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ABSTRACT 
This thesis explores innovative approaches to treat Candida albicans infections in single and 

mixed-species biofilms when combined also with Streptococcus mutans. The experimental 

publication 1 evaluated the antimicrobial peptides/proteins (AMPs) Hylin-a1, Temporin-SHa, and 

KR-12-a5, against fluconazole-resistant and susceptible C. albicans and identified Temporin-SHa 

as the most promising AMP with significant antifungal and biocompatibility abilities, inhibiting 

biofilm formation and reducing fungal biomass. Publication 2 assessed the AMPs DR9-RR14, 

RR14, Histatin 3, and Histatin 5 on mixed biofilms formed on acrylic resin, showing reduced 

biofilm biomass and extracellular matrix (ECM) vital components disruption. Publication 3 

investigated the combined effects of His3 and His5, the most promising AMPs evaluated 

previously, with antimicrobial photodynamic therapy (aPDT) on mixed biofilms containing three 

resistant strains of C. albicans and S. mutans, showing enhanced biofilm inhibition and reduced 

extracellular matrix (ECM) components, also minimizing the virulence of resistant strains and 

highlighting the synergistic potential of this new approach. Lastly, publication 4 validated the 

combination of His3 and His5 with aPDT in a 3D oral epithelium model, demonstrating limited 

infection penetration into deeper layers, reduced hyphal invasion, and compatibility with host 

tissue. These findings collectively highlight the potential of combining aPDT with AMPs as a 

targeted approach to overcome microbial resistance and biofilm complexity. Proteomic profiling 

provided information about the molecular mechanisms by which this combination treatment works, 

proving its efficacy as a therapy. As a future investigation, the combined treatment validated in this 

study needs to be extended to in vivo models to evaluate tissue regeneration behavior, particularly 

after the remission of the lesions. 
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RESUMO 
Esta tese explora abordagens inovadoras para o tratamento de infecções por Candida albicans em 
biofilmes de espécie única e em associação com Streptococcus mutans. A primeira publicação 
experimental avaliou os peptídeos/proteínas antimicrobianos (AMPs) Hylin-a1, Temporin-SHa e 
KR-12-a5 contra cepas de C. albicans resistentes e suscetíveis ao fluconazol, identificando o 
Temporin-SHa como o AMP mais promissor, com significativa atividade antifúngica e 
biocompatibilidade, capaz de inibir a formação de biofilmes e reduzir a biomassa fúngica. 
A segunda publicação analisou os AMPs DR9-RR14, RR14, Histatina 3 (His3) e Histatina 5 
(His5) em biofilmes mistos formados sobre resina acrílica, demonstrando redução da 
biomassa do biofilme e redução de componentes vitais da matriz extracelular (MEC). Na 
terceira publicação, foram investigados os efeitos combinados de His3 e His5, identificados 
anteriormente como os AMPs mais promissores, com a terapia fotodinâmica antimicrobiana 
(aPDT) em biofilmes mistos contendo três cepas resistentes de C. albicans associadas a S. 
mutans. Os resultados revelaram inibição significativa dos biofilmes, redução de componentes 
da MEC e diminuição da virulência das cepas resistentes, destacando o potencial sinérgico desta 
nova abordagem. Por fim, a quarta publicação validou a combinação de His3 e His5 com a 
aPDT em um modelo tridimensional (3D) de epitélio oral, evidenciando penetração limitada 
da infecção em camadas mais profundas, redução da invasão hifal e compatibilidade com o 
tecido hospedeiro. Coletivamente, esses achados ressaltam o potencial da combinação entre 
aPDT e AMPs como uma estratégia direcionada para superar a resistência microbiana e a 
complexidade dos biofilmes. A análise proteômica forneceu informações relevantes sobre os 
mecanismos moleculares pelos quais esse tratamento combinado atua, comprovando sua eficácia 
terapêutica. Como perspectiva futura, destaca-se a necessidade de expandir a investigação deste 
tratamento combinado para modelos in vivo, a fim de avaliar o comportamento de 
regeneração tecidual, especialmente após a remissão das lesões. 

Palavras – chave: Biofilmes, Candida albicans, Streptococcus mutans 
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THESIS ORGANIZATION 

This thesis adheres to the formatting guidelines outlined by the College of Graduate Studies and 

Postdoctoral Research, University of Saskatchewan for a manuscript-based thesis, consequently, 

there is some repetition of content across chapters.  

