and AEE at their MEC10 concentrations on the mean percentage
colony-forming unit (CFU/mL) decrement of the planktonic E. coli (A), S. aureus (B), B. subtilis (C),
P. aeruginosa (D), and S. pyogenes (E) compared to their respective 0 h samples and vancomycin (VAN)
standard antimicrobial controls after 2, 6, 8, 16 and 24 h of treatment (mean ± SD, n = 6 independent
experiments each with three technical replicates).

2.8.2. Variations in the Intracellular ATP to Total Protein Content Ratios

The energy depletive effects of AEP, AET, and AEE at their MEC10 concentrations on the selected
Gram-positive and -negative bacteria, and fungi were studied (Figures 11 and 12). Although no
significant change in the total protein content (TP) over time in the planktonic cells was observed,
a significant 60.37 ± 5.35% decrement in the ATP/TP ratio was found in the case of the AEP treated
samples when compared to the 0 h samples (P < 0.01). Both AET and AEE have shown a decrease
up to an average of 40% in the ATP/TP ratio in the cases of bacteria and fungi when compared to
the 0 h samples.
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Figure 10. Effects of AEP, AET, and AEE at their MEC10 concentrations on the metabolic activities
of the mean percentage colony-forming unit (CFU/mL) decrement of the planktonic S. pombe (A),
C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) compared to their respective 0 h
samples and caspofungin (CAS) standard antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment
(mean ± SD, n = 6 independent experiments each with three technical replicates).

2.8.3. Effects on Microbial Cell Viability and Metabolic Activity

The multi-parametric cytotoxicity assay has been performed to evaluate the viability of
the microbial cells using SYBR green I/PI live-dead cell technique while the resazurin fluorometric
method was applied for reflecting the metabolic changes caused by the test samples. The cytotoxic effects
of AEP, AET, and AEE on the viability (Figures 13 and 14) and on the metabolic activity (Figures 15
and 16) of the selected bacteria and fungi were evaluated. The 50% reduction in the viable cell
population was reached at an average of 9.9 ± 0.71 h and 17.09 ± 0.45 h in the case of the Gram-positive
and -negative bacteria, and fungi under AEP exposure. A delayed effect at an average of 9.74 ± 1.65 h
was observed in the case of AET to initiate a 50% mean non-viability in the microbial populations when
compared to AEP (P < 0.01). The AEE has shown the slowest induction of microbial non-viability with
a delay of 20.63 ± 3.73 h compared to AEP (P < 0.01). A significant 50% decrement in the metabolic
activity was observed in the case AEP treated bacteria and fungi at an average of 10.63 ± 0.55 h
and 26.35 ± 0.36 h, respectively (Figures 15 and 16). The AET treatment showed an average of
7.42 ± 2.63 h delay in reducing metabolic activity by 50%when compared to AEP treated samples
(P < 0.01). No significant decrease in the metabolic activity was found in the case of the AEE treated
fungal samples.
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Figure 11. Effects of AEP, AET and AEE at their MEC10 concentrations on the total protein content (TP)
and intracellular ATP/TP ratio of the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa
(D), and S. pyogenes (E) compared to their respective 0 h samples and vancomycin (VAN) standard
antimicrobial controls after 2, 6, 8, 16 and 24 h of treatment (mean ± SD, n = 6 independent experiments
each with three technical replicates).
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Figure 12. Effects of AEP, AET, and AEE at their MEC10 concentrations on the total protein content
(TP) and intracellular ATP/TP ratio of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C),
C. dubliniensis (D) and C. krusei (E) compared to their respective 0 h samples and caspofungin (CAS)
standard antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment (mean ± SD, n = 6 independent
experiments each with three technical replicates).
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Figure 13. Mean percentage non-viability of AEP, AET and AEE at their MEC10 concentrations on
the metabolic activities of the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D),
and S. pyogenes (E) compared to their respective 0 h samples and vancomycin (VAN) standard
antimicrobial controls after 2, 6, 8, 16 and 24 h of treatment (mean ± SD, n = 6 independent experiments
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Figure 14. Mean percentage non-viability of AEP, AET, and AEE at their MEC10 concentrations on
the metabolic activities of the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D)
and C. krusei (E) compared to their respective 0 h samples prior and caspofungin (CAS) standard
antimicrobial controls after 6, 12, 30, 36 and 48 h of treatment (mean± SD, n = 6 independent experiments
each with three technical replicates).
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Figure 15. Effects of AEP, AET and AEE at their MEC10 concentrations on the metabolic activities of
the planktonic E. coli (A), S. aureus (B), B. subtilis (C), P. aeruginosa (D), and S. pyogenes (E) compared to
their respective 0 h samples and vancomycin (VAN) standard antimicrobial controls after 2, 6, 8, 16
and 24 h of treatment (mean ± SD, n = 6 independent experiments each with three technical replicates).
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Figure 16. Effects of AEP, AET and AEE at their MEC10 concentrations on the metabolic activities of
the planktonic S. pombe (A), C. albicans (B), C. tropicalis (C), C. dubliniensis (D) and C. krusei (E) compared
to their respective 0 h samples and caspofungin (CAS) standard antimicrobial controls after 6, 12, 30, 36
and 48 h of treatment (mean ± SD, n = 6 independent experiments, each with three technical replicates).

