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Summary 

The growing occurrence of antimicrobial resistance (AMR) is a global cause for concern due to the 

decreased availability of effective antimicrobial drugs. Therefore, treating resistant infections can become 

costly or even impossible. Furthermore, the increase in resistant infections leads to longer hospital stays and 

higher mortality rates. Resistance is prevalent because microorganisms can form biofilms; communities of 

cells bound to a surface and covered in an extracellular matrix (ECM), that protects cells from the effects 

of antimicrobial agents. Besides the ECM, biofilm cells further resist antimicrobial drugs by rapidly 

developing a number of mechanisms. Therefore, development of novel antimicrobial agents is key to 

overcoming AMR. One potential alternative to conventional antimicrobial drugs are cationic antimicrobial 

peptides (AMPs) which are short and amphipathic molecules. Some AMPs possess both anti-planktonic and 

anti-biofilm activity among other beneficial properties which make them a suitable alternative to 

conventional antimicrobial drugs. In this study, the anti-biofilm activity of Os(11-22)NH2, a short peptide 

derived from Os, a derivative of a defensin identified in the tick Ornithodoros savignyi, was investigated. 

For the purpose of this study, the opportunistic fungal pathogen Candida albicans, one of the leading causes 

of hospital-acquired infections, was used as the model microorganism. 

Os was inactive, while the derivative Os(11-22)NH2 was active against planktonic (free-floating) C. 

albicans with a minimum inhibitory concentration that reduces growth by 50% (MIC50) of 47 µM. The 

CellTiter Blue (CTB) cell viability assay was used to determine the biofilm inhibiting and eradicating 

activity. Os(11-22)NH2 inhibited biofilm formation with a minimum concentration of the antifungal agent 

that reduced biofilm formation by 50% (BIC50) of 81 µM. Inverted light microscopy images confirmed CTB 

cell viability results and reduced hyphal formation was observed. Treatment of preformed biofilms with 

Os(11-22)NH2 led to biofilm eradication by Os(11-22)NH2 with a minimum concentration of the antifungal 

agent that decreased cell viability in a pre-grown biofilm by 50% (BEC50) of 210 µM.  

Most AMPs target the cell membrane, therefore, membrane permeabilizing activity was investigated using 

confocal laser scanning microscopy (CLSM) and the DNA binding dyes propidium iodide (PI) and 4',6-

diamidino-2-phenylindole (DAPI). Results indicated that cell membranes were permeabilized by treatment 

with Os(11-22)NH2 during biofilm inhibition and eradication. 

Some AMPs are known to induce the production of reactive oxygen species (ROS) in microorganisms, 

leading to cell death. Therefore, the fluorescence producing dye 2,7-dichlorodihydrofluorescein diacetate 

(DCFH-DA) was used to determine whether Os(11-22)NH2 induces ROS production. Os(11-22)NH2 

induced ROS production during biofilm inhibition and eradication. In the presence of ascorbic acid, a 

scavenger of ROS, the production of ROS by the peptide was significantly reduced (p < 0.0001). 
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Furthermore, the effect of ascorbic acid on the biofilm inhibiting and eradicating activity of Os(11-22)NH2 

was determined using the CTB cell viability assay. For biofilm inhibition, no significant difference was 

observed between treatments in the presence and absence of ascorbic acid, therefore killing during biofilm 

inhibition was not due to ROS production. For eradication, a significant increase (p < 0.0001) in biofilm 

eradicating activity was observed in the presence of ascorbic acid indicating that the biofilm eradicating 

activity of Os(11-22)NH2 was enhanced by ascorbic acid. 

In conclusion, anti-biofilm activity of Os(11-22)NH2 was determined at micromolar concentrations, 

indicating a potential antifungal application for this peptide. Future research should reveal its mode of action 

and combination with other antifungal agents. 
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1. Literature Review 

 

1.1 Introduction 

Antimicrobial resistance (AMR) is currently a worldwide threat to human health due to the decreasing 

efficacy of antimicrobial agents used to treat infections. Globally, approximately 700 000 deaths per year 

are attributed to antimicrobial resistant infections. However, this number is inaccurate due to the lack of 

epidemiological data from a number of countries. If solutions are not developed, the number of deaths due 

to AMR are predicted to reach 10 million by 2050, with a staggering 4.1 million of these deaths occurring 

in Africa (1). AMR can be caused by numerous factors such as the misuse and abuse of antimicrobial agents, 

the sale of counterfeit and substandard antimicrobial agents, genetic mutations and acquisition of AMR-

encoding genes. All of the previously mentioned factors contribute to greater mortality, prolonged hospital 

stays and increased treatment costs (2). In particular, increased cases of resistance to antifungal drugs has 

led to greater concern. Currently, there are three main classes of antifungal drugs: polyenes, azoles and 

echinocandins. Resistance to antifungal drugs belonging to all three classes has been reported. Species in 

the genus Candida are the most common hospital-acquired fungal pathogens. In South Africa, the World 

Health Organization (WHO) reported resistance to fluconazole, a first line treatment of Candida infections, 

to be as high as 49% (2). Furthermore, several epidemiological studies in African hospitals have reported 

resistance of Candida species to all three antifungal classes and both planktonic (free-floating) and biofilm 

forms have become resistant (3-6). A biofilm is a community made up of many microorganisms that are 

attached to a living or non-living surface and are covered by an extracellular matrix (ECM) which provides 

protection from the external environment. In addition, biofilms possess unique resistance mechanisms that 

enable them to survive antifungal treatment (7). Given the high incidence of antifungal resistance, the 

development of novel antifungal agents that possess anti-biofilm activity is of great importance. 

Antimicrobial peptides (AMPs) are short, amphipathic and cationic molecules that have been identified in 

various organisms and have been found to be active against bacteria, viruses and fungi (8). AMPs possess 

broad-spectrum activity, multiple killing targets and develop little to no resistance against target cells (9). 

In addition, AMPs have been found to act against planktonic and biofilm forms of microorganisms. Some 

AMPs display strong antifungal activity and are therefore classified as antifungal peptides (AFPs). In 

previous studies, the peptide Os which was derived from a defensin identified in the soft tick Ornithodoros 

savignyi, displayed antifungal activity against planktonic (10) and biofilm (11) forms of C. albicans. Os 

was shortened and amidated at the carboxy terminus to form Os(11-22)NH2, which also displayed anti-

planktonic activity (10). Therefore, the aim of this study was to further investigate the antifungal activity of 

Os(11-22)NH2 against C. albicans biofilms. 
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1.2 Antimicrobial resistance 

According to the WHO, AMR occurs when a microorganism (bacterium, virus, fungus or parasite) is able 

to survive and even grow in the presence of an antimicrobial drug (antibiotic, antiviral, antifungal or 

antiparasitic) that it was once susceptible to (2). As a result, the treatment of infections becomes 

complicated, costly and even impossible in severe cases. Moreover, the period of illness is extended, and 

the likelihood of mortality becomes greater. The development of AMR in microorganisms occurs naturally, 

however, the acquisition of resistance can be sped up by misuse and abuse of antimicrobial agents in both 

humans and animals. Another factor that contributes to increasing AMR is the lack of development of novel 

antimicrobial agents that can replace antimicrobial agents that are no longer effective (2). 

Accelerated resistance brought about by the misuse and abuse of antimicrobial agents can occur in a number 

of ways. Firstly, antimicrobial agents are one of the most frequently prescribed drugs in human medicine. 

However, almost half of these prescriptions are not necessary (12). Furthermore, the use of antimicrobial 

agents in veterinary medicine, aquaculture and agriculture has led to greater AMR (2). The failure to 

complete a prescribed course of antimicrobial agents can also lead to resistance since the microorganisms 

that survived the initial antimicrobial treatment could gain resistance to the antimicrobial agent. Lastly, the 

production and prescription of substandard and counterfeit antimicrobial agents has also contributed to 

increasing AMR. Substandard drugs are defined as medicines that are authentic, however, they have not 

been subjected to standards and quality testing protocols. Counterfeit drugs, on the other hand, are drugs 

that have been incorrectly labelled in order to mislead consumers. Counterfeit drugs may possess 

insufficient amounts of the active ingredient or contain no active ingredient at all (13). The use of 

substandard or counterfeit drugs can promote AMR due to the lack of sufficient doses of the antimicrobial 

agents, therefore, the period of sickness may persist and the occurrence of infections may increase (14). 

In addition to the misuse and abuse of antimicrobial agents, AMR can be obtained by natural processes such 

as mutations and horizontal gene transfer. The transfer of genetic material can occur by transformation and 

conjugation. Transformation involves the uptake of deoxyribonucleic acid (DNA) outside the cell followed 

by incorporation of the DNA into the chromosome. Conjugation is the most common mechanism of 

transferring genes that encode for AMR. In this form of gene transfer, a pilus is formed between two cells 

and a plasmid containing resistance encoding genes is transferred from the donor cell to the recipient cell 

(12). 
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1.3 Fungal infections 

The increasing occurrence of mycoses (fungal infections) and resistance of fungal pathogens to conventional 

antifungal agents poses a threat to public health. Fungal infections can be categorized as hypersensitive 

reactions to proteins produced by fungi or reactions to fungal toxins. Healthy individuals can be predisposed 

to a variety of infections which can be cutaneous, subcutaneous or systemic (15). Severe cases of fungal 

infections can result from other health related challenges such as AIDS, diabetes, organ transplantation and 

cancer (16). Approximately 1.4 million deaths per year can be attributed to fungal infections, most of which 

are caused by Pneumocystis, Candida, Aspergillus and Cryptococcus species (17). However, most 

infections that have been recorded are caused by species belonging to Aspergillus and Candida, the 

causative agents of aspergillosis and candidiasis, respectively. In a clinical setting, it was found that in 

patients with impaired immunity, aspergillosis and candidiasis were responsible for between 80-90% of 

systemic fungal infections (18). 

 

1.3.1 Candida albicans-related fungal infections 

C. albicans is a dimorphic fungus that belongs to the Saccharomycetae family of ascomycete fungi (19). 

This fungus is part of the normal microbiota and can be found in a number of areas in the human body such 

as the oral cavity, and gastrointestinal and genitourinary tracts. In healthy individuals, C. albicans is a 

harmless microorganism. However, when host immunity is compromised, C. albicans can overgrow and 

cause a variety of infections. C. albicans related infections can be either superficial or systemic (20). 

Systemic infections pose a greater threat to human health and can be caused by the presence of implanted 

medical devices such as prosthetic heart valves, endotracheal tubes, joint replacements and catheters (21). 

In some cases, yeast cells can disperse into the bloodstream, causing candidemia. In more serious cases, 

cells can spread to other parts of the body and infect other internal organs, causing disseminated candidiasis 

(19). 

Infections caused by the genus Candida are amongst the leading causes of nosocomial (hospital-acquired) 

infections, most of which are caused by C. albicans (22). This emphasizes the importance of developing 

therapies that are effective against C. albicans. However, effective therapies are difficult to develop due to 

the ability of C. albicans to form biofilms which consist of yeast cells, pseudohyphae and hyphae (23). A 

biofilm is defined as a community made up of many microorganisms that are attached to either a living or 

non-living surface and are covered by the ECM which provides protection from the external environment 

(24). Besides forming monomicrobial biofilms, C. albicans can also form polymicrobial biofilms with other 

fungi and bacteria, making the treatment of infections more complicated. In addition, biofilms are highly 

resistant to antimicrobial treatment. Therefore, to treat infections, higher doses of antimicrobial drugs are 
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required, and this often happens when medical devices are removed. The resistant nature of these biofilms 

presents a twofold problem. Firstly, removal of implanted medical devices can be an expensive procedure 

and secondly, the dispensation of higher doses of antifungal drugs can cause side effects, such as kidney 

and liver damage (20). 

 

1.4 Current antifungal drugs 

In order to combat the threat posed by growing cases of fungal infections, antifungal drugs have been 

developed. However, the development of antifungal drugs fails to match the constraints imposed by 

managing fungal infections in patients (25). Antifungal drugs have multiple targets including the fungal cell 

wall, membrane components, DNA and ribonucleic acid (RNA) synthesis, microtubule assembly, and 

protein synthesis (26). Currently, there is a wide range of antifungal drugs used to treat fungal infections 

with the most focus being on three classes: polyenes, azoles and echinocandins. 

Polyene antifungal drugs are a natural product from the soil actinomycete Streptomyces nodosus (27).  This 

class of antifungal drugs acts on fungal cells by binding to ergosterol, a sterol found in fungal membranes. 

Hydrophobic interactions between polyenes and ergosterol leads to the formation of a complex, which has 

a detrimental effect on membrane function, resulting in pore formation. Formation of pores leads to the 

efflux of the cellular contents, which leads to cell death. 

An example from this class is amphotericin B (AMB), an antifungal drug prescribed as a first line treatment 

for patients affected by severe, life threatening infections (28-30). AMB (Figure 1.1A) exhibits a broad 

spectrum of activity against fungal infections such as cryptococcosis, invasive and mucosal candidiasis, 

blastomycosis and histoplasmosis (31). Due to its high selectivity for fungal cells, AMB is a good antifungal 

drug despite toxicity issues. Although AMB does bind to cholesterol, a sterol found in human cell 

membranes, it has a greater binding affinity for ergosterol. Higher specificity for ergosterol can be attributed 

to differences in the respective structures of cholesterol and ergosterol, as shown in Figure 1.1B (32). A 

major concern that surrounds the use of AMB is toxicity, especially the toxic effect on the kidneys, lowering 

of blood potassium levels and infusion reactions (33). In order to overcome these side effects, new 

formulations of AMB have been developed. A lipid-based formulation of AMB has been found to be highly 

effective in reducing kidney toxicity (34).   
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Figure 1.1: (A) Structure of amphotericin B. Structure of amphotericin B was drawn using ChemSketch (ACD/Labs). 