- Chapter 1, the current chapter is a comprehensive introduction to the thesis topic, along with

an overview of the thesis objectives.

- Chapter 2, representing literature review, is a systematic review of the literature which

summarized several aspects of the thesis topic related to the application.

- Chapter 3 gives details about the study rationale, hypotheses, and objectives.

- Chapters 4 – 7, the main body of thesis, were structured as a manuscript-based format,

consisting of three different research projects (objectives).

- Chapter 8 and 9 serve as general discussion section with a conclusion, summarizing the

scientific gaps addressed and filled throughout this thesis and providing conclusion of the

thesis. Moreover, it discusses the limitations and outlines future directions, with a potential

focus on the potential translational clinical utility in oral health.

- Chapter 10 contains all the references cited in this work.
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1 INTRODUCTION 

1.1 Background 

1.1.1 Oral Biofilms 

Biofilms are complex, structured communities of microorganisms attached to a surface. 

Their development is coordinated through various mechanisms, including metabolic signaling, 

genetic exchange, and quorum sensing—an intercellular communication system. The biofilm 

lifecycle typically progresses through four main stages: (1) initial surface adhesion, (2) 

microcolony formation, (3) maturation, and (4) dispersion (Kaplan, 2010). The dispersion phase is 

particularly critical, as it may facilitate the spread of infection to new anatomical sites, promoting 

the establishment of additional biofilms. These developmental stages result in distinct cellular 

physiology and phenotypic traits that differ markedly from those of planktonic (free-floating) cells 

(Mirghani et al., 2022) (Figure 1). 

Figure 1. Biofilm Cycle. Created in BioRender. Lab, S. (2025) https://BioRender.com/nl247rq. 
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Biofilm cells are embedded within a self-produced extracellular matrix (ECM), composed 

of extracellular polymeric substances (EPS) synthesized by the microorganisms themselves 

(Flemming et al., 2007). The ECM plays a critical role in mediating cell-to-cell interactions within 

the biofilm and supports essential biological processes required for biofilm maintenance and 

stability. Its composition can dynamically adapt in response to environmental conditions, such as 

temperature, pH, and nutrient availability(Flemming et al., 2023). It because ECM can prevent the 

host's phagocytes from recognizing the fungi and activating the complement system. Additionally, 

it binds to antimicrobial agents, blocking their diffusion or neutralizing them, thus hindering their 

action(Kaplan, 2010). EPS components provide the necessary structural adhesion and cohesion, 

for three-dimensional organization of the biofilm(Bowen et al., 2018a).  

In addition to structural functions, the ECM also serves as a recycling hub, retaining the 

components of lysed cells—including extracellular DNA (eDNA), which may act as a reservoir 

for horizontal gene transfer and contribute to the dissemination of genetic traits within the 

microbial community(Jiang et al., 2020). The ECM also impedes the host's immune defense 

mechanisms by preventing recognition by phagocytes and inhibiting activation of the complement 

system. Moreover, it restricts the diffusion of antimicrobial agents, either neutralizing them or 

reducing their access to deeper biofilm layers (Kaplan, 2010).  

This three-dimensional structure creates gradients of nutrients and oxygen, which result in 

reduced metabolic activity in the innermost layers (Flemming et al., 2007). Consequently, 

antimicrobial agents that rely on active microbial metabolism for their mode of action become less 

effective (Kadosh & Mundodi, 2020). The ability to form such structured and protective 

communities makes biofilm-associated infections one of the most resilient forms of microbial 

persistence in clinical settings. (Thompson et al., 2011). 

1.1.2 Role of Candida albicans  

Given its highly adaptable nature, Candida albicans is one of the most studied fungal 

species in the context of oral biofilms. Candida albicans is the most prevalent species of Candida, 
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being a commensal microorganism typically found in the intestinal tract, genitourinary system, and 

the normal flora of the skin and mucous membranes(Scully et al., 1994). Immunosuppression in 

an individual can allow this microorganism to act as an opportunistic pathogen, penetrating the 

tissues and providing infections (Ishikawa et al., 2015). Individuals with conditions that weaken 

the immune system, such as kidney failure, AIDS, and diabetes, are more susceptible to developing 

oropharyngeal candidiasis. However, healthy individuals can also develop an infection due to an 

imbalance in the host’s immune system (Scully et al., 1994). This fungus could adapt to changes 

in environmental pH through metabolic flexibility and robust nutrient acquisition systems, 

including a strong response to oxidative stress(Scully et al., 1994).  