2.9. Effects on Mature Candida Spp. Biofilms

The changes in the metabolic activity, fungal cell viability, total biofilm biomass, total protein
content (TP) of the biofilm-attached Candida cells, and their ATP content in terms of ATP/TP ratio are
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shown in Figures 17 and 18. Variable response to the AEP, AET, and AEE treatments at their respective
MEC10 concentrations was observed when compared to the growth control (GC). Although no changes
were found in the total biofilm biomass, a significant 40% reduction in the metabolic activity of the AEP
treated mature biofilm-attached Candida species after 24 h was observed compared to GC. Whereas,
AET and AEE treated samples have shown an average of 20% to 30% metabolic activity reduction
compared to the AEP treatment (P < 0.01). The reduction of the 50% viable biofilm-attached Candida
cells was also observed compared to the GC after 24 h of the treatment. The killing activity of the AEE
treatments was found to be the lowest compared to the AEP treatments (P < 0.01). Total protein
(reflecting the number of cells, TP) did not change significantly during the treatments, but a significant
60% reduction of the ATP/TP ratio was found in the case of the AEP treated mature biofilm-attached
Candida samples when compared to the GC (P < 0.01). An average of 28.57 ± 5.26% and 15.34 ± 4.64%
reduction in the ATP/TP ratio for the AET and AEE were recorded, resulting in the AEE treatments to
be the least effective among the treatment groups.Molecules 2020, 25, x FOR PEER REVIEW 17 of 29 
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Figure 17. Effects of AEP, AET and AEE after 24 h of treatments at their respective MEC10 concentrations
on the metabolic activity, amount of biofilm biomass, and viability of C. albicans (A), C. tropicalis (B),
C. dubliniensis (C) and C. krusei (D) cell populations (mean ± SD, n = 6 independent experiments each
with three technical replicates, data were compared with untreated controls (GC) and with caspofungin
(CAS)-treated positive controls. The red (*) and blue (*) asterisks represent a significance value of
P < 0.01 for the metabolic activity and viability measurements, respectively.

Figure 18. Cont.
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Figure 18. Effects of AEP, AET and AEE after 24 h of treatments at their respective MEC10 concentrations
on the ATP and the total protein content (TP) of C. albicans (A), C. tropicalis (B), C. dubliniensis (C)
and C. krusei (D) cell populations in the mature biofilms (mean ± SD, n = 6 independent experiments
each with three technical replicates, data were compared with untreated controls (GC) and with
caspofungin (CAS)-treated positive controls. The blue double asterisks (**) represent a significance
value of P < 0.01 for the intracellular ATP/Total protein content (ATP/TP), respectively.

3. Discussion

The effects of three different formulations of Artemisia annua EO on mature Candida biofilms
and antimicrobial activity have been studied. We succeeded in formulating stable Pickering
nanoemulsions using surface-modified silica nanoparticles, and the formulation with desired
droplet size (160 nm) was examined for its antimicrobial properties. Artemisia annua EO Pickering
nanoemulsions (AEP) were stable for three months, with a higher effectiveness when compared to
AET and AEE.

Based on our analyses, AEP has shown stronger antimicrobial activity at lower concentrations
(MICs) compared to that of AET and AEE. Several experiments have been conducted previously;
however, the mechanism of action at the sub-inhibitory concentrations has not been studied
at all [6,12,13]. Our data suggest an effective microbial killing activity of AEP on selected bacteria
and fungi. Previous studies believe that the killing action of the essential oils happens due to the leakage
in the cells’ cytoplasmic membrane and induction of oxidative stress [38–41]. We have introduced
several staining methods to visualize and to understand the mechanism of action of the AEP, AET
and AEE. The AEP was able to induce higher oxidative stress compared to AET and AEE followed
by metabolic interference, cell wall disruption, ATP depletion and finally cell death in the case of
planktonic bacterial and fungal cells as well as in mature biofilm-attached Candida cells at their
respective sub-inhibitory concentrations.

The results obtained from model experiments have highlighted that the Pickering nanoemulsion
of the AE oil is the most effective form for the intracellular delivery and for the transport of EO through
biofilms when compared to AET and AEE. On the basis of our observations, it can be postulated
that the difference in the antibacterial and antifungal activity against microbial cell may be explained
by the different adsorption properties of the essential oil formulations [20,34]. Data for unilamellar
liposomes as a cellular model support the phenomenon of adsorption of the Pickering emulsion droplets
on the cell membrane that has been reported earlier [33]. It might happen that either the passive
diffusion occurs due to higher local concentration gradient of the essential oil or fusion of the AEP
droplets with the microbial cells allowing the intracellular delivery of the active components from
the AEP. The static Franz diffusion experiments on agar gel membrane as a biofilm model showed that
AEP has the best ability to deliver the EO through porous structure. The enhanced transportability of
AEP must be related to the difference of the surface properties of AEP and AET since experiments
were performed with droplets of similar sizes. Overall, our observations demonstrated that the AEP
facilitates the Artemisia essential oil in penetrating through the biofilm and the cells, inducing oxidative
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stress and disruption of the cell membrane integrity due to the high adsorption efficacy of Pickering
nanoemulsion droplets.

4. Materials and Methods

4.1. Plant Collection and Extraction of Artemisia Essential Oil

The plant samples were collected in 2017 from Békés county, Orosháza-Nagyszénás, Hungary,
from a local farm in the autumn and were dried in the dark, under moisture-free conditions for two
months. The plant parts were ground to farinose form and were sieved down. The powdered form of
the plant was stored in airtight containers for future use.