(B) Three-dimensional structures of (a) amphotericin B, (b) cholesterol and (c) ergosterol. Ergosterol has a cylindrical 

shape, whereas cholesterol has a sigmoidal shape. The cylindrical shape of ergosterol facilitates better binding to the 

hydrophobic portion (grey) of amphotericin B (indicated by the bracket) compared to cholesterol. Adapted from Odds et 

al. (26).   

 

The azole class of antifungal drugs consists of two types of azoles: imidazoles such as ketoconazole, and 

triazoles such as isavuconazonium sulfate (isavuconazole) (35). Azoles act on fungal cells by inhibiting the 

enzyme lanosterol 14α-demethylase, which catalyzes the elimination of the 14-α methyl group of lanosterol 

in the biosynthesis of ergosterol (36). Inhibition of lanosterol 14-α demethylase leads to a decrease in 

ergosterol and a build-up of ergosterol precursors, which affects the regular fluidity and permeability of the 

fungal cell membrane. The decreased availability of ergosterol also has a detrimental effect on membrane 

bound enzymes that are involved in cell wall synthesis (37). 

Ketoconazole (Figure 1.2A), the first imidazole that could be taken orally, has a broad spectrum of activity 

and was especially effective in treating endemic mycoses, oral candidiasis, superficial skin infections and 

coccidioidomycosis (38). Despite its broad-spectrum activity, the use of ketoconazole was associated with 

adverse side effects. In order to overcome this problem, new triazoles such as fluconazole, posaconazole 

and isavuconazole (Figure 1.2B) were developed. Isavuconazole was first introduced in 2015, making it the 

latest azole antifungal drug to be developed. Like ketoconazole, isavuconazole has broad spectrum activity, 

with notable activity against most Candida, Cryptococcus and Aspergillus species (39). 

A 
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Two issues surround the use of azole drugs, namely toxicity and resistance. Side effects associated with the 

use of imidazoles and triazoles include inflammation of the liver, rash and gastrointestinal problems (40). 

Compared to older azole drugs, these effects are not as prominent in newer azole drugs. Despite the reduced 

risks of toxicity, the use of azole drugs in pregnant women is not advised due to potential birth defects (41). 

Concerning the issues of resistance, two common mechanisms have been identified. The first mechanism is 

mutation of the target enzyme, lanosterol 14α-demethylase, a mechanism seen in Cryptococcus, Aspergillus 

and Candida species (16). Another mechanism involves exclusion of the drug from fungal cells through 

expression of genes that encode efflux pumps (31). 

 

         

Figure 1.2: Structures of (A) ketoconazole and (B) isavuconazole. Ketoconazole was one of the first azole drugs to be 

developed, however, due to issues with toxicity, it was replaced by newer azole drugs such as isavuconazole. Structures of 

ketoconazole and isavuconazole were drawn using ChemSketch (ACD/Labs). 

 

The echinocandins are the most recent class of antifungal drugs, having been introduced in the late 1990s. 

Echinocandins are semisynthetic lipopeptides that are made up of a cyclic hexapeptide linked to a fatty acid 

side chain. The side chain plays a critical role in the antifungal activity of echinocandins (26). The main 

target of the echinocandins is 1,3-β-D-glucan synthase, an enzyme responsible for synthesizing 1,3-β-D-

glucan, a polysaccharide that is a critical component of fungal cell walls (42). Inhibition of 1,3-β-D-glucan 

synthase interferes with the structure of the growing cell wall, which negatively affects osmotic stability 

and eventually leads to cell death (43). 

The echinocandins consist of three antifungal drugs: caspofungin, anidulafungin and micafungin, all of 

which exhibit similar antifungal activity (Figure 1.3). All three exhibit fungicidal activity against numerous 

Candida species, however, a fungistatic effect is observed against Aspergillus species (44). In the case of 

Candida-related diseases such as candidemia and invasive candidiasis, echinocandins are recommended as 
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an initial treatment for patients (31). Resistance to echinocandin drugs is low, but is slowly rising in Candida 

species with resistance in C. glabrata, rising from 3% to 15% (45). Resistance to echinocandins can be 

attributed to mutations in the gene that codes for 1,3-β-D-glucan synthase (16). Toxicity of echinocandin 

drugs is minimal, with mild side effects such as headaches, rash, fever and nausea being reported. Side 

effects are less severe compared to the azole and polyene drugs as 1,3-β-D-glucan synthase is not present 

in mammalian cells (46). 

 

 

 

  

 

 

Figure 1.3: Structures of echinocandin drugs, (A) micafungin, (B) anidulafungin and (C) caspofungin. Echinocandins 
are semisynthetic lipopeptides that consist of a cyclic hexapeptide coupled to a fatty acid side chain. Structures of 

micafungin, anidulafungin and caspofungin were drawn using ChemSketch (ACD/Labs).  
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1.5 Fungal biofilms and antimicrobial resistance 

1.5.1 Biofilm development 

As previously mentioned, a biofilm is a community made up of many microorganisms that are attached to 

either a living or non-living surface and are covered by an ECM which provides protection from the external 

environment (24). Biofilms can be found in a number of environments such as aquatic environments, 

artificial structures, biomaterials as well as plant and mammalian tissue (20). The development of biofilms 

occurs sequentially involving four key steps: adherence, initiation, maturation and dispersal. An overview 

of this process is shown in Figure 1.4. Initially, yeast cells adhere to a surface through weak van der Waals 

forces. After the adherence step, cells begin to grow on the surface and form a layer of cells that will anchor 

the biofilm to the surface. When the basal layer is formed, the biofilm enters the initiation step, in which 

growth of hyphae occurs. Over time, further growth of hyphae and the production of the ECM occurs once 

the maturation stage is reached (20). Finally, when the biofilm is mature, some of the yeast cells are 

dispersed from the biofilm to other tissues, organs or surfaces to form new biofilms (47).  

 

 

Figure 1.4: Overview of biofilm development in C. albicans. Initially, yeast cells will adhere to a substrate. Once the 

adherence stage is complete, cells begin to grow and develop pseudohyphae and hyphae in the initiation stage. In the 
maturation stage, further hyphal growth and ECM production occurs. Finally, when the biofilm is mature, yeast cells will 

disperse to form a new biofilm. Adapted from Nobile and Johnson (20). 
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1.5.2 Role of biofilms in antimicrobial resistance 

A notable characteristic of biofilms is that they are less susceptible to chemical and physical attack compared 

to their planktonic counterparts. Therefore, higher doses of antimicrobial drugs are required to kill cells in 

biofilms. This resistance can be attributed to a number of resistance mechanisms employed by biofilm cells. 

Mechanisms include efflux pumps, the presence of the ECM, persister cells, starvation-induced stress 

responses and extracellular DNA (7). 

The main purpose of efflux pumps is to transport drugs out of the cell into the extracellular environment. In 

planktonic cells, efflux pumps are only upregulated when antimicrobial drugs enter cells. However, in 

biofilms, efflux pumps are upregulated throughout the entire process of biofilm development (20). In fungi, 

two classes of efflux pumps exist: ATP-binding cassette (ABC) pumps and major facilitator superfamily 

(MFS) transporters (48). It has been noted in a number of Candida species, including C. albicans, that the 

presence of low intracellular concentrations of antifungal drugs is due to constant upregulation of efflux 

pumps (49). For example, the ABC transporters CDR1 and CDR2 and the MFS transporter MDR1 have 

been found to play a role in the resistance of C. albicans to azoles (50). 

The ECM plays a role in the resistance of biofilms to antimicrobial drugs by reducing the rate of 

antimicrobial diffusion, which in turn reduces the efficacy of the antimicrobial. Furthermore, reducing the 

rate of antimicrobial diffusion means that cells in the biofilm are initially exposed to a low concentration of 

the antimicrobial, giving cells time to produce a response to the antimicrobial (51). The interaction of ECM 

components such as polysaccharides with antimicrobials leads to a reduction in the rate of diffusion of the 

antimicrobial. An example of such a polysaccharide is β-1, 3-glucan, a polymer of β-1, 3-glucose, which is 

found in C. albicans biofilms (7). In addition to polysaccharides, C. albicans biofilms also contain proteins, 

glycoproteins, lipids and nucleic acids. In some cases, extracellular nucleic acids play a role in antimicrobial 

resistance by interacting with positively charged antimicrobials (52). Besides serving as a physical barricade 

to drug entry, the ECM is also responsible for preserving the biofilm structure (53) and enabling biofilm 

cells to resist host immune defences (54). In some microorganisms, the ECM has been shown to play a role 

in water retention and the absorption of nutrients for cells in the biofilm. In extreme cases of nutrient 

deprivation, cells in the biofilm will produce enzymes that will break down the ECM, which in turn provides 

nutrients for the cells, enabling cell survival under nutrient-limiting conditions (55).  

Persister cells are a subpopulation of cells in the biofilm that are capable of surviving doses much higher 

than the minimum inhibitory concentration (MIC) of antimicrobials. This extreme resistance to 

antimicrobial drugs is not due to changes in the structure of the cell membrane, instead, it is due to the cells 

entering a state of metabolic dormancy which enables them to survive antimicrobial attack. In C. albicans, 

persister cells were found in biofilms but not in planktonic cultures, indicating that these cells play a crucial 
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role in the survival of C. albicans biofilms (56). Persister cells are not mutants, however, they are a 

phenotypic variant of wild type cells. This was illustrated in an experiment by LaFleur et al. (56) where the 

surviving population of cells after antimicrobial treatment of a C. albicans biofilm exhibited tolerance to a 

number of antimicrobial agents. When surviving cells were inoculated to form a new biofilm, a new 

subpopulation of persisters was produced, indicating that persister cells are phenotypic variants of wild type 

cells that possess a genotype that can be passed onto progeny cells. 

The reduced susceptibility of biofilms to antimicrobial agents has resulted in the development of new 

antimicrobial agents in order to combat the increasing incidence of resistance. This has also led to the 

proposal of novel alternatives to antimicrobial therapy, overcoming the barrier of resistance. One proposed 

alternative is the use of AMPs. 

 

1.6 Antimicrobial peptides: a potential alternative to antimicrobial therapy 

AMPs are short, amphipathic molecules (10-50 amino acids) that possess a net positive charge (+2 to +9) 

and a considerable proportion of hydrophobic amino acids (57). These characteristics enable the peptide to 

fold into a three-dimensional amphipathic structure, usually when the peptide comes into contact with 

membranes. This allows the peptide to form separate patches which are abundant in cationic and 

hydrophobic amino acids (58). AMPs have been isolated from a wide variety of organisms including plants, 

bacteria, fungi, insects and vertebrates. Invertebrates lack some components of the adaptive immune system; 

therefore, AMPs provide an important defence mechanism (59). In plants, AMPs play a key role in 

preventing attacks from bacteria and fungi (60). 

As more AMPs were discovered, further research was conducted concerning peptide structure and the 

relationship between structure and function. This led to the discovery of four distinct classes of AMPs: α-

helix, β-sheet, extended and loop structures (61). Examples of these structures are shown in Figure 1.5. The 

β-sheet peptides consist of an antiparallel β-sheet that is held in place by disulfide bonds. In the case of 

larger β-sheet AMPs, such as human β-defensin-3, a few helical segments exist. An example of β-sheet 

AMPs are the tachyplesins, a group of AMPs isolated from the Japanese horseshoe crab, Tachypleus 

tridentatus (62). The α-helix peptides have α-helical conformations and usually have a minor curvature in 

the middle of the structure due to the presence of a proline or glycine residue. The magainins, isolated from 

the skin of the African clawed frog Xenopus laevis (63) are examples of AMPs that possess the α-helical 

conformation.  

Extended AMPs do not have a secondary structure; however, these peptides contain a high proportion of 

certain residues such as arginine, tryptophan and proline in their structures. A well-studied extended AMP 
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is indolicidin, a 13-amino acid long peptide with an amidated C-terminus that was isolated from cytoplasmic 

granules of bovine neutrophils (64). Loop AMPs are characterized by their loop structures imparted by the 

presence of either a disulfide, amide or isopeptide bond. Thanatin, a 21-amino acid AMP was isolated from 

the spined soldier bug, Podisus maculiventris, and contains an antiparallel β-sheet which is stabilised by a 

single disulfide bond (65). 

 

 

Figure 1.5: Structural classes of antimicrobial peptides. (A) β-sheet, (B) α-helix, (C) extended and (D) loop structures. 

Disulfide bonds are indicated by the arrows. Adapted from Powers and Hancock (61). 

 

AFPs are a subset of AMPs that possess antifungal activity and have similar natural and structural diversity 

as AMPs. Furthermore, AFPs include cyclic lipopeptides, linear peptides and open-ended cysteine-rich 

peptides (66).  

 

1.7 Mechanisms of action of antimicrobial peptides 

AMPs have been shown to be active against a number of microorganisms, including bacteria and fungi (67). 

Despite the membrane being a general target for most AMPs, some AMPs have been found to interact with 

components of the cell wall and various intracellular targets. For the purpose of this study, AMPs that target 

the membrane and intracellular components will be discussed. 
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1.7.1 Membrane targeting antimicrobial peptides 

The first interaction between AMPs and target cells is electrostatic where the positively charged peptides 

interact with the negatively charged cell surface components (68). Once this interaction has occurred, the 

peptides must pass through cell wall components in order to gain access to the cell membrane. Examples of 

cell wall components include lipoteichoic acids and peptidoglycan in Gram-positive bacteria, 

lipopolysaccharide in Gram-negative bacteria and chitin in fungi. Once the AMPs have passed through the 

cell wall, they are then able to interact with the cell membrane, inducing pore formation (68). Various 

models have been proposed as to how AMPs form pores and these have been reviewed extensively by 

Nguyen et al. (67) and are shown in Figure 1.6. 