Aspects related to the virulence of C. albicans are mediated by factors such as substrate 

adherence, biofilm formation, and self-defense against the host’s immune system(Thompson et al., 

2011). The production of hydrolytic enzymes, such as proteases and phospholipases, can also be 

considered a virulence factor and is closely associated with tissue damage(Moyes & Naglik, 2011). 

Moreover, this fungus exhibits distinct morphologies such as blastoconidia and chlamydoconidia 

(yeast form), pseudohyphae, and hyphae, making it highly morphologically heterogeneous.  

Biofilm formation begins with the adhesion of yeast cells to a substrate, followed by surface 

proliferation and the emergence of filamentous projections—comprising hyphae and, in some 

cases, pseudohyphae—that contribute to the maturation and structural complexity of the biofilm. 

Hypha formation is known to enhance virulence by enabling the invasion of epithelial cell layers, 

penetration of individual cells, disruption of endothelial cells, and lysis of macrophages and 

neutrophils. Pseudohyphae, in turn, are considered elongated yeast cells that lack the ability to 

separate from the mother cell during the cell cycle. Despite their different shapes, pseudohyphae 

more closely resemble yeast cells than true hyphae(Kadosh & Mundodi, 2020). In addition, the 

development of C. albicans biofilms can be influenced by several environmental factors, including 

the nature of the surface (substrate), culture medium, and pH. Study demonstrated this by 

evaluating biofilm formation on a polystyrene surface, revealing that both adhesion capacity and 

the expression of adhesion-related genes were affected under these conditions(Wu et al., 2014). 
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Additionally, C. albicans exhibits the ability to adapt to environmental pH changes through 

metabolic flexibility and robust nutrient acquisition systems, such as an effective response to 

oxidative stress(Cannon et al., 1995). Moreover, C. albicans expresses a variety of genes (such as 

CAT1 – catalase and SOD1 – superoxide dismutase) that activate pathways aiding in protection 

against free radicals and reactive oxygen species(Dantas et al., 2015). These features demonstrate 

that C. albicans possesses a wide range of biological tools that enable invasion, survival, and 

protection within host tissues. 

1.1.3 Cross-Kingdom Interactions with Streptococcus mutans 

Although C. albicans is the primary pathogen associated with denture stomatitis, bacteria 

such as Streptococcus mutans are also frequently found in biofilms formed under acrylic dentures, 

and these organisms may exhibit synergistic interactions (Bulet & Stöcklin, 2005). C. albicans is 

unable to efficiently metabolize sucrose but benefits from the free glucose and fructose generated 

from sucrose metabolism by S. mutans (Hwang et al., 2015). The synergy between these two 

microorganisms promotes the growth of C. albicans and consequently the development of 

polymicrobial biofilms, further enhancing the virulence potential of this model(D. Kim et al., 

2017a; Rocha et al., 2018). Therefore, the biofilm of C. albicans and S. mutans exhibits a wide 

array of biological tools that facilitate invasion, survival, and protection within the host tissue 

(Pereira-Cenci et al., 2008). 

Cross-kingdom metabolic cooperation promotes C. albicans proliferation and the 

development of stronger polymicrobial biofilms(D. Kim et al., 2017a). Mixed biofilm communities 

demonstrate greater structural intricacy and enhanced resilience against stress factors than single-

species biofilms(Hwang et al., 2015). The interaction between species leads to increased virulence 

factor expression in C. albicans which subsequently boosts its ability to invade and persist in 

hosts(Y. Li et al., 2023). The surrounding extracellular matrix and interaction with S. mutans 

facilitate immune evasion by shielding fungal cells from phagocytosis and oxidative stress (D. Kim 

et al., 2017a). 
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Recent findings have shown that this cooperative behavior can be able to enhance the 

resistance of this biofilm to antimcirobial approaches. For instance, biofilms containing C. albicans 

and S. mutans demonstrate higher extracellular matrix (ECM) production, including increased 

levels of proteins, water-soluble polysaccharides (WSP), and extracellular DNA (eDNA)(Abreu-

Pereira et al., 2023; Dias, Paul, et al., 2025). This process provides immune system evasion abilities 

and reduction drug penetration(Xiao et al., 2023). 

