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Abstract 

 

Title of Dissertation: Therapeutic Evaluation of a Novel Topical Antimicrobial 

Formulation against Candida-Associated Denture Stomatitis in an Experimental Rat 

Model 

 

Ahmed Sherif Sultan, Doctor of Philosophy, 2019 

 

Dissertation Directed by: Mary Ann Jabra-Rizk, Ph.D., Professor, Department of 

Oncology and Diagnostic Sciences, School of Dentistry, and Department of 

Microbiology and Immunology, School of Medicine 

 
Candida-associated denture stomatitis (DS), caused by the fungal species 

Candida albicans, is the most common manifestation of oral candidiasis and is 

prevalent in up to 70% of denture wearers. DS tends to be a persistent and recurrent 

oral condition as a consequence of the ability of C. albicans to adhere to denture 

material and invade associated palatal tissue. There are currently no effective 

therapeutic strategies targeting DS, and despite antifungal therapy, infection is often 

re-established after treatment ceases. Therefore, it has become crucial to identify 

novel therapeutic approaches. Antimicrobial peptides have attracted significant 

attention as candidates for drug development due to their potent antimicrobial and 

anti-inflammatory properties, lack of toxicity and lack of development of drug 

resistance. Specifically, histatin-5 (Hst-5), naturally produced and secreted by host 

salivary glands, has demonstrated potent antifungal activity, including against strains 

resistant to traditional antifungals. However, our laboratory has previously 

demonstrated vulnerability for Hst-5 to proteolysis by C. albicans secreted proteolytic 

enzymes at specific amino acid residues. Therefore, to generate a resistant derivative 



of Hst-5, we engineered a variant (K11R-K17R) with substitutions in the amino acid 

residues at the cleavage sites. The new peptide proved to be more stable, and unlike 

the native Hst-5, resistant to proteolysis by C. albicans proteases. 

Importantly, for clinical application, we designed a polymer-based 

bioadhesive hydrogel as a delivery system for the peptide and developed a therapeutic 

formulation specifically designed for oral topical application. The potency of the new 

formulation in inhibiting C. albicans adherence and biofilm formation on denture 

acrylic material was demonstrated in vitro indicating a potential clinical applicability 

against DS. To that end, using 3D digital design and printing technology, we 

engineered and fabricated a universal intraoral device that was successfully used in 

the animals to develop clinical disease mimicking DS as in humans. Using the novel 

animal model, we established the clinical utility of the formulation for the prevention 

of biofilm formation on denture device and DS development. Importantly, in addition 

to DS, the formulation can also be used for treatment of other forms of candidiasis as 

well as serve in augmenting host natural immune defenses. 
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Chapter 1: Introduction and Scope of Dissertation 

 

 

Oral Candidiasis 

 Oral candidiasis (OC) is a prevalent oral infection caused by Candida albicans 

(C. albicans), a commensal fungus that commonly colonizes oral mucosal surfaces 1,2. 

C. albicans is acquired at birth and can be transmitted directly from the mother, 

thereafter it remains in a harmless commensal state in the oral cavity or it may lead to 

neonatal infections 2. Even though OC is far more prevalent in patients receiving 

chemoradiation for head and neck cancers, immunosuppressive therapy for various 

autoimmune diseases and for both solid organ and hematopoietic stem cell 

transplantation, and in HIV+ patients (Figure 1), OC is not exclusive to 

immunocompromised patients and may occur in immunocompetent patients. This is 

especially the case in individuals who develop OC as a consequence of antibiotic 

therapy, topical and systemic steroid therapy, metabolic and hormonal disturbances, 

nutritional deficiencies, and denture wearing, among several other predisposing 

factors 3-5. 

 The oral cavity is one of the most heavily colonized parts of the human body 

containing hundreds of microbial species, which, along with the host constitute the 

oral microbiome. While the oral bacteriome is well characterized, the fungal 

microbiome is a poorly recognized biome 6. Recent comprehensive profiling of the 

oral mycobiome of healthy individuals via internal transcribed spacer (ITS) 

sequencing has identified more that 100 different commensal fungal species in the 

oral cavity 7. Although C. albicans is the most commonly isolated species in 70-95% 

of patients with OC, other species such as C. glabrata, C. tropicalis, C. parapsilosis, 

C. krusei, C. guilliermondii, C. famata, and C. dubliniensis have been isolated to a 

much lesser degree 3,8. Of note, C. dubliniensis has been isolated as the causal 
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pathogen of OC in HIV+ patients 9. In a landmark study, which analyzed 24,179 cases 

of nosocomial bloodstream infections (BSI) in 49 US hospitals over a 7-year period, 

9.5% of all BSI cases were caused by fungi 10. C. albicans was the most commonly 

isolated Candida species responsible for 54% of Candida-associated BSI cases, 

followed by C. glabrata, which caused 19% of infections. Interestingly, although the 

least number of Candida-associated BSI was attributed to C. krusei (2.4% of cases), 

this species was responsible for the highest crude mortality rate (58.7%) of all the 

Candida species 10. C. glabrata was also found to be associated with a high mortality 

rate (50.1%) 10.  