The ‘barrel stave’ model of pore formation involves the alignment of a bundle of peptide helices in the 

membrane along with a central lumen. To form the pore, hydrophobic areas of the peptide will interact with 

the lipid portion of the bilayer and hydrophilic areas of the peptide will form the inner portion of the pore 

(68).  

In the carpet model, peptides bind electrostatically to the negatively charged phospholipid head groups and 

cover the membrane surface. At high peptide concentrations, it is speculated that the peptides on the surface 

disturb the bilayer in the same way as a detergent, leading to micelle formation (69). At threshold peptide 

concentrations, some peptides can access the membrane due to the development of transient holes in the 

membrane. Eventually, the membrane collapses as a result of disturbances affecting bilayer curvature (68). 

The toroidal pore model can be subdivided into the ordered and disordered toroidal model. In the ordered 

toroidal pore model, AMPs insert into the membrane and cause lipid monolayers to curve in such a way that 

the water core is lined by both inserted peptides and lipid head groups. This is different from the barrel stave 

model where only inserted peptides line the water pore. To form the toroidal pore, the polar faces of the 

peptides interact with the polar lipid head groups. The lipids from both leaflets are induced to bend out of 

their usual configuration and are connected to form a single bend from top to bottom consisting of both 

peptides and lipid head groups (68). Conversely, in the disordered toroidal pore model, lipid molecules are 

bent inwards, however, the formation of pores is more stochastic, and a few peptides are situated close to 

the middle of the water pore. In this model, more peptides are located at the mouth of the pore than on the 

external leaflet. As the peptides move into the cell interior, peptides stay parallel to the plane of the bilayer 

(70). 

In some cases, peptides can cause membranes to become thinner or thicker. Research has shown that the 

frog skin peptide PGLa induces membrane thickening (71), while the human cathelicidin peptide LL-37 

induces membrane thinning (72).  
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Figure 1.6: Models of membrane disruption.  The initial interaction occurs between positively charged AMPs (blue rods) 

and the negatively charged components of the membrane. After the initial interaction, membrane disruption can occur in a 

variety of ways as shown in the figure. Adapted from Nguyen et al. (67). 

 

Anionic lipid clustering is observed in positively charged peptides that have a high density of positive 

charges and also have a conformation that is flexible. The accumulation of negatively charged lipids in an 

area of the membrane leads to the concentration of negative charges which in turn attracts positively charged 

peptides. The concentration of positively charged peptides in this negatively charged area might lead to the 

formation of a pore. If the peptides manage to break through the membrane, further damage in the form of 

cell content leakage and membrane depolarization can occur (73). Some AMPs, such as indolicidin 

permeabilize membranes by means of an anion carrier mechanism. In this mechanism, peptides will form 

complexes with hydrophilic negatively charged molecules and then these molecules are transported across 

the membrane out of the cell (74). 

Bilayer phospholipids can become oxidised in cases of infection and inflammation making them a potential 

target for membrane disrupting peptides. In membranes that contain oxidised phosphatidylcholine lipids, 

the peptides temporin B and L were able to slot more effectively into membranes. This could have been due 

to the formation of a Schiff base between lipid aldehyde groups and peptide amino groups. In some cases, 

AMPs cause the formation of non-bilayer intermediates in the membrane (75).  

The cyclic AMP, daptomycin, disturbs membrane integrity by causing the efflux of potassium ions and the 

dissipation of membrane potential. The activity of daptomycin is linked to a change in membrane potential 
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from -165 mV to -100 mV across the cell membrane (76). Finally, some AMPs can disrupt the membrane 

by means of the electroporation model. In this model, positively charged peptides associate with the 

membrane and produce an electrical potential difference across the membrane. When the potential 

difference reaches a particular voltage, pores form in the membrane. NK-lysin is an example of an AMP 

that acts by this model of membrane disruption (77). 

 

1.7.2 Antimicrobial peptides with intracellular targets 

Some AMPs have the ability to enter the cell without permeabilizing the cell membrane and can act on 

intracellular targets. Examples of intracellular targets include organelles, proteins or the disruption of vital 

cellular processes such as DNA synthesis. 

Buforin II, a 21 residue AMP derived from the Asian toad, Bufo bufo gargarizans, kills Escherichia coli by 

binding to DNA and RNA without permeabilizing the cell membrane. Some AMPs can inhibit cell division 

by causing cellular filamentation, resulting in cells having an elongated morphology. AMPs that cause 

Salmonella typhimurium filamentation are the porcine derived proline and arginine-rich AMPs, PR-39 and 

PR-26 (78). Other intracellular targets of PR-39 include protein synthesis and DNA replication. At a 

concentration of 25 µM, PR-39 prevented protein synthesis and caused the breakdown of proteins that play 

a role in DNA replication (79). In addition to its membrane permeabilizing activity, indolicidin induced the 

filamentation of E. coli. Indolicidin also prevented DNA and RNA synthesis at a concentration of 100 

µg/mL (52.5 µM). At higher concentrations (150 µg/mL (78.8 µM) and 200 µg/mL (105 µM)), there was 

significant inhibition of protein synthesis (80). The human neutrophil peptides, HNP-1 and HNP-2, reduce 

DNA, RNA and protein synthesis while HNP-1 also prevents the synthesis of the periplasmic enzyme β-

galactosidase (81).  

Histatins are AMPs that are abundant in histidine, a positively charged amino acid. Through binding to a 

receptor on the fungal cell membrane, histatins can enter the cell. As a result, histatins can enter the 

cytoplasm and cause respiring cells to lose ATP without inducing membrane lysis. Histatins can also disrupt 

the cell cycle and stimulate the production of reactive oxygen species (ROS), leading to killing of fungal 

cells (82). Pyrrhocoricin (VDKGSYLPRPTPPRPIYNRN), is a 20-amino acid long, proline-rich peptide 

that exerts antibacterial activity by binding to DNaK, a heat shock protein, which leads to a decrease in the 

ATPase activity of DNaK. Drosocin (GKPRPYSPRPTSHPRPIRV), another proline-rich AMP, interacts 

with GroEL, a bacterial chaperone protein which plays a role in protein folding. Interactions between 

drosocin and GroEL lead to changes in the refolding of proteins that were initially misfolded (83). 

Lantibiotics are Gram-positive bacteria derived AMPs that possess lanthionine, an amino acid that contains 
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a thioether group. The lantibiotic, mersacidin, prevents the synthesis of peptidoglycan, a structural 

component of Gram-positive bacterial cell walls (84). 

 

1.7.3 Mechanisms of action of antifungal peptides 

Generally, AFPs exert selective toxicity towards their microbial target by interacting with molecular 

determinants of pathogens that have been conserved such as components of the cell wall, cell membrane 

and intracellular targets (85). Although their main targets are components of the fungal cell, some AFPs 

also target components of bacterial cells. Examples of AFPs are shown in Table 1.1. 

 

Table 1.1: Examples of antifungal peptides and their sources, structures and modes of action. 

Peptide family Example Source Structure Mode of action Reference 

Pneumocandins Pneumocandin A0 

Zalerion 

asboricola 

(Fungus) 

Lipopeptide 
Inhibits 1,3-β-glucan 

synthesis 
(86) 

Aureobasidins Aureobasidin A 

Aureobasidium 

pullulans 

(Fungus) 

Cyclic 

depsipeptide 

Alters assembly of 

chitin and actin 
(87) 

Histidine-rich 

peptides 
Histatin Human saliva Linear peptide 

Cell cycle disruption, 

formation of ROS 
(82) 

Membrane 

selective peptides 

Iturin A 
Bacillus subtilis 

(Bacterium) 

Cyclic 

lipopeptide 
Pore formation (88) 

Drosomycin 

Drosophila 

melanogaster 

(Insect) 

Cysteine-rich 

peptide 
Pore formation (89) 

HsAFP1 

Heuchera 

sanguinea 

(Plant) 

Mixed α-helix 

and β-sheet, 

cysteine-rich 

peptide 

Pore formation (90) 

 

 

1.8 Antimicrobial peptides that possess anti-biofilm activity 

AMPs generally possess activity against planktonic cells, however, some AMPs possess activity against 

microbial biofilms. AMPs that possess anti-biofilm activity are medically important because chronic 

infections are usually resistant to treatment due to the presence of biofilms (24). Therefore, biofilm-active 

AMPs provide a potential therapeutic alternative to conventional antibiotics. 

The human cathelicidin, LL-37, inhibited the development of biofilms at concentrations 16 times less than 

its MIC against planktonic bacteria (91). LL-37 inhibited biofilm formation against E. coli and 
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Staphylococcus aureus at concentrations lower than the respective MICs of both microorganisms (92). KT2 

and RT2 are two cationic peptides and are 17 amino acids long and rich in tryptophan residues (six 

tryptophan residues in each peptide). Both peptides exhibited anti-biofilm activity against a multidrug 

resistant E. coli strain and were able to inhibit biofilm development and destroyed preformed biofilms, at 

concentrations as low as 1 µM (93).  

AMPs are not only active against bacterial biofilms, some are active against fungal biofilms. AS-10, a mouse 

cathelicidin-derived peptide, showed anti-biofilm activity against C. albicans biofilms. Anti-biofilm activity 

was observed at a concentration of 0.22 µM, more than 200 times lower than its MIC against planktonic C. 

albicans. In addition to antifungal activity, AS-10 also inhibited the development of a polymicrobial biofilm 

consisting of C. albicans and Staphylococcus epidermidis (94). 

In order to augment the activity of AMPs against microorganisms, some AMPs have been used in 

combination with conventional antimicrobials. Combination therapy can lead to greater efficacy (especially 

if the compounds have different targets), reduce toxic effects, lower costs of dosage and potentially have 

better activity against resistant microorganisms (95). A combination of bacillomycin D, a lipopeptide, and 

AMB showed a synergistic effect against C. albicans biofilms (96). AS-10 showed a synergistic effect 

against C. albicans biofilms when used in combination with both caspofungin and AMB (94). The 

tyrocidines, a group of cyclic decapeptides derived from Bacillus aneurinolyticus, eradicated preformed C. 

albicans biofilms when used in combination with caspofungin and AMB. Although synergistic activity was 

observed with both antifungal drugs, it was found that the tyrocidines had a more significant effect on 

caspofungin activity (97). The plant defensin rHsAFP1 from H. sanguinea displayed anti-biofilm activity 

when used alone and in combination with caspofungin or AMB against C. albicans. More pronounced 

synergistic activity was observed when rHsAFP1 was used in combination with caspofungin (90).  

 

1.9 Therapeutic applications of antimicrobial peptides: limitations and possible solutions 

Despite the growing potential of AMPs as therapeutic molecules either alone or in combination with other 

conventional antibiotics, a number of issues need to be addressed. First, the high cost of producing AMPs 

has limited their use, consequently more cost-effective methods of synthesis must be developed, especially 

considering quantities required for clinical trials and eventual patient treatment. One approach is 

recombinant production (98), where a recombinant expression system is used to produce higher quantities 

of peptides while reducing production costs. However, there are shortcomings with regards to recombinant 

production. In some cases, the expressed AMP can be toxic to the host cell, resulting in its death. In addition 

to potential death of the cell producing the AMP, the C-terminus must be neutralized due to its negatively 
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charged carboxyl group. As the AMP is produced in a host cell, only naturally occurring amino acids can 

be used in the AMP synthesis and this eliminates the incorporation of non-natural amino acids and 

peptidomimetics often required to enhance peptide stability and activity (98). Despite these obstacles, there 

has been some success where for example, the fungal peptide plectasin was produced using a fungal 

expression system (99). Another solution is to reduce the size of peptide to the smallest amino acid sequence 

that still has antimicrobial activity. The tick defensin OsDef2 was identified in the midgut of O. savignyi 

and was found to have antibacterial activity. OsDef2 was shortened to form the derivatives Os and Os-C 

which were 22 and 19 amino acids long, respectively, and both peptides retained antibacterial activity (100). 

Despite AMPs having considerable in vitro activity, this activity often is lost when peptides are exposed to 

physiological salt and serum concentrations (9) and this limits their systemic use. AMPs that are insensitive 

to these conditions are for example the tachyplesins and polymuphesins that exhibit activity in the presence 

of salts (101). The synthesis of salt-insensitive AMPs is possible, but involves altering peptide 

hydrophobicity, amphipathicity, charge and helicity (102). 

The issue of AMP toxicity is of concern, and studies on peptide mediated toxicity are limited to the effects 

on erythrocytes and cell lines. Therefore, further research must be undertaken in order to understand the 

potential mechanisms of toxicity and the development of toxicity profiles (9). The cell membrane is a 

common target for AMPs, however, AMPs disturb prokaryotic membranes to a more pronounced extent 

than eukaryotic membranes. Reduced specificity for eukaryotic membranes is due to the lack of anionic 

lipids on the cell surface, a weak membrane potential gradient and the presence of cholesterol (57). One 

approach that has been proposed to reduce toxic effects is the synthesis of liposomal formulations which 

could enable the use of AMPs in systemic applications (103). 

The greatest hindrance to the use of AMPs as an alternative to antimicrobials is their susceptibility to 

degradation by proteases. If administered orally, AMPs can be degraded by pepsin, trypsin and 

chymotrypsin. If administered intravenously, proteases in the blood can degrade AMPs. In addition to this, 

some bacterial species resist the action of AMPs by producing proteases that render AMPs inactive (98). A 

number of strategies to make AMPs resistant to the action of proteases have been developed. One method 

is to add an acetyl group to the N-terminus which makes the peptide less susceptible to the action of 

aminopeptidases (104). However, the addition of an acetyl group reduces the overall charge of the peptide, 

which may negatively affect peptide activity. Another approach to make peptides less susceptible to 

proteases is cyclization. Peptides can be cyclized in two ways: through disulfide bonds between cysteine 

residues or through joining the backbone at the C- and N-terminus. Both methods were found to improve 

the stability of short synthetic peptides in serum (105). 
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The incorporation of D-amino acids into peptide sequences is another method often used to reduce the 

susceptibility of peptides to proteases. D-amino acids are mirror images of the more common L-amino acids. 