1.1.4  Antimicrobial Resistance 

The use of standardized conventional antifungal therapies may be limited due to the 

resistance that microorganisms can develop following drug exposure(Ho et al., 2025). Resistance 

to antifungal agents is considered a potential cause of treatment failure, leading to the persistence 

or progression of infection(Robbins et al., 2017).  

The antimicrobial resistance can be classified as either primary or secondary. Intrinsic or 

primary resistance occurs when a microorganism exhibits low susceptibility to a given drug prior 

to any exposure to the agent(Brauner et al., 2016). The literature reports species in which all known 

isolates possess innate resistance to a specific antifungal, such as Candida glabrata and Candida 

krusei, which are intrinsically resistant to antifungal drugs, especially fluconazole(Silva et al., 

2017a). Secondary or acquired resistance refers to resistance that may be developed by the 

microorganism after prolonged exposure to antifungal drugs(Brauner et al., 2016). The 

development of acquired resistance can occur through various mechanisms, including 

overexpression of the drug target, amino acid substitutions in the target that prevent binding of the 

inactivating enzyme, activation of stress response signaling pathways, upregulation of efflux 

pumps, or alterations in cellular pathways(Robbins et al., 2017). This resistance may be further 

accelerated by the organism's genetic plasticity or the presence of already-resistant strains. In this 

context, the combined effect of these contributing mechanisms leads to the selection of 

increasingly resistant organisms, resulting in high rates of recurrent infections (Christaki et al., 

2020). 
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Variations in resistance phenotypes have been observed not only between different species 

and isolates of the same species but also across distinct growth states of the same strain(Pokharel 

et al., 2022). The formation of fungal biofilms can reduce susceptibility to conventional antifungal 

agents due to the difficulty of drug penetration through the biofilm layers to reach the target cell, 

thereby decreasing compound efficacy. It has been reported that in C. albicans biofilms, the 

surrounding glucan-rich matrix can act as a physical barrier, limiting the bioavailability of 

antifungal agents(Silva et al., 2017a). 

Given the challenges related to fungal resistance, alternative strategies for inactivating 

Candida species have recently been suggested. 

1.1.5 Antimicrobial Photodynamic Therapy (aPDT) as an Adjunctive Strategy 

Antimicrobial photodynamic therapy (aPDT) has been employed in the inactivation of 

microorganisms and in the treatment of infections (Hu et al., 2018). aPDT involves the application 

of a photosensitizer (PS), a light source corresponding to the PS absorption band, and the presence 

of oxygen (Dantas et al., 2015; Demidova & Hamblin, 2005). The process of photosensitization 

begins with the treatment of the target cell with the PS. After, a light source with an appropriate 

wavelength for PS activation must be applied to illuminate the sensitized target (Donnelly et al., 

2008). The interaction of light with the PS in the presence of oxygen promotes the formation of 

reactive oxygen species (ROS) that can induce cellular inactivation. It is suggested that this 

mechanism promotes the absorption of photons from the light source by the PS, which raises its 

electrons to an excited state. This excitation process occurs in the presence of oxygen and PS, 

which, when excited by light, can react with neighboring molecules through electron or hydrogen 

transfer (Type I reaction) or energy transfer to oxygen (Type II reaction) (Bonnett & Martı́nez, 

2001). This therapy offers several advantages in treating infections caused by microorganisms, 

such as a broad spectrum of action and low mutagenic potential in exposed cells (Huang et al., 

2012). However, compared to bacteria, photoinactivation of fungi appears to be more challenging 
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to achieve due to the larger cell size of these microorganisms, requiring a greater amount of singlet 

oxygen for cell death to occur (Demidova & Hamblin, 2005). 

Another important aspect that has been observed is that the resistant strains of C. albicans 

are also less susceptible to aPDT alone. An application of aPDT (100 mg/L of PDZ combined with 

LED) led to a 4.36 log10 reduction in fluconazole-susceptible C. albicans (CaS) in an animal model 

(Carmello et al., 2015). In another study, aPDT using the same photosensitizer combined with LED 

light for the inactivation of fluconazole-resistant C. albicans (CaR) resulted in a reduction of 

approximately 1.96 log10 (Alves et al., 2019). When animals were subjected to treatment (5 sessions 

of aPDT), the results demonstrated that aPDT was as effective as Nystatin in inactivating CaS, 

achieving reductions of 3 and 3.2 log10, respectively. Additionally, it was observed that animals 

treated with aPDT showed complete remission of oral lesions (Carmello et al., 2016). Conversely, 

in the same animal model contaminated with a CaR strain (ATCC 96901), animals treated with 

either aPDT or Nystatin alone showed similar reductions in CaR viability (1.3 and 1.1 log10, for 

aPDT and Nystatin, respectively); however, no improvement in the macroscopic appearance of the 

lesion on the tongue was noted (Hidalgo et al., 2019). Therefore, treatments for infections caused 

by resistant strains require enhancements to improve their efficacy. 