The extraction of the Artemisia annua L. (A. annua) essential oil was done by steam distillation
method as described earlier [42]. Briefly, 500 mL of distilled water was added to 50 g dried powder
of A. annua. The steam distillation was done for 30 min, and the reading in the graduated tube was
recorded for the essential oil yield. The yield value was converted to the percentage (%) w/w of 1 g of
the powdered plant’s part.

4.2. GC-MS and GC-FID Studies

The Artemisia essential oil was diluted 1:100 in n-heptane and injected on the GC-MS and GC-FID
systems. The separation and identification of volatile compounds was carried out by using
GCMS-QP2020 instrument (Shimadzu, Duisburg, Germany) equipped with a split-splitless injector
and an AOC-20i autosampler. For a satisfactory characterization of compounds, two different capillary
columns were used. One was a low-polarity column, namely SLB-5ms 30 m × 0.25 mm id × 0.25 µm
df (Merck Life Science, Rome, Italy), while the other with a medium polarity was a Supelcowax-10
30 m × 0.25 mm id × 0.25 µm df (Merck Life Science). Both columns operated under a programmed
temperature: 50 ◦C to 280 ◦C at 3.0 ◦C/min. Injection volume was of 0.5 µL with a split ratio of 1:10.
Helium was used as gas carrier at a constant linear velocity of 30 cm/s and an inlet pressure of 26.7
kPa. MS parameters were as follows: the mass range was 40–650 amu, the ion source temperature was
220 ◦C and the interface temperature was 250 ◦C. The GCMSsolution software (version 4.50 Shimadzu,
Kioto, Japan) was used for data collection and handling. Peak identification was carried out by using
a double parameter: MS spectra similarity (over 85%) and a LRIs ±5 and ±10 linear retention index
(LRI) tolerance window for the SLB-5ms and Supelcowax-10 column, respectively. In this respect,
a homologous series C7-C30 n-alkanes (Merck Life Science) standard mixture in hexane (1000 g/mL)
was used for LRIs calculation on SLB-5ms column, while a C4-C24 even carbon saturated FAMEs
(Merck Life Science, Rome, Italy) standard solution in hexane (1000 g/mL) on Supelcowax-10 column.
For mass spectral identification, FFNSC 3.01 (Shimadzu Europe, Duisburg, Germany) was mainly used.

The quantification of volatile compounds was carried out by using a GC-2010 Plus (Shimadzu,
Kioto, Japan) equipped a split-splitless injector (280 ◦C), an AOC-20i autosampler and an FID detector.
The GC columns, temperature program, and carrier gas were the same as described for the GC-MS
system, except the initial inlet pressure (99.5 kPa) (the average linear velocity was 30 cm/s).The FID
temperature was set at 280 ◦C (sampling rate: 40 ms), while the gas flows were 40 mL/min for hydrogen,
30 mL/min for the make-up gas (nitrogen) and 400 mL/min for air. Data were collected and processed
through the LabSolution software (version 5.92, Shimadzu).

4.3. Preparation and Characterization of Pickering Nanoemulsion

We synthesized surface-modified spherical silica nanoparticles (d = 20 nm) using the Stöber
method [43] and used them as a stabilizing agent of Pickering nanoemulsions. For the stabilization
of Pickering nanoemulsions, silica nanoparticles were synthesized as described previously [20].
The surface of hydrophilic silica nanoparticles was modified with propyltriethoxysilane (PTES Alfa
Aesar, Haverhill, MA, USA, pur. 99%) with a theoretical surface coverage of 20%. The size distribution
of nanoparticles was determined by dynamic light scattering measurements (DLS, Malvern Zetasizer



Molecules 2020, 25, 2390 18 of 27

Nano S, Malvern Panalytical Ltd., Worcester, UK), the particles were suspended in ethanol or water.
The following data and settings were used in DLS measurements: temperature 25 ◦C; disposable
polycarbonate cuvette; autocorrelation function; count rate between 200-500 kcps; refractive index
and absorption of silica of 1.57 and 0.001, respectively; refractive index of ethanol and water of
1.367 and 1.436, respectively; duration 60 s. Morphology was examined with transmission electron
microscopy (TEM, JEM-1400, JEOL Ltd., Tokyo, Japan). The drop of the sample suspension (~1 µL)
was drop cast onto 200 mesh copper grid coated with carbon film (EMR Carbon support grids, Micro to
Nano Ltd., Haarlem, The Netherlands) and dried overnight in vacuum desiccators. The TEM images
of surface modified silica nanoparticles can be seen in Supplementary Material (Figure S7).

For the Pickering emulsions (AEP), the concentration of nanoparticles was kept constant (1 mg/mL)
and concentration of Artemisia essential oil (AE) was varied between 200 µg/mL and 3.5 mg/mL.
The emulsification process was carried out in two steps. In the first step, the mixture was sonicated
for 2 min (Bandelin Sonorex RK 52H, BANDELIN electronic GmbH & Co. KG, Berlin Germany).
The second step was high shear emulsification, which was performed with an UltraTurrax (IKA Werke
T-25 basic, IKA®-Werke GmbH & Co. KG, Germany) high shear homogenizer for 2 min at 13,500 rpm.
Conventional emulsions, stabilized by Tween 80 surfactant (AET) (Acros Organics, Thermo Fisher
Scientific, Waltham, MA, USA) and ethanolic solution (AEE) were also prepared to compare stability
parameters, droplet sizes and microbiological properties with those of AEP. The concentration of Tween
80 surfactant was the same as nanoparticles, 1 mg/mL. The stability of emulsions was studied based on
periodical droplet size determination using DLS measurements (Malvern Zetasizer Nano S, Malvern
Panalytical Ltd., Worcester, UK). The emulsions were stored in airtight vials, covered with aluminum
foil at room temperature (25 ◦C). We considered the emulsion to be stable when the droplet size did
not change in time, creaming, phase separation, or sedimentation and aggregation of nanoparticles
could not be observed.