The use of D-amino acids has proven beneficial because the antimicrobial activity is preserved since 

interactions with target membranes are not dependent on the stereochemistry of the AMP (98). In some 

cases, it has been reported that D-enantiomers of AMPs exhibit greater antimicrobial activity than their L-

enantiomer counterparts. One example is the peptide M33, where the protease-resistant D-enantiomer was 

more active against Gram-positive pathogens than the L-enantiomer (106). 

Another method to reduce protease susceptibility is the use of peptidomimetics, which are polymeric 

molecules that resemble peptides but have different backbone structures. The benefits are improved stability 

and retention of the biological characteristics of parent peptides. Peptidomimetics ensure that the spatial 

alignment of peptides is conserved while changes to the backbone structure confers resistance to protease 

activity. Examples of peptidomimetics include β-peptides, peptoids, and oligoacyllysines (98). 

Another strategy to increase peptide stability is replacing some amino acids with non-natural amino acids. 

The addition of non-natural amino acids improves metabolic stability and increases the range of 

physicochemical properties that can be used to improve peptides as antimicrobial agents. In the case of 

arginine and lysine, changes can be made that alter the length of the side chain while the positive charge is 

retained. The substitution of a single arginine residue in Api88, an analogue of apiadaecin 16, by L-ornithine 

or L-homoarginine increased stability in serum without changing activity against E. coli (107). 

 

1.10 Background to the study 

Two defensin isoforms, OsDef1 and OsDef2, were identified in the midgut of the soft tick O. savignyi. Both 

peptides were 37 residues long and possessed cysteine residues that are representative of the defensin class 

of AMPs. When tested for antibacterial activity, both peptides were active against Gram-positive bacteria, 

however, OsDef2 was more active than OsDef1 (100). In an attempt to design shorter peptides with 

equivalent or more pronounced antibacterial activity, OsDef2 was used as a template to synthesize the 

analogue Os. Properties of the peptides are shown in Table 1.2.  

In a study conducted by Prinsloo et al. (100), Os was found to be active against Gram-positive and Gram-

negative bacteria; was non-toxic to mammalian cells and did not cause erythrocyte haemolysis. 

Furthermore, Os also exhibited antioxidant and anti-inflammatory activity (108).  
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Table 1.2: Physicochemical properties of OsDef2, Os and Os(11-22)NH2. 

aHydrophobicity. Data obtained from HeliQuest [heliquest.ipmc.cnrs.fr/]. 

 

The mechanism of action of Os was investigated by Taute et al. (109), and in this study, transmission 

electron microscopy studies showed that Os affected the outer membrane of E. coli and B. subtilis and 

induced cell membrane permeabilization. Peptide localization experiments revealed that Os crosses the 

membrane and enters both E. coli and B. subtilis cells. 

Os was also found to possess antifungal activity, against planktonic cells (10) and biofilms (11). In an 

attempt to reduce costs and design a more efficient antifungal peptide, Os was shortened further and 

amidated at the carboxy terminus to form the peptide Os(11-22)NH2 (Table 1.2) in order to investigate if 

this shortened derivative retained antifungal activity.  

 

1.11 Aim of the study 

The aim of this study was to investigate the anti-biofilm activity of the peptide Os(11-22)NH2 against C. 

albicans.  

 

1.12 Objectives of the study 

The objectives of this study were to determine whether Os(11-22)NH2: 

(i) Possesses anti-planktonic activity against C. albicans. 

(ii) Inhibits C. albicans biofilm formation. 

(iii) Eradicates preformed C. albicans biofilms. 

(iv) Inhibits biofilm formation and eradicates preformed biofilms by membrane permeabilization. 

(v) Inhibits biofilm formation and eradicates preformed biofilms by inducing the formation of ROS. 

 

 

Peptides Sequence Mass (Da) Length Charge <H>a 

OsDef2 GYGCPFNQYQCHSHCKGIRGYKGGYCKGAFKQTCKCY 4185.80 37 + 6 0.371 

Os                                          KGIRGYKGGYCKGAFKQTCKCY 2459.92 22 + 6 0.249 

Os(11-22)NH2                                                                     CKGAFKQTCKCY-NH2 1378.69 12 + 4 0.396 
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2. Materials and Methods 

 

2.1 C. albicans growth and culture conditions 

C. albicans (ATCC 90028) was grown aerobically at 30°C in yeast peptone dextrose (YPD; yeast extract, 

0.5% (m/v), peptone, 1% (m/v) and dextrose, 2% (m/v)) medium purchased from Sigma-Aldrich 

(Johannesburg, South Africa (SA)). 

 

2.2 Preparation of synthetic peptides 

The peptides used for this study were synthesized by GenScript (Piscataway, NJ, USA) using FlexPeptide™ 

synthesis technology. The molecular mass and purity of the peptides were determined using mass 

spectrometry and reverse phase high performance liquid chromatography (RP-HPLC), respectively. Amino 

acid analysis was performed for Os(11-22)NH2 in order to determine the amount of peptide in a 1 mg of 

lyophilized powder. Stock solutions of the peptide were prepared using sterile distilled water. Aliquots of 

the stock solution were stored at -20°C. For Os, peptide concentration was determined by measuring the 

absorbance and using the following equation: 

 

𝑐 =  
𝑀𝑊 × 𝑑𝑓 × 𝐴𝑏𝑠

𝑛(𝜀𝑇𝑦𝑟) + 𝑛(𝜀𝑇𝑟𝑝)
 

 

where c is the peptide concentration in mg/mL, MW is the molecular weight in mg/mmol, df is the dilution 

factor, Abs is the absorbance at 280 nm, and n represents the number of tyrosine (Tyr) or tryptophan (Trp) 

residues and ε represents the extinction coefficients of tyrosine and tryptophan which are 1200 and 5560 

AU/mmol/mL, respectively (110). Stock solutions were prepared using sterile distilled water and aliquots 

were stored at -20°C. 

 

2.3 Screening of peptides for anti-planktonic activity 

The microbroth dilution assay is used to test the susceptibility of microorganisms to antimicrobial agents in 

96-well plates.  The method was performed according to the EUCAST Definitive Document EDef 7.1 (111). 

The medium, double strength Roswell Park Memorial Institute 1640 (RPMI-1640) medium with L-

glutamine and phenol red and without sodium bicarbonate (Sigma-Aldrich, Johannesburg, SA) was used. 
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Double strength RPMI-1640 was buffered with 3-(N-morpholino) propanesulfonic acid (MOPS, Sigma-

Aldrich, Johannesburg, SA), adjusted using sodium hydroxide (NaOH) to pH 7.0 and supplemented with 

2% (m/v) glucose (2X RPMI-1640 2% glucose). The solution was filter sterilized using a 0.22 µm filter 

(Pall Corporation, Ann Arbor, MI, USA) and stored at 4°C. 

For Os and Os(11-22)NH2, working concentrations were prepared by diluting stock solutions with 2X 

RPMI-1640 2% glucose. Twofold dilutions were made in 2X RPMI-1640 2% glucose until eight 

concentrations of peptide ranging from 1.56 µM to 200 µM (double the final concentration) were prepared. 

Os and Os(11-22)NH2 were added to their respective test wells. To prepare working concentrations of 

caspofungin (Sigma-Aldrich, Johannesburg, SA), the stock solution was diluted eight times with sterile 

distilled water. A twofold dilution series (50 µL) ranging from 0.004 µM to 0.625 µM (double the final 

concentrations) was prepared in 2X RPMI-1640 2% glucose. Twofold dilutions of caspofungin were added 

to separate test wells. 

The inoculum was prepared by streaking C. albicans on YPD agar plates and incubating the cells at 37°C 

for 24 hours. The next day, single colonies were suspended in sterile distilled water to prepare a yeast 

suspension. Afterwards, the inoculum was suspended by vigorous vortexing. The optical density (OD) of 

the suspension was measured at 530 nm using a spectrophotometer (VWR, Radnor, PA, USA) (111). To 

obtain an OD between 0.12 and 0.15, the yeast suspension was diluted in sterile distilled water. An OD 

between 0.12 and 0.15 indicated that the suspension contained 1-5 × 106 CFU/mL. To prepare a working 

suspension, the yeast suspension was diluted ten times in distilled water to a cell concentration of 1-5 × 105 

CFU/mL. 

To the wells that contained Os(11-22)NH2, Os and caspofungin, final working concentrations were obtained 

by adding an equal volume of the yeast suspension (50 µL) to the test wells resulting in a final cell density 

of 0.5-2.5 × 105 CFU/mL. For the growth control, equal volumes of the yeast suspension and 2X RPMI-

1640 2% glucose were added to wells. Afterwards, cells were incubated at 37°C without agitation for 24 

hours. After incubation, OD was measured at 530 nm using the SpectraMax® Paradigm® Multi-Mode 

Microplate Reader (Molecular Devices, Sunnyvale, CA, USA). Using the OD measurements, the minimum 

inhibitory concentration that reduced growth by 50% (MIC50) (90) was determined. 

To ensure that test wells contained 0.5-2.5 × 105 CFU/mL, viable counts were performed. A diluted cell 

suspension was prepared in sterile distilled water. The suspension was homogenized by vortexing and plated 

on YPD agar. After 24 hours incubation, the colonies were counted. 
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2.4 Optimization of biofilm formation 

Before anti-biofilm activity was investigated, the optimum time for growing C. albicans was determined by 

measuring biofilm biomass and viability. Biofilm biomass was measured using crystal violet (CV) staining 

and viability was measured using the CellTiter Blue (CTB) cell viability assay. 

 

2.4.1 Determination of biofilm biomass 

Biofilm biomass was determined using CV staining according to the method by Jose et al. (112), with 

modifications. CV is a basic dye that can interact with anionic surface molecules and polysaccharides in the 

ECM. Despite being suitable for determining biomass, it is not a good indicator of viability since it stains 

both live and dead cells (113).  The structure of CV is shown in Figure 2.1.  

 

 

Figure 2.1: Structure of crystal violet. CV is a basic dye used to quantify biofilm biomass and binds to negatively charged 

components of the cell such as negatively charged proteins, RNA and DNA. Structure of CV was drawn using ChemSketch 

(ACD/Labs). 

 

An overnight C. albicans culture was aliquoted and centrifuged at 2000 × g for 10 minutes. Afterwards, the 

supernatant was discarded, and the pellet was washed with single strength RPMI-1640 adjusted to pH 7.0 

with NaOH. Afterwards, the pellet was centrifuged at 14 100 × g for 2 minutes. After washing, the 

supernatant was discarded, and the pellet was resuspended in RPMI-1640. The OD of the cell suspension 

was measured at 620 nm and the suspension was diluted to a cell density of 1 × 106 CFU/mL using RPMI-

1640. To the wells of a clear, 96-well polystyrene plate (Greiner Bio-One, Kremsmunster, Austria), 100 µL 

cell suspension was added and cells were incubated for 1.5 hours at 37°C to allow for cell adhesion to the 

plate wells. After adhesion, RPMI-1640 was aspirated, and biofilms were washed with phosphate buffered 

saline (PBS; 10 mM, pH 7.4) to remove cells that did not adhere. RPMI-1640 (100 μL) was added and 

biofilms were allowed to grow for 2, 12, 24 and 48 hours at 37°C. After biofilm growth, biofilms were 
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washed with PBS, then fixed with 20% (v/v) formaldehyde and incubated at room temperature for 20 

minutes. The formaldehyde was then removed, and the plates were left to dry. Afterwards, biofilms were 

stained with 0.1% (m/v) CV (Sigma-Aldrich, Johannesburg, SA) for 20 minutes. To remove excess CV, 

plates were immersed in a tub of water and blot dried on a stack of paper towels. Afterwards, qualitative 

analysis of biomass was performed using an inverted light microscope (Optika Microscopes, Ponteranica, 

Italy). Quantitative analysis of biomass was performed by solubilizing CV that was bound to biofilms using 

30% (v/v) acetic acid and leaving plates to stand for 15 minutes. Afterwards, biomass was determined by 

measuring the absorbance of the solubilized CV at 550 nm using a SpectraMax® Paradigm® Multi-Mode 

Microplate Reader. 

 

2.4.2 Determination of biofilm cell viability 

The viability of cells in the biofilm was determined using the CTB (Promega, Madison, WI, USA) cell 

viability assay, an assay which can be used to quantify cells that are metabolically active. In the CTB assay, 

NADH in viable cells reduces the blue, non-fluorescent dye resazurin to resorufin, a pink, fluorescent dye 

(114). The reduction of resazurin to resorufin is shown in Figure 2.2.  

 

 

 

 

 

 

Figure 2.2: Reduction of resazurin to resorufin in the CellTiter Blue cell viability assay. In viable cells, the non-

fluorescent dye resazurin is reduced by NADH to form the fluorescent product resorufin. Structures of resazurin and 

resorufin were drawn using ChemSketch (ACD/Labs). 

 

C. albicans biofilms were grown according to the method by Troskie et al. (97), with modifications. 

Biofilms were grown for 2, 12, 24 and 48 hours as described in section 2.4.1. After biofilm growth, biofilms 

were washed with PBS and 100 µL RPMI-1640 was added. A volume (20 µL) of CTB was added to the 

biofilms followed by incubation in the dark for an hour at 37°C. Viability was determined by measuring the 

fluorescence at an excitation wavelength of 535 nm and an emission wavelength of 590 nm using a 

SpectraMax® Paradigm® Multi-Mode Microplate Reader.  