C. albicans remains the most prevalent and pathogenic species in the Candida 

Genus. This opportunistic pathogen is highly evolved and well-adapted to its human 

host and possesses an array of virulence factors that contribute to its pathogenic 

potential. C. albicans is a dimorphic species capable of switching morphology from 

yeast and filamentous hyphal forms, a property central to its pathogenesis and ability 

to adhere to host tissue and abiotic surfaces via cell wall receptors, most notable are 

the agglutinin-like sequences (Als). Another main virulence factor is its ability to 

degrade proteins and antimicrobial peptides via secreted aspartyl proteinases (Saps) 

which are responsible for tissue invasion 3. However, in addition to virulence factors, 

host local inflammatory immune responses also play a role in the pathogenesis of 

some manifestations of candidiasis such as the case in vaginitis and Candida-

associated denture stomatitis (DS) 2.  

The primary protective host defense against OC features a dual CD4+ Th1-

type phagocyte dependent response and a CD4+ Th17-type response 2. Recent 

evidence suggests that a CD4+ Th17-type response likely plays a more dominant role 

in OC 11,12. Interleukin-17 (IL-17) has been shown to be co-expressed with 
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interleukin-22 (IL-22) by Th17 cells 13. The promotion of neutrophil recruitment and 

chemotaxis is mediated by IL-17 signaling 14,15. Additionally, the expression of 

certain antimicrobial peptides such as β-defensins and calprotectin (produced by oral 

epithelial cells), and histatins (produced by the salivary glands) are enhanced by IL-17 

and IL-22 13,15,16. A modification to the damage response framework (DRF) has been 

proposed that lists six classifications of host damage outcomes with respect to the 

offending pathogen and with respect to the strength of the host immune response 2. 

Specifically, OC is classified as class 1 within the DRF, as it is considered a pathogen 

that can only cause damage to the host in cases of a weakened immune response with 

the corollary being that C. albicans acts as a harmless commensal in situations of a 

robust healthy immune response 2. 

 Oral Candida carriage refers to the normal commensal presence of Candida in 

asymptomatic individuals without any clinically apparent signs of OC. The 

prevalence of oral Candida carriage among healthy individuals is variable and highly 

dependable on the sampling method utilized. Real-time quantitative polymerase chain 

reaction (RT-qPCR) is considered the most sensitive method and the prevalence of 

oral Candida carriage by means of RT-qPCR is approximately 35% in healthy 

individuals 17. HIV+ patients have the highest rates of oral Candida carriage and more 

than 90% of HIV+ patients develop OC at some time during the progression of their 

disease 9. Furthermore, the severity of OC in this patient population is strongly 

correlated with CD4 T-cell levels 9. 

 The tongue dorsum acts as the primary reservoir for oral Candida carriage and 

is a common site that gives rise to different clinical forms of OC 8. Acute forms of OC 

include erythematous and pseudomembranous (“thrush”) candidiasis (Figure 1), 

which are usually a result of iatrogenic therapies (e.g. systemic antibiotics, 
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corticosteroids) 8. Chronic forms include erythematous or hyperplastic candidiasis. 

Chronic erythematous candidiasis encompasses DS, angular cheilitis, and median 

rhomboid glossitis (Figure 1) 8. More than one clinical form of OC can occur 

concurrently in the same patient however, progression to candidal esophagitis and 

subsequent systemic dissemination is rare in immunocompetent individuals 8.  
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Figure 1. Oral candidiasis 8. Clinical manifestations of oral candidiasis can be 
characterized by (A) pseudomembranous candidiasis featuring diffuse curdy white 
semi-adherent patches that can be wiped off on the hard palatal mucosa in an AIDS 
patient, (B) erythematous candidiasis manifesting on the palatal mucosa in addition to 
angular cheilitis in a young girl, with vertical HIV transmission, (C) median 
rhomboid glossitis and angular cheilitis in a chronic denture wearer. 
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Denture Stomatitis 