4.4. In Vitro Diffusion Studies—Static Franz Diffusion Cell Method

We carried out the diffusion study with the same parameters as in the in vitro cellular
experiments—30 ◦C/24 h for fungi and 37 ◦C/24 h for bacteria—to obtain data that could be used to
compare with the antimicrobial activities. The examination of diffusion properties was performed
in static vertical Franz diffusion cells (Hanson Microette Plus, Hanson Research 60-301-106, Hanson
Research Corporation, Chatsworth CA, USA). All experiments were performed in triplicate. As a biofilm
model membrane, we have used 2.1 mm thick 2 w/w% agar gel membranes with effective penetration
area of 2.54 cm2, with a pore size of 1.5-3 µm, as its tortuous pore structure can model the biofilm
matrix [44,45]. The agar membrane was prepared as described previously [34]. The volume of
the receiver chamber was 7 mL; the receiver solution was phosphate buffered saline (PBS). For PBS
preparation the following salts were used: NaCl (high purity, VWR Chemicals Ltd., Debrecen
Hungary), KCl (purity 99%–100.5%, VWR Chemicals Ltd., Debrecen Hungary), Na2HPO4·2H2O
(AnalaR NORMAPUR®, purity ≥9 9.0%, VWR Chemicals Ltd., Debrecen Hungary) and KH2PO4

(purity ≥ 99.0%, VWR Chemicals Ltd., Debrecen Hungary). The volume of emulsion or solution sample
was placed in the donor chamber (600 µL), and the diffusion was examined for 24 h, the samples were
collected at 15 min, 30 min, 1 h, 2 h, 3 h, 6 h and 24 h. The volume of the taken sample was replaced
with fresh PBS buffer. The (AE) content was determined with UV-Vis spectroscopy (Jasco V-670 UV/VIS
Spectrophotometer, ABL&E-JASCO Ltd., Budapest, Hungary). The absorption wavelength of Artemisia
essential oil was 248 nm.

4.5. Interaction Study between the Cellular Model (Unilamellar Liposomes) and Different Formulations of AE

Unilamellar liposomes (ULs) were prepared from phosphatidylcholine (Phospolipon 90G,
Phospholipid GmbH, Berlin, Germany) as described previously [20,46]. A 5 mL suspension of
ULs was mixed with 3 mL Pickering nanoemulsion, conventional emulsion, or ethanolic solution,
and the Artemisia essential concentration was 200 µg/mL for all examined formulations. In the first set



Molecules 2020, 25, 2390 19 of 27

of experiments, the mixture was stirred at 600 rpm for 24 h at 37 ◦C, and 1 mL aliquots were taken after
1, 6, and 24 h. In the second set of experiments, the mixture was stirred at 600 rpm for 48 h at 30 ◦C,
and 1 mL aliquots were taken after 1, 6, 24, 30 and 48 h. The samples were centrifuged at 3000 rpm
and 20 ◦C for 5 min, and the ULs were collected and dissolved in absolute ethanol. The Artemisia
EO content of samples was determined with UV/Vis Spectroscopy at 248 nm (Jasco V-550 UV/VIS
Spectrophotometer; ABL&E-JASCO Ltd., Budapest, Hungary). For UV/Vis measurements, we prepared
samples without Artemisia essential oil, i.e., ULs with silica nanoparticle suspension, Tween 80 solution,
or ethanol were also mixed and centrifuged and were used as blanks.

4.6. Materials and Microorganisms Used for the Biological Experiments

Promega BacTiter-Glo microbial cell viability assay kit (Bio-Science, Budapest, Hungary), glass
beads (Sigma-Aldrich Chemie GmbH, Steinheim, Germany, reference number: G-8772), sterile
petri-dishes (Greiner Bio-One, Kremsmunster, Austria), sterile petri-dishes for the biofilm assays
(Sarstedt AG & Co. KG, Numbrecht, Germany, reference number: 83.3900.500), 0.22 µm vacuum
filters (Millipore, France), cell scraper (Sarstedt AG & Co. KG, Numbrecht, Germany), sterile
microplates (Greiner Bio-One, Kremsmunster, Austria), sterile microplates for the biofilm assays
(Sarstedt AG & Co. KG, Numbrecht, Germany, catalog number: 83.3924.500), 96-well optiplates
(Perkin Elmer, Waltham, Massachusetts, USA), bovine serum albumin (BSA; Biosera, Nuaille, France),
potassium phosphate monobasic, ethanol 96% (Et), methanol, peptone, yeast extract, agar-agar
and Mueller-Hinton agar (for the maintenance of the tested bacteria’s health, used throughout
the experiments) (Reanal Labor, Budapest, Hungary), modified RPMI 1640 (contains 3.4 w/v% MOPS,
1.8 w/v% glucose and 0.002 w/v% adenine), menadione (ME) (Sigma Aldrich, Budapest, Hungary),
disodium phosphate, dimethyl-sulfoxide (DMSO) from Chemolab Ltd. (Budapest, Hungary), sodium
chloride (VWR International Ltd., Debrecen, Hungary), potassium chloride (Scharlau Chemie S.A,
Bercelona, Spain), 3-(N-morpholino) propanesulfonic acid (MOPS) (Serva Electrophoresis GmbH,
Heidelberg, Germany), Caspofungin (CAS) from Merck Sharp & Dohme Ltd., Netherlands, vancomycin
(VAN) from Fresenius Kabi Ltd., (Budapest, Hungary), SYBR green I 10,000×, propidium iodide,
dihydrorhodamine 123 (DHR 123), 2′,7′–dichlorofluorescin diacetate (DCFDA) and dihydroethidine
(DHE) were purchased from Sigma Aldrich (Budapest, Hungary) and from the above-mentioned
sources. All other chemicals applied for the study were of analytical or spectroscopic grade. For fungi,
we used an in-house nutrient medium containing 1 w/v% yeast extract, 2 w/v% peptone, 2 w/v%
glucose and 2 w/v% agar–agar (for the colony-forming unit assay in the petri-dishes) [47], while
phosphate-buffered saline (PBS, pH 7.4) was obtained from Life Technologies Ltd., Budapest, Hungary.
Highly purified water (<1.0 µS) was applied throughout the studies.