NADH/H
+

 NAD
+

, H
2
O 

Resazurin Resorufin 
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2.5 Screening for anti-biofilm activity 

2.5.1 Biofilm inhibition assay 

The biofilm inhibiting ability of Os(11-22)NH2 against C. albicans was evaluated by using the CTB cell 

viability assay according to the method by Troskie et al. (97), with modifications. Biofilms were grown as 

described in section 2.4.1, however, after allowing biofilms to adhere for 1.5 hours, biofilms were treated 

with either 0.019 µM to 5 µM AMB in RPMI-1640 containing dimethyl sulfoxide (DMSO) (RPMI-DMSO) 

or 1.56 µM to 200 µM Os(11-22)NH2 in RPMI-1640 and incubated for 24 hours at 37°C. Since AMB is not 

water-soluble, AMB was dissolved in DMSO. The final concentration of DMSO was 0.5%. After 

incubation, biofilms were aspirated, washed with PBS then quantified with CTB as described in section 

2.4.2. The fluorescence values obtained from CTB quantification were used to calculate the minimum 

concentration of each antifungal that reduced biofilm formation by 50% (BIC50) (90).  

Biofilm inhibition by Os(11-22)NH2 and AMB was further investigated using CV staining and light 

microscopy as described in section 2.4.1. Biofilms were grown in the presence of the calculated BIC50 

concentrations of Os(11-22)NH2 and AMB. 

 

2.5.2 Biofilm eradication assay 

The biofilm eradicating ability of Os(11-22)NH2 against C. albicans was evaluated by using the CTB cell 

viability assay according to the method by Troskie et al. (97), with modifications. Biofilms were grown for 

24 hours at 37°C as described in section 2.4.1. After washing biofilms with PBS, serial dilutions of 0.039 

µM to 10 µM AMB in RPMI-DMSO or 1.56 µM to 400 µM Os(11-22)NH2 in RPMI-1640 were added to 

biofilms followed by further incubation for 24 hours at 37°C. For AMB, the final concentration of DMSO 

was 0.5%. After incubation, biofilms were aspirated, washed with PBS and quantified with CTB as 

described in section 2.4.2. The fluorescence values obtained from CTB quantification were used to calculate 

the minimum concentration of each antifungal that decreased cell viability in a pre-grown biofilm by 50% 

(BEC50) (90).  

 

2.6 Mode of action studies 

2.6.1 Membrane integrity: Confocal laser scanning microscopy 

The cell membrane is a target for most AMPs, therefore, to investigate whether Os(11-22)NH2 affects 

membrane integrity, confocal laser scanning microscopy (CLSM) was used. A cell concentration of 1 × 106 

CFU/mL was added to polystyrene coverslips coated with poly-L-lysine (Sigma-Aldrich, Johannesburg, 

SA). Biofilm inhibition and eradication experiments were carried out as described in sections 2.5.1 and 
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2.5.2, respectively. For inhibition, biofilms were grown in the presence of Os(11-22)NH2 at the 

concentration equivalent to the BIC50 for 24 hours and for eradication the 24-hour biofilms were exposed to 

the BEC50 of Os(11-22)NH2 for 24 hours. The non-ionic surfactant Triton X-100, a membrane 

permeabilizing agent, was used as a positive control. The polar head group of Triton X-100 disturbs 

hydrogen bonding in the lipid bilayer of the cell, which in turn compromises the compactness and integrity 

of the membrane (115). Since Triton X-100 rapidly permeabilizes membranes, 24-hour biofilms were 

treated with 1% (v/v) Triton X-100 for 2 and for 24 hours. Following incubation, biofilms were washed 

with PBS then stained with 1.5 μg/mL propidium iodide (PI; Sigma-Aldrich, Johannesburg, SA) for 15 

minutes then stained with 10 μg/mL 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, Johannesburg, 

SA) for 5 minutes. Both PI and DAPI bind to DNA and emit fluorescence.  The cells are first stained with 

PI, which freely enters cells with damaged cell membranes, but not cells with intact cell membranes and 

intercalates with DNA (116). Subsequent addition of DAPI, which can enter cells with damaged or intact 

membranes, stains cells with intact cell membranes (117). The red staining of PI and blue staining of DAPI 

indicate cells with damaged and intact cell membranes, respectively. The structures of PI and DAPI are 

shown in Figure 2.3. 

 

        
Figure 2.3: Structures of (A) propidium iodide (PI) and (B) 4',6-diamidino-2-phenylindole (DAPI). PI and DAPI are 

molecules that can bind to DNA and form fluorescent complexes. DAPI can enter all cells, both cells with damaged and 

intact membranes while PI can only enter cells with damaged membranes. Structures of PI and DAPI were drawn using 

ChemSketch (ACD/Labs).  
 

 

After staining with PI and DAPI, biofilms were washed twice with PBS and mounted onto microscope slides 

with anti-fade mounting medium (Sigma-Aldrich, Johannesburg, SA). Following mounting, cells were 

visualized using a Zeiss LSM 510 META Confocal Microscope (Carl Zeiss NTS GmbH, Oberkochen, 

Germany). PI was detected at an excitation wavelength of 535 nm and an emission wavelength of 617 nm 

while DAPI was detected at an excitation wavelength of 364 nm and an emission wavelength of 454 nm. 

Images were viewed using Zeiss LSM Image Browser software. 

A B 
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2.6.2 Reactive oxygen species production: 2’,7’-Dichlorodihydrofluorescein diacetate assay 

Many organisms are known to produce ROS which are chemically reactive molecules that are generated 

within biological systems (118). ROS formation is a common mechanism of biofilm inhibition or 

eradication. As shown in Figure 2.4, the fluorogenic compound 2’,7’-dichlorodihydrofluorescein diacetate 

(DCFH-DA), an indicator of oxidative stress, was used to investigate whether Os(11-22)NH2 induces ROS 

formation in C. albicans biofilms. DCFH-DA is a non-fluorescent compound that can diffuse through the 

cell membrane. Once in the cell, intracellular esterases hydrolyze DCFH-DA to 2,7-

dichlorodihydrofluorescein (DCFH), which is also non-fluorescent. In the presence of ROS, DCFH is 

oxidized to 2,7-dichlorofluoresein (DCF), a fluorescent compound (119) that can be quantified to determine 

the extent of induced ROS formation. 

Biofilm inhibition and eradication were carried out in black, polystyrene 96-well plates (Greiner Bio-One, 

Kremsmunster, Austria) as described in sections 2.5.1 and 2.5.2, respectively. For inhibition experiments, 

adhered cells were grown in the presence of concentrations of Os(11-22)NH2 and AMB that inhibited 

biofilm formation by 50%. For eradication experiments, preformed biofilms were treated with 

concentrations of Os(11-22)NH2 and AMB that eradicated preformed biofilms by 50%. Following 

treatment, biofilms were washed with PBS to remove non-adhered cells. The PBS and non-adhered cells 

were aspirated and 100 µL of DCFH-DA (10 µM, prepared in PBS) was added to each test well. Biofilms 

were incubated at 37°C for 1 hour with shaking at 80 rpm and the fluorescence was measured using a plate 

reader set to an excitation wavelength of 485 nm and an emission wavelength of 525 nm (120). 

To investigate whether induction of ROS contributes to biofilm inhibition and eradication, the ROS 

scavenging molecule ascorbic acid was added to cells treated with Os(11-22)NH2 and AMB, and viability 

was determined. For biofilm inhibition, biofilms were grown in the presence of Os(11-22)NH2 and AMB  

at their respective BIC50 values in the presence and absence of 10 mM ascorbic acid. Likewise, for biofilm 

eradication, preformed biofilms were treated with Os(11-22)NH2 and AMB at their respective BEC50 values 

in the presence and absence of 10 mM ascorbic acid. Induction of ROS was determined using DCFH-DA 

as described previously and viability was determined using CTB as described in section 2.4.2. To ensure 

that changes in pH did not contribute to killing, 10 mM citric acid was used as a pH control (97). 
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Figure 2.4: Structured detail of the 2’,7’-dichlorodihydrofluorescein diacetate assay. 2’,7’-dichlorodihydrofluorescein 

diacetate (DCFH-DA) enters cells by diffusing through the cell membrane. In the cell, esterases convert DCFH-DA to 

2’,7’-dichlorofihydrofluorescein (DCFH). In the presence of reactive oxygen species (ROS), DCFH is oxidized to 2’,7’-

dichlorofluoresein (DCF) (119). Structures of DCFH-DA, DCFH and DCF were drawn using ChemSketch (ACD/Labs). 

 

2.7 Data analysis 

To determine the percentage of inhibition or eradication, OD and fluorescence values were converted to 

percentage inhibition or eradication using the formula below (121): 

 

% 𝑖𝑛ℎ𝑖𝑏𝑖𝑡𝑖𝑜𝑛/𝑒𝑟𝑎𝑑𝑖𝑐𝑎𝑡𝑖𝑜𝑛 = 100 −
100 × (𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡𝑒𝑠𝑡 𝑤𝑒𝑙𝑙𝑠 − 𝑏𝑙𝑎𝑛𝑘)

𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑎𝑏𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑜𝑓 𝑔𝑟𝑜𝑤𝑡ℎ 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙𝑠 − 𝑏𝑙𝑎𝑛𝑘
 

 

GraphPad Prism 7 software (GraphPad Software, San Diego, CA, USA) was used to construct sigmoidal 

dose-response curves of log (inhibitor) versus response (% inhibition or eradication) using non-linear 

regression analysis. The response (Y) was calculated using the formula (122): 
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𝑌 =  
𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚

1 + 10[log (𝐼𝐶50 − 𝑋)𝑥𝐴𝑠]
 

 

where the terms “top” and “bottom” refer to the maximum and minimum response, respectively. The 50% 

inhibitory concentration (IC50) is the concentration that relates to a response which is the average of the top 

and bottom values. X is the logarithm (10-base) of the peptide concentration and As represents the Hill slope 

which is calculated as a best-fit value by the software. 

Two to three independent experiments were performed in triplicate and results were presented as the mean 

± standard error of the mean (SEM). Statistical analysis was carried out using GraphPad Prism 7. Statistical 

significance included 95% confidence intervals and one-way analysis of variance (ANOVA) using Tukey’s 

multiple comparisons test. 
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3. Results 
 

3.1 Anti-planktonic activity 

Prior to the evaluation of the anti-biofilm activity of Os(11-22)NH2, it was necessary to investigate the 

activity of the peptide against planktonic C. albicans cells. Caspofungin was used as a positive control and 

the parent peptide, Os, was included for comparison. Caspofungin (Figure 3.1A) and Os(11-22)NH2 (Figure 

3.1B) showed potent activity against the planktonic cells in the micromolar range. No growth inhibition was 

observed when cells were treated with Os, even at 100 µM, the highest concentration tested (Figure 3.1B). 

 

 

Figure 3.1: Anti-planktonic activity of (A) caspofungin and (B) Os and Os(11-22)NH2. Planktonic C. albicans was 

incubated with (A) caspofungin (0.002 µM to 0.312 µM), (B) Os (0.78 µM to 100 µM) (■) or Os(11-22)NH2 (0.78 µM to 

100 µM)(●). Error bars indicate the mean ± SEM. Data are results of two independent experiments performed in triplicate.  

 

The inhibition parameters MIC50 and MICmax (Table 3.1) were calculated from the full dose-response curves 

(Figure 3.1). Caspofungin exhibited antifungal activity against C. albicans, characterized by a MIC50 and 

MICmax of 0.05 µM and 0.08 µM, respectively. For Os(11-22)NH2, MIC50 and MICmax values were 47 µM 

and 53 µM, respectively. 
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Table 3.1: MIC50 and MICmax values of caspofungin and Os(11-22)NH2. 

Antifungal agent MIC50
a (µM) MICmax

b (µM) 

Caspofungin 0.05 ± 0.00 0.08 ± 0.01 

Os(11-22)NH2 47 ± 0.30 53 ± 0.00 

Each value represents the mean ± SEM of two independent experiments, each performed in triplicate. 
a The MIC50 values were derived from full dose-response curves and are the concentrations necessary to cause 50% growth 

inhibition (90). 
b The MICmax values were calculated as the value at the intercept between the slope and the top plateau of a full dose-response 

curve and represents the concentrations necessary to cause total inhibition (121). 

 

3.2 Optimization of biofilm formation 

Before anti-biofilm assays were performed, it was necessary to determine the optimal time required to 

establish C. albicans biofilms. CV was used for both qualitative and quantitative analysis of biofilm 

biomass, whereas biofilm viability was evaluated using the CTB cell viability assay. 

 

3.2.1 Biofilm biomass 

Biofilms were grown for 2, 12, 24 and 48 hours and the increase in biomass was evaluated with light 

microscopy following CV staining. In Figures 3.2A to 3.2D, the process of biofilm development is shown. 

Initially, yeast cells adhered to the surface of the growth substrate, which in this case was a polystyrene 

plate well and after 2 hours had formed microcolonies (Figure 3.2A). This was followed by budding and 

filamentation, which led to the formation of pseudohyphae and some hyphae after 12 hours (Figure 3.2B). 

Microcolonies started to combine with each other, forming a meshed network of interwoven hyphae with 

yeast cells being aggregated along the hyphae after 24 hours (Figure 3.2C). After 48 hours, the meshed 

hyphal network was denser, indicating the formation of a mature biofilm (Figure 3.2D). 
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Figure 3.2: Light microscopy visualization of the kinetics of C. albicans biofilm development. Biofilms were grown 

for (A) 2, (B) 12, (C) 24, and (D) 48 hours after cell adhesion and then the biofilms were stained using CV. Scale bar = 

1000 µm. 
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To obtain quantitative data regarding the biofilm biomass, CV was extracted, and the solubilized dye was 

quantified by measuring absorbance at 550 nm. Increase in biomass was observed at each of the time points 

(Figure 3.3). No significant difference was observed between 12 and 24 hours. Significant differences were 

observed between 2 and 12 hours (p < 0.05) and between 24 and 48 hours (p < 0.01). 