Although OC is the most common opportunistic infection in cancer and HIV+ 

patients 18, DS is the most common form of OC 2,19,20. In fact, up to 70% of denture 

wearers 21,22, particularly the elderly and immunocompromised suffer from recurrent 

episodes. DS is a chronic disease characterized by localized or generalized 

inflammation of the denture bearing mucosa, which may manifest with a litany of 

symptoms that include a burning sensation, xerostomia, halitosis, dysgeusia, or severe 

oral pain impairing the ability to eat or speak 21,23. However, the majority of patients 

with DS present with asymptomatic disease24 and therefore, the historical 

nomenclature of “denture sore mouth” has been appropriately discontinued 23.  

To date, the most widely accepted clinical classification system for DS is the 

1962 Newton’s classification which entails three main clinical types of DS (Figure 2); 

(I) pin-point erythema of the palatal mucosa, (II) diffuse erythema of the palatal 

mucosa, and (III) granular-type inflammatory papillary hyperplasia 25. Biofilm-type 

(i.e. monospecies or polymicrobial) has been associated with clinical disease severity 

in patients with DS 26. DS patients solely colonized by C. albicans are three times as 

likely to manifest with less severe disease (Newton’s type I DS) 26. Whereas, DS 

patients who exhibit mixed Candida species biofilms are nearly five times more likely 

to manifest with more severe disease (Newton’s type III DS) 26. DS is usually 

diagnosed on clinical grounds but in equivocal cases, DS can be confirmed with 

ancillary diagnostic testing such as imprint cultures or palatal cytological smears via 

periodic acid-Schiff (PAS) staining or potassium hydroxide (KOH) preparation 23. 

Histopathological examination of DS is not routinely performed unless dysplasia or 

oral squamous cell carcinoma is suspected in exuberant Newton’s type III granular 

forms of DS. Biopsy specimens of DS patients rarely show Candida hyphae 
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penetrating the keratin layer 27.  

DS may affect partial as well as complete denture wearers and is more 

common in maxillary denture wearers than in mandibular denture wearers. This is 

likely due to the lack of saliva bathing the palatal mucosa as opposed to the 

continuous flow of saliva from Wharton’s ducts bathing the mandibular mucosa 23. 

Additionally, maxillary dentures are static in nature, whereas the tongue affords 

mandibular dentures movement during mastication and speaking. It is important to 

note that DS is not caused by allergy to the denture material and this is evidenced by 

the fact that the inflammation does not extend beyond but rather occurs directly on the 

denture bearing mucosa and in most instances; the resultant erythema outlines the 

borders of the denture. The corollary being that allergic reactions would involve 

additional non-denture bearing mucosa 28. It has however been established that the 

type of denture material influences the risk of DS in that, acrylic denture wearers have 

been reported to have a five-fold increased risk of DS occurrence than metallic 

denture wearers 23.  

DS occurs more in women and the frequency of DS has been reported to 

increase with advancing age 29. The highest prevalence of DS occurs in elderly 

patients living in senior assisted living facilities or nursing homes 28. The combination 

of systemic factors frequent in individuals of advanced age, such as diabetes and 

kidney disorders, in addition to repeated antibiotic treatments increases susceptibility 

to DS 22. Many other important factors contribute to the development of DS that 

include continuous denture wear especially nocturnal denture use, poor denture 

hygiene, age of the denture, microbial influences, traumatic occlusion or excessive 

denture loading from the opposing dentition, ill-fitting dentures, hypersensitivity to 

residual monomers, cigarette smoking, and salivary hypofunction 29,30. 
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Figure 2. Denture Stomatitis 23. Clinical manifestations of denture stomatitis can be 
classified into three types (A) Newton’s type I demonstrating a hyperemic foci, (B) 
Newton’s type II featuring diffuse non-granular form of erythema which outlines the 
partial denture boundaries, (C) Newton’s type III showing granular-type 
inflammatory papillary hyperplasia. 
  



 

 9 

A major contributor to the development of recurrent episodes of DS is the lack 

of provision of information on proper denture care and overall awareness of the 

importance of DS among elderly patients 24,29,31. Reduced salivary production is one 

of the most common predisposing factors for the development of DS and the 

protective effects of saliva are greatly reduced with nocturnal denture wearing 32-34. In 

fact, elderly denture wearers, as a consequence of immunosenescence, have 

significantly lower activity levels of salivary innate defenses promoting the 

progression of DS 35,36. The incidence of dry mouth is increasing due to the aging 

population, the effects of systemic diseases, and the increase in polypharmacy 37. In 

addition, the number of people needing dentures has increased with the aging 

population 29,30. 