Escherichia coli (E. coli) PMC 201, Pseudomonas aeruginosa (P. aeruginosa) PMC 103, Bacillus subtilis
(B. subtilis) SZMC 0209, Staphylococcus aureus (S. aureus) ATCC 29213, Streptococcus pyogenes (S. pyogenes)
SZMC 0119, Schizosaccharomyces pombe (S. pombe) ATCC 38366, Candida albicans (C. albicans) SZMC
1372, Candida tropicalis (C. tropicalis) SZMC 1368, Candida dubliniensis (C. dubliniensis) SZMC 1470
and Candida krusei (C. krusei) SZMC 0779 were obtained from Szeged Microbial Collection, Department
of Microbiology, University of Szeged, Hungary (SZMC) and Department of General and Environmental
Microbiology, Institute of Biology, University of Pecs, Hungary (PMC).

4.7. Determination of Minimum Inhibitory Concentration (MIC90)

We used a previously published protocol [4,20] for measuring the antibacterial activity separately
on E. coli, P. aeruginosa, B. subtilis, S. aureus, and S. pyogenes and antifungal activity against S. pombe,
and Candida species. In brief, for the antibacterial activity determination, a bacterial population
of ~105 CFU/mL was inoculated in modified RPMI 1640 medium followed by incubation for 16 h
at 35 ± 2 ◦C Thermo Scientific Heraeus B12 microbiological incubator (Auro-Science Consulting
Kft., Budapest, Hungary) with AEP, AET, AEE and VAN over a wide range of concentrations
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(26.2—0.01 µg/mL). The absorbance was measured by a Thermo Scientific Multiskan EX 355 microplate
reader (InterLabsystems, Budapest, Hungary) at 600 nm.

The antifungal activity against S. pombe and Candida species were also performed according
to our previously published method [20]. Briefly, ~103 cells/mL were incubated with AEP, AEE,
AET and CAS at a wide concentration range (26.2–0.01 µg/mL) in modified RPMI 1640 medium for
48 h at 30 ◦C (Sanyo MIR-154 microbiological incubator, Auro-Science Consulting Kft., Budapest,
Hungary). The absorbance values obtained by the microplate reader at 595 nm were converted to
percentages and were compared to the growth control (100%). The data were fitted by a non-linear
dose–response curve fitting method to estimate the dose producing ≥90% growth inhibition (MIC90).
All measurements were performed by applying three technical replicates in six independent experiments.
VAN and CAS were used as the standard antibacterial and antifungal drug controls, respectively
throughout the experiments.

4.8. Determination of Minimum Effective Concentration (MEC10)

The MEC10 concentration was obtained according to our previously published protocol [4]. In brief,
a wide concentration range (105–0.2µg/mL) of AEP, AET and AEE was used to treat mid-log phased ~105

cells/mL in modified RPMI 1640 medium for an hour, incubated at 35 ± 2 ◦C and 30 ◦C for the bacteria
and for the fungi, respectively, in an orbital incubator (Sanyo MIR-220RU orbital incubator, Auro-Science
Consulting Kft., Budapest, Hungary). Inoculated growth medium without any treatment was
considered as growth control. For the colony-forming unit (CFU/mL) quantification, 1 mL of the treated
and untreated samples were pipetted out and 105 times dilutions were prepared followed by spreading
50 µL of the test samples onto 20 mL respective nutrient-rich agar media containing petri-dishes
and were incubated for 24 h at 35 ± 2 ◦C and 30 ◦C in the case of bacteria and fungi, respectively.
The colony formation data (CFU/mL) were converted to percentages and the data were fitted using
a non-linear dose–response curve fitting method to evaluate the drug concentrations producing
approximately 90% microbial cell population growth (MEC10) when compared to the untreated
microbial cell populations after one hour of treatment. Three technical replicates in six independent
experiments were performed in all the measurements. VAN and CAS were used as the standard
antibacterial and antifungal drug controls throughout the experiments, respectively.