 

 

Figure 3.3: C. albicans biofilm formation over time in terms of biomass assessed by CV staining. The biomass of C. 

albicans biofilms grown for 2, 12, 24 and 48 hours after cell adhesion was determined by measuring the absorbance of the 

extracted CV. Error bars indicate the mean ± SEM. Data are results of two independent experiments performed in triplicate. 

* p < 0.05, ** p < 0.01 and ns, not significant. 
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3.2.2 Biofilm viability 

In addition to quantifying biofilm biomass, it was also necessary to quantify biofilm cell viability using the 

CTB cell viability assay. Biofilms were grown for 2, 12, 24 and 48 hours, after which the viability of biofilm 

cells was determined by measuring the fluorescence produced by the cells. The viability of C. albicans 

biofilms increased over time (Figure 3.4). An increase in fluorescence was observed between 2 and 12 

hours, and between 24 and 48 hours. There was no significant difference in viability between 12 and 24 

hours. However, significant differences were observed between 2 and 12 hours (p < 0.001) and between 24 

and 48 hours (p < 0.05). 

 

 

Figure 3.4: C. albicans biofilm formation over time in terms of viability assessed with CellTiter Blue. The viability of 

C. albicans biofilms was determined using the CTB cell viability assay. Biofilms were grown for 2, 12, 24 and 48 hours 

after cell adherence, after which CTB was added and the fluorescence was measured. Error bars indicate the mean ± SEM. 

Data are results of two independent experiments performed in triplicate. * p < 0.05, *** p < 0.001, and ns, not significant. 
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3.3 Anti-biofilm activity 

3.3.1 Biofilm inhibiting activity 

The biofilm inhibiting potential of Os(11-22)NH2 was determined by incubating adhered cells with AMB 

(positive control) or Os(11-22)NH2 for 24 hours. The percentage of biofilm inhibition was determined using 

the CTB cell viability assay. AMB (Figure 3.5A) and Os(11-22)NH2 (Figure 3.5B) inhibited C. albicans 

biofilm formation at micromolar concentrations in a dose-dependent manner.  

 

  

Figure 3.5: Biofilm inhibiting activity of (A) amphotericin B and (B) Os(11-22)NH2. Adhered C. albicans cells were 

incubated with either AMB (0.019 µM to 5 µM) or Os(11-22)NH2 (1.56 µM to 200 µM) for 24 hours and activity was 

determined using the CTB cell viability assay. Error bars indicate the mean ± SEM. Data are results of two independent 

experiments performed in triplicate. 

 

The inhibition parameters BIC50 and BICmax (Table 3.2) were calculated from the full dose-response curves 

(Figure 3.5). AMB inhibited biofilm formation with respective BIC50 and BICmax values of 0.32 µM and 

1.68 µM, whereas Os(11-22)NH2 had BIC50 and BICmax values of 81 µM and 200 µM, respectively. 

 

Table 3.2: BIC50 and BICmax values of amphotericin B and Os(11-22)NH2. 

Antifungal agent BIC50
a (µM) BICmax

b (µM) 

Amphotericin B 0.32 ± 0.06 1.68 ± 0.6 

Os(11-22)NH2 81 ± 2.71 200 ± 0.00 

Each value is the mean ± SEM of two independent experiments, each performed in triplicate. 
a The BIC50 values were derived from full dose-response curves and are the concentrations necessary to reduce biofilm formation 

by 50% (90). 
b The BICmax values were calculated as the value at the intercept between the slope and the top plateau of a full dose-response 

curve and represents the concentrations necessary to cause total biofilm inhibition (121). 
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The biofilm inhibiting effect of AMB (positive control) and Os(11-22)NH2 at their respective BIC50 values 

was evaluated by light microscopy (Figure 3.6) of CV stained biofilms. 

In the presence of AMB, shortened hyphae and many microcolonies were observed (Figure 3.6B), unlike 

the untreated control containing RPMI-DMSO, which had long hyphae and a few microcolonies (Figure 

3.6A). The untreated control for Os(11-22)NH2 also had a meshed hyphal network and very few 

microcolonies (Figure 3.6C) similar to the biofilm formed in the presence of RPMI-DMSO. Reduced 

biofilm formation was also seen after incubation with Os(11-22)NH2, where a few long hyphae, shortened 

hyphae and microcolonies were present (Figure 3.6D).  

 

 

Figure 3.6: Light microscopy images showing biofilm inhibiting effect of amphotericin B and Os(11-22)NH2. Adhered 

C. albicans cells were grown in the presence of concentrations of Os(11-22)NH2 and AMB equivalent to the BIC50 for 24 

hours. Images represent cells grown in the presence of (A) RPMI-DMSO, (B) 0.32 µM AMB, (C) RPMI-1640 and (D) 81 

µM Os(11-22)NH2. Scale bar = 100 µm. 
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3.3.2 Biofilm eradicating activity 

To investigate whether Os(11-22)NH2 eradicates preformed biofilms, C. albicans biofilms were grown for 

24 hours, treated with AMB (positive control) or Os(11-22)NH2 for a further 24 hours and biofilm 

eradication was quantified using the CTB cell viability assay. AMB (Figure 3.7A) and Os(11-22)NH2 

(Figure 3.7B) eradicated preformed C. albicans biofilms at micromolar concentrations in a dose-dependent 

manner. 

 

Figure 3.7: Biofilm eradicating activity of (A) amphotericin B and (B) Os(11-22)NH2. Preformed C. albicans biofilms 

were incubated with either AMB (0.039 µM to 10 µM) or Os(11-22)NH2 (1.56 µM to 400 µM). Error bars indicate the 

mean ± SEM. Data are results of three independent experiments performed in triplicate. 

 

The biofilm eradication parameters BEC50 and BECmax (Table 3.3) were calculated from the full dose-

response curves (Figure 3.7). AMB eradicated preformed C. albicans biofilms with BEC50 and BECmax 

values of 1.25 µM and 5.02 µM, respectively, whereas for Os(11-22)NH2, the values were 210 µM and 277 

µM, respectively. 

 

Table 3.3: BEC50 and BECmax values of amphotericin B and Os(11-22)NH2. 

Antifungal agent BEC50
a (µM) BECmax

b (µM) 

Amphotericin B 1.25 ± 0.24 5.02 ± 0.81 

Os(11-22)NH2 210 ± 1.57 277 ± 43 

Each value is the mean ± SEM of three independent experiments, each performed in triplicate. 
a The BEC50 values were derived from full dose-response curves and are the concentrations necessary to decrease cell viability in 

a pre-grown biofilm by 50% (90). 
b The BECmax values were calculated as the value at the intercept between the slope and the top plateau of a full dose-response 

curve and represents the concentrations necessary to cause total biofilm eradication (121). 
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3.4 Mode of action studies 

3.4.1 Membrane permeabilization 

Most AMPs tend to target the cell membrane which leads to the formation of pores, subsequent efflux of 

intracellular components and finally, cell death. Therefore, the membrane permeabilizing activity of Os(11-

22)NH2 was investigated using CLSM. For biofilm inhibition, biofilms grown for 24 hours were treated 

with 1% Triton X-100 for an hour as a positive control. Adhered cells were incubated with Os(11-22)NH2 

at the BIC50 for 24 hours. Untreated cells were used as a negative control. The biofilms were stained with 

the fluorescent nuclear dyes PI (red) and DAPI (blue) and were viewed with CLSM. Images are shown in 

Figure 3.8. 

In untreated biofilms (Figure 3.8, A-C), very little PI staining (Figure 3.8A) and more pronounced DAPI 

staining was observed (Figure 3.8B). Combined PI and DAPI staining is shown in Figure 3.8C. In contrast, 

cells that were treated with 1% Triton X-100 as a positive control (Figure 3.8, D-F), showed strong staining 

with PI (Figure 3.8D) which indicates that Triton X-100 caused membrane permeabilization. In similar 

fashion to Triton X-100, treatment with Os(11-22)NH2 (Figure 3.8, G-I) led to PI staining (Figure 3.8G) 

indicating that Os(11-22)NH2 inhibits biofilm formation by membrane permeabilization. Some DAPI 

staining was observed after treatment with 1% Triton X-100 and Os(11-11)NH2 (Figures 3.8E and 3.8H). 

Combined DAPI and PI staining is shown in Figure 3.8I 

Membrane permeabilization during biofilm eradication was evaluated by growing biofilms for 24 hours and 

treating the biofilms with Os(11-22)NH2 at the BEC50 for a further 24 hours. Triton X-100 (1%) was used 

as a positive control and was used to treat preformed biofilms for either 2 hours or 24 hours. Untreated 

biofilms were used as a negative control. In order to verify the presence of biofilms, transmitted light 

microscopy images were also taken. Images are shown in Figure 3.9. 

Transmitted light microscopy images verified the formation of biofilms at all test conditions (Figures 3.9D, 

3.9H, 3.9L and 3.9P). Untreated biofilms (Figure 3.9, A-D) showed DAPI staining (Figure 3.9B) and no PI 

staining (Figure 3.9A), indicating that the experimental conditions did not cause cellular damage. However, 

very little DAPI staining was observed in the untreated control compared to the treated biofilms (Figures 

3.9F, 3.9J and 3.9N), indicating that the biofilms were very thick. Treatment of biofilms with Triton X-100 

for 2 hours (Figure 3.9E) or 24 hours (Figure 3.9I) showed an increase in PI and DAPI staining which 

indicates that Triton X-100 caused membrane permeabilization. Treatment of biofilms with Os(11-22)NH2 

(Figure 3.9, M-P) at its BEC50 led to PI staining (Figure 3.9M) compared to the untreated control, indicating 

that Os(11-22)NH2 increased  membrane permeability. Furthermore, in biofilms treated with either Triton 

X-100 or Os(11-22)NH2 for 24 hours, the entirety of the yeast and hyphal cells was stained with either PI 
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(Figures 3.9I and 3.9M) or DAPI (Figures 3.9J and 3.9N). Combined images are shown in Figures 3.9C, 

3.9G, 3.9K and 3.9O. 

 

Figure 3.8: Confocal laser scanning images of treated and untreated biofilms during biofilm inhibition. Adhered C. 

albicans cells were grown in the presence of RPMI-1640 (A-C) and 81 μM Os(11-22)NH2 (G-I). As a positive control, 24 

hour preformed biofilms were treated with 1% Triton X-100 (D-F) for an hour. After treatment, biofilms were stained with 

propidium iodide (PI, red) and counterstained with 4',6-diamidino-2-phenylindole (DAPI, blue). Samples were mounted 
and viewed by CLSM. Images show samples stained with PI (A, D and G), DAPI (B, E and H) and DAPI and PI combined 

(C, F and I). Scale bars = 10 μm. 
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Figure 3.9: Confocal laser scanning microscopy images of treated and untreated biofilms during biofilm eradication. 

Preformed C. albicans biofilms were left untreated (A-D), treated with 1% Triton X-100 for 2 hours (E-H) or 24 hours (I-

L) and treated with 210 μM Os(11-22)NH2 (M-P). After treatment, biofilms were stained with PI (red) and counterstained 
with DAPI (blue). Samples were mounted and viewed by CLSM. Images show samples stained with PI (A, E, I and M), 

samples stained with DAPI (B, F, J and N), combined images (C, G, K and O) and samples viewed under transmitted light 

microscopy (D, H, L and P) to verify biofilm formation. Scale bars = 10 μm. 
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3.4.2 Induction of reactive oxygen species formation 

A number of studies have shown that the mechanism of C. albicans killing by AMPs is via ROS formation. 

Therefore, the fluorescent dye DCFH-DA was used to detect whether Os(11-22)NH2 induces ROS 

formation during biofilm inhibition. Adhered cells were incubated with AMB and Os(11-22)NH2 at their 

respective BIC50 values. Furthermore, a concentration corresponding to double the BIC50 of AMB was 

included. To investigate whether there was a link between antifungal activity and ROS formation, ascorbic 

acid, a known ROS scavenging molecule was used (123). To ensure that ROS produced was not due to 

changes in pH, citric acid was included as a pH control. 

For the untreated controls in RPMI-1640 and RPMI-DMSO, there was no significant difference between 

incubation without ascorbic acid, with ascorbic acid and with citric acid (Figure 3.10). Compared to the 

untreated control (RPMI-DMSO), AMB induction of ROS at its BIC50 (0.32 µM) and at double the BIC50 

(0.64 µM) was not significant. Addition of 10 mM ascorbic acid did not induce a significant change in ROS 

formation by AMB at both concentrations. On the other hand, Os(11-22)NH2 at its BIC50 (81 µM) caused 

ROS formation that was significantly different compared to the untreated control (p < 0.0001). Furthermore, 

the presence of ascorbic acid significantly reduced (p < 0.0001) ROS formation. 

 

 

Figure 3.10: Induction of ROS formation during biofilm inhibition. Adhered C. albicans cells were incubated in the 

presence or absence of inhibitory concentrations of AMB and Os(11-22)NH2 and ROS production was measured using the 

fluorescent dye DCFH-DA. The effect of adding 10 mM ascorbic acid (AA), a ROS scavenger, was also investigated. Citric 

acid (10 mM, CA) was used as a pH control. Error bars indicate the mean ± SEM. Data are results of three independent 

experiments performed in triplicate. **** p < 0.0001, ns, not significant. 
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To determine whether ROS produced by Os(11-22)NH2 is responsible for biofilm inhibiting activity, 

adhered cells were incubated with the peptide at its BIC50 in the absence or presence of ascorbic acid and 

activity was determined using the CTB cell viability assay. Irrespective of whether ascorbic acid was added 

or not, no significant difference in biofilm inhibition was observed for Os(11-22)NH2, indicating that the 

peptide does not inhibit biofilm formation by ROS (Table 3.4).  