1.1.6 Antimicrobial Peptides Potential 

Antimicrobial peptides (AMPs) are oligopeptides containing up to 50 amino acids with a 

broad spectrum of action against microorganisms, including viruses, bacteria, fungi, and parasites 

(Boparai & Sharma, 2020). AMPs occur naturally in both prokaryotes and eukaryotes and, in 

multicellular organisms, are part of the innate immune system’s defense line against potentially 

harmful microorganisms (Bechinger & Gorr, 2017). Interestingly AMPs have grown primarily due 

to their low cost and their small molecular size, high biocompatibility, and antimicrobial action at 

low concentrations (Fosgerau & Hoffmann, 2015). AMPs with antibacterial activity have an overall 

positive charge and amphipathic nature, primarily targeting the lipid bilayer of the plasma 

membrane, along with intracellular targets (Bahar & Ren, 2013a). The action mechanism of AMPs 



 
9 

 
 

on bacterial plasma membranes depends on their electrostatic and hydrophobic interactions with 

the lipid bilayer, either intracellularly or extracellularly (Bechinger & Gorr, 2017).  

Due to its significant antibacterial activity and reduced structural size, several types of 

AMPs have been becoming an extremely viable model for infection control assays. Peptides such 

as Hylin-a1 exhibit broad-spectrum antimicrobial activity against Gram-negative and Gram-

positive bacteria, as well as diverse species of Candida spp. (C. albicans, Candida krusei, Candida 

parapsilosis, and Cryptococcus neoformans) (Castro et al., 2009; Vignoli Muniz et al., 2020). 

Another peptide that has been studied for its antimicrobial properties is KR-12-a5, a derivative of 

LL-37, classified as an α-helix, making it one of the smallest known peptides with antimicrobial 

activity (B. Mishra et al., 2013). Additionally, the peptide temporin-SHa also showed antimicrobial 

activity due to its secondary structure, net positive charge, hydrophobicity, helicity, and 

amphipathicity (Q. Chen et al., 2004). Despite numerous investigations testing the effects of 

various AMPs on different pathogens, there is a lack of studies in the literature addressing the 

antifungal potential of these AMPs in biofilm models involving resistant-Candida strains and S. 

mutans in the same biofilm. 

Histatin 3 (His3) and Histatin 5 (His5), antimicrobial proteins with peptide sizes that come 

from saliva, also have distinct antimicrobial activity against oral microorganisms (Kavanagh & 

Dowd, 2004a). His5 particularly has an effect against C. albicans, inhibits its growth, and damages 

mitochondria and ATP production (Moffa, Mussi, et al., 2015a). Additionally, His3 also reduces S. 

mutans adhesion to hydroxyapatite (Marin et al., 2022).  In addition, derived peptides like DR9, 

from statherin, inhibit C. albicans hyphal formation, reducing virulence and cell proliferation, 

while RR14, from His3, reduces S. mutans biofilm biomass (Moussa & Siqueira, 2021; Pellissari 

et al., 2021a). Despite their effectiveness, studies on Hist3, Hist5 and the AMP's derived (DR9-

RR14 and RR14) have focused only on single-species biofilm, with limitations also in complex-

biofilms involving more than one species (Gyurko et al., 2000; Kavanagh & Dowd, 2004a; 

Komatsu et al., 2011, 2019a; Mochon & Liu, 2008; Moffa, Machado, et al., 2015; Moussa & 
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9 CONCLUSION 

This thesis collectively demonstrates the therapeutic potential of combining AMPs with 

aPDT as an innovative strategy to manage C. albicans and S. mutans biofilms, particularly those 

exhibiting antifungal resistance, with His3 and His5 identified as the most promising peptides 

through progression from simple biofilm models to mixed species and 3D oral tissue models.
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