4.9. Quantification of Microbial Oxidative Stress Production in the Planktonic Cells

4.9.1. Combined ROS Generation Measurement

For the quantification of the combined (not specified separately) reactive oxygen species (ROS)
generation, we have followed our previous protocol [4,20]. In brief, for the ROS measurements,
mid-log phased ~105 cells/mL were collected and centrifuged at 1500 g (Hettich Rotina 420R bench-top
centrifuge, Auro-Science Consulting Ltd., Budapest, Hungary) for 5 min and were re-suspended
in PBS. The staining of the cells was done with 2′,7′–dichlorofluorescein diacetate (DCFDA) stock
solution (20 mM in DMSO) with a final concentration of 25 µM in each well, followed by incubation
at 35 ± 2 ◦C for the bacteria and 30 ◦C for the fungi in the dark with mild rotation in a test tube rotator
(Cole-Parmer Roto-Torque Variable Speed Rotator, InterLabsystems, Budapest, Hungary) for 30 min.
The cells were re-suspended in modified RPMI 1640 medium after centrifugation followed by treatment
with AEP, AET and AEE at their respective MEC10 concentrations for one hour. The fluorescence
data were recorded by a fluorescence spectrophotometer/microplate reader (Hitachi F-7000 fluorescent
spectrophotometer, Auro-Science Consulting Ltd., Budapest, Hungary) at Ex/Em = 485/535 nm in
96-well optiplates. VAN and CAS were used as the standard antimicrobial controls in the case of bacteria
and fungi. ME treated samples were considered as the positive controls. The percentage increase (%)
in the ROS generation was measured by comparing the signals obtained from the growth controls
(GC). Six independent experiments with three technical replicates in each treatment were performed.
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4.9.2. Detection of Peroxide (O2
2-) and Superoxide Anion (O2

•-) Generation

Our previously described protocol was adapted for the peroxide and the superoxide anion radicals’
measurements [20,47]. AEP, AET and AEE at their respective MEC10 concentrations were used to treat
the mid-log phased (~105 cells/mL) microbial cell suspensions followed by incubation in an orbital
incubator at 35 ± 2 ◦C and 30 ◦C for the bacteria and fungi in modified RPMI 1640 medium for
an hour, respectively. VAN and CAS were used as the standard antimicrobial controls in the case of
bacteria and fungi. Menadione (ME) (0.5 mmol/L, end concentration) was used as the positive control
throughout the experiments. The cells were centrifuged at 1500 g for 5 min at room temperature
and were re-suspended in PBS at the original volume of the samples. DHR 123 (10 µmol/L end
concentration) and DHE (15 µmol/L) were used to stain the microbial cell samples for the peroxide
and superoxide determination and were further incubated at 35 ± 2 ◦C for the bacteria and 30 ◦C for
the fungi in the dark with mild shaking. The samples were centrifuged again and were re-suspended in
PBS, followed by even sample distribution into the 96-well microplates. For the peroxide measurements,
the fluorescence was measured at Ex/Em: 500/521 nm, whereas, Ex/Em: 473/521 nm was used to detect
the superoxide generation by a fluorescence spectrophotometer/microplate reader in 96-well optiplates.
The percentage increase (%) in the oxidative stress was measured by comparing the signals obtained
from the growth controls (GC). Six independent experiments were performed with three technical
replicates for each treatment.

4.10. Microbial Cytotoxicity and Viability Kinetic Assays of Planktonics

The cytotoxicity and the viability of the microbial cells were performed with our previously
published method [4,20]. Briefly, AEP, AET, AEE, VAN (bacteria) and CAS (fungi) at their respective
MEC10 concentrations were used to treat the mid-log phased microbial cell populations (~105 cells/mL)
in modified RPMI 1640 medium followed by incubation in an orbital shaker-incubator at 35 ± 2 ◦C
and 30 ◦C for the bacteria and fungi in modified RPMI 1640 medium. After that, the multi-parametric
cytotoxicity and viability kinetic studies were performed (Sections 4.10.1–4.10.4.).

4.10.1. Determination of the Colony-Forming Unit (CFU/mL)

We followed our previously published protocol for determining the changes in the colony
formation (CFU/mL) [4]. Briefly, 1 mL of the treated and the untreated samples were pipetted at the 0,
2, 6, 8, 16 and 24 h for the bacteria, and 0, 6, 12, 30, 36 and 48 h for the fungi, and were diluted 105

times followed by spreading 50 µL onto 20 mL nutrient agar media with a cell spreader and incubation
at 35 ± 2 ◦C (bacteria) and 30 ◦C (fungi) for 24 h. VAN and CAS were used as the reference controls for
the bacteria and fungi. Controls prior to the treatment at 0 h were considered to be 100% and sigmoidal
time interval vs. % CFU decrease was established for each test samples. Three technical replicates for
each treatment in six independent experiments were performed.

4.10.2. Quantification of the Planktonics’ Intracellular ATP and Total Protein Contents

The instructions provided by the manufacturer was followed for the intracellular ATP measurement
of the microbial planktonics. In brief, 1 mL of both treated and untreated aliquots were sampled
at time intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi)
and were centrifuged at 1000 g for 5 min. The pellets were washed and were re-suspended in 1 mL PBS.
Equal volume of the freshly prepared BacTiter-Glo reagent was pipetted to 100 µL of PBS containing
the planktonic cells in 96-well optiplates. The microplates were shaken in the dark at 4 ◦C for 15 min
on an orbital shaker and the luminescence was measured using a Perkin Elmer EnSpire Multimode
plate reader (Perkin Elmer, Waltham, MA, USA). All the measurements were calculated in terms
of nmol/L from an ATP standard calibration curve and were converted to intracellular ATP over total
protein content ratio (nmol/mg) followed by comparison with the controls prior to the treatment
at 0 h. The PBS, VAN (for bacteria) and CAS (for fungi) were considered as the blank and standard
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antimicrobial controls throughout the experiments. Three technical replicates were performed for each
treatment in six independent experiments [48].