 

Table 3.4: The influence of ascorbic acid on the biofilm inhibiting activity of Os(11-22)NH2. 

Treatment Biofilm inhibition at 81 µM (%) 

Os(11-22)NH2 35 ± 2.83 

Os(11-22)NH2 + 10 mM ascorbic acid 28 ± 2.72 

Each value is the mean ± SEM of three independent experiments, each performed in triplicate. 

 

The induction of ROS formation was also investigated in 24 hour preformed biofilms which were treated 

with the BEC50 concentrations of AMB (1.25 µM) and Os(11-22)NH2 (210 µM) for 24 hours. In addition, 

double the BEC50 of AMB (2.5 µM) was also tested. With regards to the untreated controls in RPMI-1640 

and RPMI-DMSO, there was no significant difference between incubation without ascorbic acid, with 

ascorbic acid and with citric acid (Figure 3.11). ROS formation was observed at all concentrations of AMB 

and Os(11-22)NH2 and was significantly different from ROS formation by untreated cells (p < 0.0001). At 

their respective BEC50 concentrations, there was no significant difference in ROS formation by AMB and 

Os(11-22)NH2. In the presence of 10 mM ascorbic acid, there was a significant difference (p <0.0001) in 

ROS formation for both AMB concentrations and Os(11-22)NH2. 
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-

 

Figure 3.11: Induction of ROS formation during biofilm eradication. Preformed C. albicans biofilms were treated with 

eradicating concentrations of Os(11-22)NH2 and AMB and ROS production was measured using DCFH-DA. The effect of 

adding 10 mM ascorbic acid (AA), a ROS scavenger, was also investigated. Citric acid (10 mM, CA) was used as a pH 

control. Error bars indicate the mean ± SEM. Data are results of three independent experiments performed in triplicate. 

****p < 0.0001, ns, not significant. 

 

To investigate whether ROS contributes to killing during biofilm eradication, 24 hour preformed biofilms 

were treated with BEC50 concentration of AMB (1.25 µM) and Os(11-22)NH2 (210 µM) and double the 

BEC50 of AMB (2.5 µM) for 24 hours. Biofilm eradication in the presence and absence of 10 mM ascorbic 

acid was determined using the CTB cell viability assay. AMB eradicated preformed biofilms, however, 

there was no significant difference in the presence and absence of ascorbic acid (Figure 3.12). For Os(11-

22)NH2, biofilm eradication was significantly increased (p < 0.0001) in the presence of ascorbic acid, 

indicating that ascorbic acid enhanced the biofilm eradicating activity of Os(11-22)NH2 (Figure 3.12). 

Overall, the results showed that although AMB and Os(11-22)NH2 lead to ROS production during biofilm 

eradication, the activity is not as a result of ROS. 

0

1

2

3

4

5

6

7

8

Untreated (RPMI) Untreated (RPMI-

DMSO)

Os(11-22)NH2

(210 µM)

AMB (1.25 µM) AMB (2.5 µM)

F
lu

o
re

sc
en

ce
 (

×
1
0

-6
)

ROS production ROS production (10 mM AA) ROS production (10 mM CA)

ns

****

ns

****

****

ns

Untreated 

(RPMI-1640)
AMB

(2.5 µM)
AMB 

(1.25 µM )

Os(11-22)NH2

(210 µM)

Untreated 

(RPMI-DMSO)

****

****

****

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



43 
 

 

 

Figure 3.12: Effect of ascorbic acid addition on biofilm eradication. Preformed C. albicans biofilms were treated with 

biofilm eradicating concentrations of AMB and Os(11-22)NH2. The effect of 10 mM ascorbic acid (AA) on biofilm 

eradication was investigated using CTB cell viability assay. Error bars indicate the mean ± SEM. Data are results of three 

independent experiments performed in triplicate. ****p < 0.0001, ns, not significant. 
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4. Discussion 

 

The growing incidence of AMR has led to increased mortality, longer hospital stays, and more costly and 

complex treatments, as a result AMR has become a global health issue (2). Factors that influence AMR 

include the misuse and abuse of antimicrobial agents, the production of counterfeit and substandard drugs 

(13) and the acquisition of resistance encoding genes (12). Of great concern is antifungal resistance, which 

is responsible for millions of deaths due to fungal infections caused by biofilms. Resistance of fungal species 

to conventional antifungal drugs such as AMB, caspofungin and fluconazole is due to the highly resistant 

nature of biofilms. The presence of efflux pumps, the ECM, persister cells and extracellular DNA play a 

role in preventing antifungal activity, thus ensuring biofilm survival (7). 

In order to tackle the issue of resistance to conventional antifungal drugs, it is necessary to discover or 

develop novel antifungal agents that possess anti-biofilm activity. A potential solution to overcome 

antifungal resistance is the use of cationic AMPs which are short and amphipathic molecules. AMPs have 

been found to be active against a number of bacteria, viruses and fungi (124). The development of resistance 

mechanisms by microorganisms is unlikely due to the diverse modes of killing such as targeting the cell 

wall, cell membrane and/or intracellular components (68). In this study, the anti-biofilm activity of Os(11-

22)NH2, a tick-derived AMP was investigated. Previous work has shown that Os(11-22)NH2 possessed 

antibacterial activity and antifungal activity against planktonic C. albicans. Therefore, the aim of this study 

was to determine whether Os(11-22)NH2 possessed activity against C. albicans biofilms. 

Initially, it was necessary to determine the anti-planktonic activity of Os(11-22)NH2 by means of the 

microbroth dilution assay. The parent peptide, (Os), was inactive at all concentrations tested (Figure 3.1 and 

Table 3.1) while the amidated, smaller analogue Os(11-22)NH2 was active against planktonic C. albicans 

with a MIC50 of 47 µM. For AMP induced killing to occur, the cationic AMP must interact with anionic 

components of the cell membrane. Lack of activity, as in the case of Os, is likely due to the presence of salts 

including sodium chloride (NaCl), potassium chloride (KCl) and magnesium sulfate (MgSO4) in RPMI-

1640 medium. The cations, Na+, K+ and Mg2+, will compete with Os for binding to negatively charged 

membrane components, thus preventing Os from killing planktonic C. albicans. The presence of cations has 

been found to have a negative effect on the antimicrobial activity of most, if not all defensin peptides. A 

study by Yacoub et al. (125) showed that the antimicrobial activity of two chicken β-defensin peptides is 

decreased in the presence of greater than 50 mM NaCl. Furthermore, human β-defensin peptides have been 

found to exhibit salt sensitivity in NaCl concentrations of 100 mM or more (126-128). However, killing was 

observed in the case of Os(11-22)NH2, which has a lower overall positive charge of +4 compared to Os 

which has a charge of +6 (Table 1.2). In addition, Os(11-22)NH2 (12 amino acids) is shorter than Os (22 
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amino acids), therefore, there is a possibility Os could have more difficulty interacting with specific cellular 

components and may have a different mode of killing. 

Before anti-biofilm assays were performed, the optimum time for biofilm growth was determined. 

Therefore, biofilms were grown for 2, 12, 24 and 48 hours and the biomass and viability of biofilms was 

determined using CV and CTB cell viability assays, respectively. Biofilm formation over time was shown 

qualitatively by staining biofilms with CV and viewing under a light microscope (Figure 3.2). An increase 

in biomass over time was observed, indicating that the number of cells and amount of ECM increased 

(Figure 3.3). Images of biofilm development in Figure 3.2 follow a similar trend to the steps shown in Figure 

1.4 in which planktonic cells first adhered to the surface (adherence, Figure 3.2A), followed by continued 

growth of cells and hyphae (initiation, Figure 3.2B). Finally, hyphal growth continues until a mature biofilm 

is formed (maturation, Figures 3.2C and 3.2D). However, biomass is not a suitable measure for determining 

the optimum time for the growth of viable biofilms. Therefore, the viability of the biofilms was also 

investigated using the CTB cell viability assay. Results indicated that as time increased, biofilm viability 

also increased (Figure 3.4), indicating the presence of more viable cells. No significant differences in biofilm 

biomass and viability at 12 hours and 24 hours were observed (Figures 3.3 and 3.4). However, biofilms 

grown for 24 hours were used for biofilm inhibition and eradication studies, as increased hyphal formation 

was observed after 24 hours than at 12 hours (Figures 3.2B and 3.2C). The presence of yeast and hyphal 

cells is vital for successful biofilm development (129). Furthermore, mature biofilms tend to be formed by 

24 hours, and can usually be seen without the aid of a microscope (20). CLSM also confirmed the presence 

of a well-established biofilm after 24 hours and increased biomass after 48 hours (Figure 3.9). 

Medical devices such as catheters and joint prostheses provide a suitable surface for the formation of 

biofilms, increasing the likelihood of infections in patients (130). Therefore, novel antifungal agents could 

be used to coat the surfaces of medical devices, thereby preventing biofilm formation. In this study, the 

biofilm inhibiting activity was investigated by growing biofilms in the presence of Os(11-22)NH2. AMB 

and Os(11-22)NH2 showed biofilm inhibiting activity in the micromolar range, with BIC50 values of 0.32 

µM and 81 µM, respectively (Figure 3.5 and Table 3.2). This was confirmed by inverted light microscopy 

images of CV stained biofilms in Figure 3.6, where fewer hyphae were present after growth in the presence 

of BIC50 concentrations of AMB and Os(11-22)NH2 (Figures 3.6B and 3.6D) compared to the untreated 

controls (Figures 3.6A and 3.6C). The transition of C. albicans from the yeast to the hyphal form enables 

virulence development during biofilm formation (131), therefore, preventing this transition will inhibit 

biofilm formation. 

In situations where biofilm formation cannot be prevented, the biofilm can develop and mature, which can 

be problematic in patients suffering from fungal infections or have implanted medical devices. The presence 
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of a mature biofilm means that higher doses of antifungal drugs must be administered, which further 

complicates treatment. In the case of patients who have implanted medical devices, the presence of biofilms 

means that the device may have to be removed entirely, which can be a costly and uncomfortable process 

(20). For this reason, the ideal antifungal drugs should possess biofilm inhibiting and eradicating activity. 

The biofilm eradicating activity was evaluated by incubating preformed C. albicans biofilms with a range 

of AMB and Os(11-22)NH2 concentrations (Figure 3.7). Experiments showed that AMB and Os(11-22)NH2 

eradicated preformed biofilms, with BEC50 values of 1.25 µM and 210 µM (Table 3.3). 

A number of studies investigating the anti-biofilm activity of AMPs against C. albicans have been 

documented. In a study by Paulone et al. (132), the synthetic peptide KP had BIC50 and BEC50 values of 14 

µM and 138 µM, respectively. The tyrocidines (TrcA, TrcB and TrcC) had BIC50 values that ranged between 

5.7 – 17 µM and BEC50 values between 133-164 µM (97). Although some AMPs inhibit C. albicans biofilm 

formation, they are unable to eradicate preformed biofilms. The plant defensin OSIP108 had a BIC50 of 5.3 

µM, however, failed to eradicate preformed biofilms (BEC50 > 800 µM). In addition, analogues of OSIP108 

either had higher BIC50 values than 5.3 µM or were unable to inhibit biofilm formation (133). Furthermore, 

the mouse cathelicidin derivative AS-10 inhibited biofilm formation at a lower concentration than the MIC 

(BIC50 = 0.22 µM) but did not eradicate preformed biofilms (BEC50 > 400 µM) (94). In this study, Os(11-

22)NH2 inhibited biofilm formation and eradicated preformed biofilms. The MIC50 of Os(11-22)NH2 (47 

µM) was almost two times less than the BIC50 (81 µM) and four and a half times less than the BEC50 (210 

µM). Furthermore, the BEC50 of Os(11-22)NH2 was over two and a half times more than the BIC50. 

AMPs display broad spectrum antimicrobial activity. However, some AMPs exhibit activity against fungi 

and are referred to as AFPs. The targets of AFPs include components of the mannoproteins and chitin, 

components of the cell wall, glycerophospholipids such as glucosylceramide in the cell membrane and 

intracellular targets such as organelles and important cell functions such as protein synthesis (134). A 

common target for cationic AMPs and AFPs is the cell membrane. Cationic AMPs can interact with 

negatively charged components of the cell membrane, leading to decreased membrane integrity. Since 

Os(11-22)NH2 possesses the characteristics of a membrane targeting AMP (cationic charge and 

amphipathicity), the membrane permeabilizing activity of Os(11-22)NH2 at the BIC50 was investigated. The 

DNA binding dye PI was used to indicate whether permeabilization occurred. PI can only enter cells where 

the integrity of the cell membrane has been compromised. Intracellularly, PI can bind both DNA and RNA 

(135) resulting in red fluorescence. On the other hand, DAPI can enter cells whether or not cell membrane 

integrity has been compromised and binds to regions of DNA that are abundant in adenine-thymine base 

pairings (117). In biofilm inhibition experiments, increased PI fluorescence in 1% Triton X-100 (Figure 

3.8D) and Os(11-22)NH2 (Figure 3.8G) treated cells indicated that membrane permeabilization had 
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occurred. Less DAPI fluorescence was seen in the Triton X-100 (Figure 3.8E) and Os(11-22)NH2 (Figure 

3.8H) treated cells compared to the untreated control (Figure 3.8B) because PI had already bound to nuclear 

DNA, therefore, DAPI could only bind to very small regions of DNA. Samples were first stained with PI, 

which can bind to four or five base pairs of DNA without specificity (116). 