For the total protein content of the planktonics, we adapted the Bradford protein assay method [49].
One mL of AEP, AET and AEE treated samples were collected at time intervals of 0, 2, 6, 8, 16 and 24 h
(for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) and were centrifuged at 1000 g for 5 min.
The pellets were washed and were re-suspended in 1 mL NaOH (1 M) containing 100 mg of glass beads
(425-600 µm) [50,51]. The collected samples were stabilized on ice for 5 min followed by 5 min vortexing
with a mechanical cell disruptor (Scientific Industries SI analog cell disruptor (InterLabsystems,
Budapest, Hungary), consecutively. The cycle was repeated three times and then the samples were
centrifuged at 20,000 g for 10 min at 4 ◦C (Heraeus Multifuge 3 S-R bench-top centrifuge, Kendo
Laboratory products, Osterode, Germany). The supernatants’ microbial cell lysates were collected in
separate 1.5 mL centrifuge tubes. Two hundred microliters of the freshly prepared Bradford reagent was
added to a new 96-well general microplate containing 20 µL of the test samples lysates. The absorbance
was measured at 595 nm by a multimode plate reader. NaOH, VAN and CAS treated samples were used
as the blank, standard antibacterial and antifungal controls, respectively. Three technical replicates for
each treatment in six independent experiments were performed. All the measurements were calculated
in terms of mg/L from a BSA standard calibration curve and were compared to the 0 h samples [48].

4.10.3. Quantification of the Planktonics’ Metabolic Activity

For the metabolic activity measurements, AEP, AET and AEE treated samples were pipetted
at time intervals of 0, 2, 6, 8, 16 and 24 h (for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) and were
centrifuged at 1000 g for 5 min. The pellets were washed and were re-suspended in 200 µL PBS
containing resazurin (12.5 µmol/L) followed by 40 min of incubation at 30 ◦C. The fluorescence was
measured with a fluorescence spectrophotometer/microplate reader in 96-well optiplates at an Ex/Em:
560/590 nm wavelengths. The percentage (%) metabolic activity was estimated based on the fluorescence
intensities of samples prior to the application of the treatment at 0 h which were considered to be 100%.
A sigmoidal time interval vs % metabolic activity was established for each test samples. The PBS,
VAN (for bacteria) and CAS (for fungi) were considered as the blank and standard antimicrobial
controls throughout the experiments. Three technical replicates for each treatment in six independent
experiments were performed [4].

4.10.4. Live/Dead Discrimination of the Planktonic Microbial Cells

Briefly, both untreated, AEP, AET and AEE treated samples were taken at 0, 2, 6, 8, 16 and 24 h
(for bacteria), and 0, 6, 12, 30, 36 and 48 h (for fungi) following centrifugation at 1000 g for 5 min,
washed and re-suspended in PBS (100 µL/mL). Freshly prepared 100 µL of the SYBR Green I/PI working
solutions [4] were added to the samples. For 15 min, the plates were incubated in the dark with mild
shaking at room temperature. Fluorescence intensities of the SYBR Green I and PI were measured in
96-well optiplates at an Ex/Em: 490/525 nm and 530/620 nm wavelengths, respectively, by a fluorescence
spectrophotometer/microplate reader. The green to red fluorescence ratio for each sample and each
dose was established and the % of the dead (non-viable) microbial cells with the response to the applied
dose was plotted against the applied test compounds using our previous formula [20]. The VAN
and CAS were considered as the standard antimicrobial controls, whereas, PBS was used as the blank.
All the treatments were done in triplicates and six independent experiments were performed.

4.11. Determination of the Effects on Preformed Mature Candida Biofilms

The effects (Sections 4.10.1–4.10.4) on the mature Candida species biofilms and the treatment
conditions were adapted from our previously published work [4]. Briefly, 200 µL of 24 h-old late-log
phased (~106 cells/mL) C. albicans and non-albicans species in modified RPMI 1640 medium were used
to culture biofilms in the microplates prior to the treatments for 24 h at 30 ◦C. The microplates were
washed in PBS followed by re-incubation in 200 µL modified RPMI 1640 medium containing AEP, AET
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and AEE at MEC10 concentrations (µg/mL) for further 24 h at 30 ◦C. Modified RPMI 1640 medium,
untreated growth sample and CAS treated samples were considered as the blank, growth control
(GC) and standard antimicrobial control (CAS), respectively. The biofilm degradation percentage (%)
was measured based on the comparison of the values with those of the GC. All the treatments were
performed in three technical replicates in six independent experiments.

4.11.1. Evaluation of the Total Fungal Biomass

The change in the biofilm biomass was determined by our previously published crystal violet
assay [4]. After 24 h of incubation, the supernatant containing the test samples was pipetted out
and the wells were washed with PBS. Two hundred microliters of methanol was added to each well in
order to fix the biofilms. The supernatant was removed and 200 µL of 0.1% crystal violet in absolute
ethanol was pipetted into each well. The crystal violet solution was pipetted out and 200 µL of acetic
acid (33% v/v in double distilled water working stock) was pipetted to the crystal violet pre-stained
biofilms to release the bound stains. Subsequently, 20 min later, the acetic acid-dissolved dye from
the stained biofilms was pipetted into the wells of general microplates. The absorbance was measured
at 590 nm by a multimode plate reader. The CAS was considered as the standard antifungal control.
The change in the percentage (%) biofilm biomass was evaluated from the growth control (GC) values
which were taken as 100% fungal biofilm biomass. Three technical replicates in each treatment for six
independent experiments were considered.