For the evaluation of biofilm eradication activity, biofilms were grown for 48 hours (grown for 24 hours, 

then RPMI-1640 medium was replenished, and the biofilm was grown for a further 24 hours) making it a 

fully mature biofilm (136). The biofilm at 48 hours had a higher biomass (Figure 3.3) and the cells were 

densely arranged (Figure 3.2D) which confirmed the establishment of a mature biofilm. In the untreated 

control, very little DAPI staining, weak and low levels of fluorescence were observed (Figure 3.9B) possibly 

because very little DAPI was able to traverse the thick ECM and enter the cells.  In a study by Baillie and 

Douglas (137), biofilms grown on catheter discs were made up of a basal layer consisting of yeast cells and 

a thick upper layer made up of hyphae. Subsequently, when biofilms are viewed under the confocal 

microscope, only one layer is in focus meaning that only cells stained with DAPI in a particular focal plane 

could be observed and any DAPI fluorescence from cells that are out of focus will be blocked (138). 

Furthermore, it is also worth noting that extracellular DNA is present in the ECM, therefore, PI and DAPI 

might also interact with the extracellular DNA (52). 

Triton X-100, is a non-ionic detergent that solubilizes proteins and can cause membrane permeabilization. 

Exposure of mature biofilms to Triton X-100 for 2 and 24 hours with a resulting increase in PI fluorescence 

after 24 hours indicates that the established ECM is dense. Once the ECM is solubilized, the nucleic acid 

binding dyes PI and DAPI have access to the intracellular DNA. Interestingly, the biofilm exposed to Os(11-

22)NH2 (Figure 3.9M) showed similar staining to the biofilm exposed to Triton X-100 for 24 hours (Figure 

3.9I), indicating that the ECM is reduced, and intracellular DNA is more accessible for staining. 

Furthermore, the observed PI fluorescence indicates that membrane permeabilization had occurred. 

Therefore, more PI and DAPI could enter the cells, leading to higher fluorescence for both fluorescent dyes. 

ROS are molecules that contain oxygen and are more potent and reactive than molecular oxygen (139). 

Common examples of ROS include the hydroxyl radical (•OH), superoxide (O2
•-), hydrogen peroxide (H2O2) 

and singlet oxygen (1O2) (140). At regulated levels ROS play a critical role in the mediation of cellular 

responses such as apoptosis, cell growth and cell differentiation (141). However, when the cell is under 

oxidative stress, excess ROS is produced and can cause lipid peroxidation, damage to DNA and cell death 

(142). Numerous studies show that AMPs induce ROS formation in C. albicans (143-146). Furthermore, 

studies have shown a possible link between ROS production and membrane permeabilization. Troskie et al. 

(97) proposed that as tyrocidine peptides permeabilize the membrane, ROS production can occur due to 

osmotic stress or binding to cell membrane components. On the other hand, ROS production by the plant 

 
 
 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



48 
 

defensin PvD1 was found to enhance membrane permeabilization (147). Therefore, it was necessary to 

investigate whether Os(11-22)NH2 induced the formation of ROS using the fluorogenic dye DCFH-DA. 

During biofilm inhibition and eradication, results indicated that Os(11-22)NH2 induced ROS production, 

which could play a role in the anti-biofilm activity of Os(11-22)NH2. In the presence of ascorbic acid, a 

ROS scavenging antioxidant, ROS production by the peptide was significantly reduced during biofilm 

inhibition and eradication (p < 0.0001; Figures 3.10 and 3.11). For AMB, ROS production observed during 

biofilm inhibition was not significant compared to the untreated control (Figure 3.10), indicating that ROS 

production is not a key mode of action during biofilm inhibition. However, ROS production was observed 

in the presence of AMB during biofilm eradication, which is expected since AMB is known to induce ROS 

production (148). In the presence of ascorbic acid, however, a significant decrease in AMB-induced ROS 

production was observed during biofilm eradication at the BEC50 (1.25 µM) and at double the BEC50 (2.5 

µM) (Figure 3.11). 

In order to determine whether ROS production by Os(11-22)NH2 contributes to killing during biofilm 

inhibition and eradication, the CTB cell viability assay was used. Biofilm inhibition and eradication 

experiments were performed in the presence and absence of ascorbic acid, a known ROS scavenger. With 

regards to biofilm inhibition, there was no significant difference in biofilm inhibiting activity in the presence 

and absence of ascorbic acid (Table 3.4), indicating that ROS production does not contribute to biofilm 

inhibition. However, increased ROS production following Os(11-22)NH2 treatment could play a role in the 

induction of apoptosis since abnormally high levels of ROS are a common indicator of apoptosis in yeast 

cells (149). AMPs such as pleurocidin, psacotheasin, scolopendin and melittin have been found to increase 

the levels of intracellular ROS, which in turn leads to apoptosis (144,150-152). The contribution of ROS 

production to biofilm eradication by Os(11-22)NH2 was also investigated. If there is a significant decrease 

in biofilm eradication in the presence of ascorbic acid, it can be concluded that ROS production does play 

a role in biofilm eradication. On the other hand, if there is no change in biofilm eradication in the presence 

of ascorbic acid, then the peptide does not eradicate biofilms by ROS production. However, in this study, 

significantly more biofilm eradication (p < 0.0001) was observed in the presence of ascorbic acid than in 

the absence of ascorbic acid (Figure 3.12). The result indicated that addition of ascorbic acid enhanced the 

biofilm eradicating activity of Os(11-22)NH2 which was unexpected. A similar observation was made in a 

study by Troskie et al. (97) , where the biofilm eradicating activity of two tyrocidines (TrcA and TrcB) was 

significantly increased in the presence of 10 mM ascorbic acid. An explanation for increased biofilm 

eradicating activity was that ascorbic acid could have been acting as a chaotropic agent, which reduced 

aggregation and stabilized the structures of TrcA and TrcB. The same explanation could also be valid for 

increased biofilm eradication by Os(11-22)NH2 in the presence of ascorbic acid. Ascorbic acid has been 

used in combination with antibiotics against Pseudomonas aeruginosa and was found to have synergistic 
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activity with chloramphenicol, tetracycline, streptomycin and kanamycin (153). Furthermore, Khalil et al. 

(154) showed that the presence of ascorbic acid decreases the MIC and increases the antioxidant activity of 

curcumin against C. albicans indicating that combination with ascorbic acid could potentially improve 

antifungal activity. When used on its own at high concentrations, ascorbic acid has been found to act as a 

pro-oxidant and exhibits antifungal activity against C. albicans. At concentrations ≥ 0.85 M, ascorbic acid 

inhibited C. albicans growth, and transition from the yeast to the hyphal form was prevented when cells 

were treated with concentrations as low as 0.085 M (155). However, in the present study a concentration of 

10 mM ascorbic acid could have a pro-oxidant effect, especially when used in combination with antifungal 

agents. Therefore, the role of ascorbic acid as an antifungal agent should be considered. 

Increased antifungal resistance and the limited variety of antifungal drugs have led to greater incidence of 

fungal infections. In order to combat these infections, higher doses of antifungal agents must be used which 

leads to toxic side effects. For example, the continuous administration of AMB is associated with 

nephrotoxicity which can lead to death (156). Therefore, novel antifungals must be developed to prevent 

resistance and toxicity. Cationic AMPs are a good alternative to conventional antifungals because these 

peptides are mostly water soluble, have multiple cellular targets and are less likely to be overcome by 

resistance mechanisms (9). In this study, the tick-derived AMP Os(11-22)NH2 showed potent anti-biofilm 

activity against C. albicans and has shown potential for use in antifungal therapy as an alternative to 

conventional antifungal agents. 
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5. Conclusions and Future Perspectives 

 

The anti-biofilm activity of the tick-derived AMP Os(11-22)NH2 was evaluated in this study. Os(11-22)NH2 

exhibited activity against planktonic C. albicans (Table 5.1). Furthermore, Os(11-22)NH2 demonstrated 

anti-biofilm activity by preventing C. albicans biofilm formation and eradicating preformed C. albicans 

biofilms (Table 5.1). The ability to inhibit biofilm formation indicates a potential application for Os(11-

22)NH2 as a coating agent for implanted medical devices. The inverted light microscopy image of cells 

grown in the presence of 81 µM Os(11-22)NH2 indicated that reduced biofilm formation occurred compared 

to the untreated control. In particular, less hyphae were present in the treated sample, indicating that Os(11-

22)NH2 inhibits hyphal development. In similar fashion to a study by Morici et al. (157), the effect of Os(11-

22)NH2 treatment on the transcription of genes involved in cell adhesion, hyphal development and 

production of ECM in C. albicans biofilms can be investigated. Using quantitative real time RT-PCR, 

transcription levels of the genes of interest in treated and untreated biofilms can be investigated and 

compared. As a result, a better understanding of how Os(11-22)NH2 affects C. albicans biofilm formation 

can be gained. 

In order to improve activity, Os(11-22)NH2 can be modified by cyclization (158), addition of D-isomers 

(106) and the addition of β-naphthylalanine (159), modifications that can be made to confer greater peptide 

stability. 

Resistance to current antifungal drugs is a major issue due to the limited range of antifungal drugs. 

Currently, the azoles, echinocandins and polyenes are the major classes used, but resistance to drugs 

belonging to all three classes has been reported (31). A method to overcome resistance is the use of drugs 

in combination which can lead to more antifungal activity. In this study, Os(11-22)NH2 has shown potential 

to be used in antifungal therapy due to its ability to inhibit biofilm formation and eradicate preformed 

biofilms. Therefore, Os(11-22)NH2 could be used in combination with conventional antifungal drugs such 

as fluconazole (160), AMB (97) and caspofungin (161) against C. albicans strains that exhibit resistance to 

these antifungals. Combination studies could be carried out in the form of a checkerboard assay which would 

provide information whether interactions between Os(11-22)NH2 and the antifungal drugs are synergistic. 

The membrane permeabilizing activity of Os(11-22)NH2 was investigated using CLSM. Results indicated 

that membrane permeabilization occurs during biofilm inhibition and eradication (Table 5.1). Further work 

should focus on investigating the ultrastructural effects of Os(11-22)NH2 treatment on C. albicans using 

transmission electron microscopy (109). In addition, the interaction of Os(11-22)NH2 with components of 

the membrane such as glycerophospholipids and sphingolipids should be considered. For example, the 
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peptides RsAFP2 and PvD1 interact with glucosylceramide, a fungal glycosphingolipid involved in fungal 

virulence. Interaction with glucosylceramide leads to ROS production, membrane permeabilization and 

apoptosis (143,147). The investigation of interactions between Os(11-22)NH2 and membrane components 

could therefore provide more information on how Os(11-22)NH2 permeabilizes fungal membranes. 

Although Os(11-22)NH2 induced ROS production during biofilm inhibition and eradication (Table 5.1), the 

production of ROS was significantly decreased in the presence of ascorbic acid. The presence of abnormally 

high levels of ROS is an indicator of apoptosis (162). Another indicator of apoptosis is the externalization 

of phosphatidylserine, a component of the cell membrane. During apoptosis, membrane integrity is 

compromised and leads to the movement of phosphatidylserine from the inner to the outer surface (163). 

Using Annexin V-FITC staining and flow cytometry, phosphatidylserine exposure can be determined. By 

comparing the fluorescence produced by treated and untreated C. albicans biofilms, it is possible to 

determine whether Os(11-22)NH2 induces phosphatidylserine externalization. In addition, the results will 

give an indication whether Os(11-22)NH2 causes apoptosis. 

The effect of ascorbic acid on the anti-biofilm activity of Os(11-22)NH2 was investigated using the CTB 

cell viability assay. During biofilm inhibition and eradication, no significant difference was observed 

between treatment in the presence and absence of ascorbic acid (Table 5.1). However, biofilm eradicating 

activity in the presence of ascorbic acid was enhanced indicating that the combination of Os(11-22)NH2 and 

ascorbic acid resulted in improved activity. Ascorbic acid is an antioxidant, however, at higher 

concentrations, ascorbic acid acts as a pro-oxidant with potent antifungal activity. A previous study by 

Cursino et al. (153) showed that ascorbic acid had synergistic activity with conventional antibiotics. 

Therefore, the anti-biofilm activity of Os(11-22)NH2 in combination with ascorbic acid could also be 

investigated using the checkerboard assay. 

In conclusion, Os(11-22)NH2 is an effective antifungal agent which inhibits biofilm formation  and 

eradicates preformed biofilms. Future research should further investigate its mode of action and its 

combination with other antifungal agents. 
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 Table 5.1: Summary of results from this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Anti-planktonic activity 

 Os(11-22)NH2 Os 

Activity (47 µM) (Inactive) 

Anti-biofilm activity 
 

Inhibition Eradication 

Activity (81 µM) (210 µM) 

Membrane permeabilization   

ROS production   

Does ROS contribute to killing?   
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7. Appendix 
 

Table 7.1: Components of double strength (2X) RPMI-1640 2% glucosea for anti-planktonic assay. 

Component Final concentrationb (g/L) 

RPMI-1640 with L-glutamine, phenol red and without 

sodium bicarbonate 
20.80 

3-(N-morpholino) propanesulfonic acid (MOPS) 69.06 

Glucose 36.00 
aAdjust to pH 7.0 with sodium hydroxide (NaOH). 
bFinal concentration in 1 L. 

 

Table 7.2: Components of single strength RPMI-1640a for biofilm studies. 

Component Final concentrationb (g/L) 

RPMI-1640 with L-glutamine, phenol red and without 

sodium bicarbonate 
10.40 

3-(N-morpholino) propanesulfonic acid (MOPS) 34.53 
aAdjust to pH 7.0 with sodium hydroxide (NaOH). 
bFinal concentration in 1 L. 

 

Table 7.3: Components of 10 mM phosphate buffered saline (PBS)a for biofilm studies. 

Component Final concentrationb (g/L) 

Sodium chloride (NaCl) 8.00 

Potassium chloride (KCl) 0.20 

Disodium hydrogen orthophosphate (Na2HPO4) 1.44 

Potassium dihydrogen orthophosphate(KH2PO4) 0.24 
aAdjust to pH 7.4 with hydrochloric acid (HCl). 
bFinal concentration in 1 L. 
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