4.11.2. Metabolic Activity in the Biofilms

A resazurin-derived fluorescent technique was adapted from our previously published protocol
to determine the metabolic activity in the fungal biofilms [4]. Briefly, after 24 h of the treatment with
AEP, AET and AEE at their respective MEC10 concentrations, all of the supernatants were removed
followed by rinsing the wells with the PBS. Two hundred microliters of sterile PBS containing resazurin
(12.5 µmol/mL) was pipetted into the wells and was incubated at 30 ◦C for 40 min. The fluorescence
intensities were recorded at an Ex/Em: 560/590 nm wavelengths, respectively, by a fluorescent
spectrophotometer/microplate reader. The percentage (%) metabolic activity measurements were
evaluated based on the fluorescence values recorded by the growth control (GC), which was considered
as 100%. The PBS was taken as the blank throughout the measurements. Six independent experiments
were performed with three technical replicates for each treatment.

4.11.3. Viability Assay of the Biofilms

For the discrimination of the live/dead fungal cells in the biofilms, we have followed a method
previously published [4,17]. After 24 h of treatment with AEP, AET and AEE, at their respective MEC10

concentrations in modified RPMI 1640 medium, the planktonic cells were pipetted out, followed
by rinsing and filling of the biofilm-attached wells with 100 µL PBS. One hundred microliters of
SYBR Green I/PI working solutions [17] were pipetted into the wells of the microplate. The plates
were incubated at room temperature for 15 min in the dark with mild shaking. A fluorescence
spectrophotometer/microplate reader was used to measure the fluorescent intensities at an Ex/Em:
490/525 nm and 530/620 nm for SYBR Green I and PI, respectively, into 96-well optiplates. The green
to red fluorescence ratio for each sample and each dose was established, and the % of the dead
microbial cells with the response to the applied dose was plotted against the applied test compounds
using our previous formula [17]. All treatments were done using three technical replicates in six
independent experiments.

4.11.4. Determination of the Candida Biofilms’ Intracellular ATP and Total Protein Contents

The instructions provided by the company was followed for the intracellular ATP measurement of
the Candida mature biofilms. In brief, after 24 h of the treatment with AEP, AET and AEE, the planktonic
cells were pipetted out, followed by rinsing the biofilm and pipetting 100 µL of PBS into every well
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of the microplate. An equal volume of the freshly prepared BacTiter-Glo reagent was pipetted into
the wells containing the biofilms submerged in the PBS. The microplates were shaken in the dark
at 4 ◦C for 15 min on an orbital shaker. The content of the microplates was transferred to 96-well
optiplates and the luminescence was measured using a multimode plate reader. All measurements were
quantified by using an ATP standard calibration curve and were converted to intracellular ATP over
total protein content ratio (nmol/mg) followed by comparison with the growth control (GC). The PBS
and CAS were used as the blank and the standard antifungal controls, respectively. Three technical
replicates for each treatment in six independent experiments were performed [49].

For the measurement of the total protein content in the biofilms, parallel to the microplate cultures
the biofilms were produced and treated in 35 mm diameter sterile petri dishes with identical surface
properties to those of the microplates. We have adapted the Bradford protein assay method [49]. Briefly,
after 24-hour treatment of the mature biofilms with AEP, AET and AEE, the planktonic cells were
pipetted out and biofilms were rinsed with PBS. The biofilms were scraped out from the petri dishes
using a cell scraper into sterile 1.5 mL centrifuge tubes containing 1 mL NaOH (1 M) and 100 mg of
glass beads (425–600 µm). The collected samples were stabilized on ice for 5 min, followed by 5 min
vortexing, consecutively. The cycle was repeated three times and then the samples were centrifuged
at 20,000 g for 10 min at 4 ◦C. The supernatants’ fungal cell lysates were pipetted out and were diluted
in NaOH (1 M) up to the initial volume used for the biofilm growth. Two hundred microliters of
the homemade freshly prepared Bradford reagent were added to a new 96-well general microplate
containing 20 µL of the test sample lysates. The absorbance was measured at 595 nm by a multimode
plate reader. All the measurements were calculated in terms of mg/L from a BSA standard calibration
curve. Total protein contents were referred to the surface are of the microplates in order to obtain
the valid ATP/TP values. The NaOH and CAS treated samples were used as the blank and the standard
antifungal controls, respectively. Three technical replicates for each treatment in six independent
experiments were performed. All the measurements were calculated in terms of mg/L from a BSA
standard calibration curve and were compared to the growth control (GC).

4.12. Stastical Analyses

All data are given as mean ± SD. Graphs and statistical analyses were conducted using
OriginPro 2016 (OriginLab Corp., Northampton, MA, USA). All experiments were performed
independently six times in triplicates and data were analyzed by one-way ANOVA test. P-values
of <0.05 were considered statistically significant. The minimum inhibitory concentration (MIC90)
and the minimum effective concentration (MEC10) were calculated using a non-linear dose–response
curve function as follows:

y = A1 +
A2 −A1

1 + 10(LOGx0−x)p
(1)

where A1, A2, LOGx0, and p are the bottom asymptote, top asymptote, center, and hill slope of the curve
have been considered.

Supplementary Materials: The following are available online, Composition of the Artemisia annua L. essential
oil analyzed by GC-MS and GC-FID instruments (Supplementary Table S1 and Figures S1–S6). TEM images of
surface-modified silica nanoparticles (SNPs), results can be seen in Supplementary Figure S7.
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