Approximately 40-55% of denture wearers do not remove their dentures at 

night and various reasons have been suggested to account for this which include the 

perceived embarrassment of being edentulous in the presence of a partner, the 

inability of discontinuing a chronic habit, forgetfulness to remove the dentures, fear of 

losing dentures, and unawareness or lack of proper denture hygiene 29,38,39. A recent 

prospective study in a large cohort of elderly patients (n= 524; mean age, 87 years) 

reported that 40% of denture wearers do not remove their dentures at night and were 

twice as likely to develop serious pneumonia events 39. This study also provided 

empirical evidence that denture wearing during sleep is associated with heightened 

oral inflammatory insult, increased microbial burden of C. albicans, and increased 

circulating levels of interleukin-6 (IL-6) 39. These observations were also reported by 

another study, providing clear evidence that dentures are associated with heightened 

oral inflammatory insult and increased levels of plaque and gingivitis, and result in an 

increased risk of dental caries, root caries, and periodontal disease 40,41. In addition to 
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pneumonia complications, DS can lead to an increased risk of other systemic 

infectious events in immunocompromised patients such as seeding of Candida cells to 

the gastrointestinal tract 42,43. 

Within the aforementioned DRF classification system, DS is classified as class 

5, which is defined as damage occurring “across the spectrum of immune responses, 

but damage is enhanced by strong immune responses 2.” In the case of denture 

wearers, C. albicans readily adheres to acrylic denture material and forms mature 

biofilms and consequently, there is continuous seeding of biofilm-associated C. 

albicans to the palatal tissue 2. This constant barrage of chronic inflammatory insult 

results in a strong robust immune response that inflicts significant damage to the host. 

Evidently, as per the DRF, denture wearers with good denture hygiene practices may 

elicit a milder immune response that inflicts less damage to the host. In addition to the 

chronicity of DS, increased penetration and progression of C. albicans can occur if 

the normal protective palatal mucosal barrier is breached by frictional irritation from 

an ill-fitting denture 5. 

The treatment success of DS heavily relies on repeated reinforcement of good 

denture hygiene practices that include discontinuation of night time denture wearing, 

adequate disinfection of the denture fomite itself with an appropriate denture soak, 

and antifungal treatment of the affected denture bearing mucosa. Several homemade 

and commercial denture soaks have been recommended. The most commonly 

recommended homemade denture soak formulation consists of an inexpensive diluted 

bleach solution (1 in 10 dilution). Current commonly available commercial denture 

soaks involve soaking dentures in chlorhexidine solution (metal dentures should be 

avoided due to staining risk), nystatin suspension, and peroxide solutions. Moreover, 

chlorhexidine contains 11.6% alcohol44 and alcohol-containing rinses should be 
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avoided due to their association with oral carcinogenesis 45. A 2009 Cochrane 

systematic review46 found that there was “weak evidence in support of soaking 

dentures in effervescent tablets or enzymatic solutions.” Ill-fitting dentures must be 

adjusted or new dentures must be fabricated. Soft denture liners are best avoided as 

these liners have been found to harbor substantially higher amounts of C. albicans 

than hard acrylic dentures 47. Surgical treatment is usually reserved for more extensive 

Newton’s type III lesions of inflammatory papillary hyperplasia. Topical and systemic 

antifungal medications are routinely prescribed in cases where adequate denture 

hygiene does not resolve the inflammation. Nystatin and miconazole are commonly 

prescribed for topical treatment of DS with varying success rates 48-50. Miconazole has 

broad-spectrum antimycotic activity and is also antibacterial and this is advantageous 

considering that DS patients are often co-infected with Staphylococcus aureus and 

Streptococcus mutans 51-53. Nystatin is prescribed as a liquid suspension (100,000 

USP/mL) and contains 33-50% w/v sucrose44,54 to enhance the taste of the 

medication, however this increased sugar content has led to enhanced Streptococcus 

mutans biofilms and increased caries rates in particularly critical cohorts such as 

pediatric patients receiving chemotherapy and patients receiving radiation for head 

and neck cancer 54-56. Although, miconazole has efficacy against both Candida and 

bacteria, it can interact with anticoagulants and increase the risk of bleeding 

complications 57. Both nystatin and miconazole have been reported to cause 

gastrointestinal upset secondary to their use 23. Moreover, many of the topical 

formulations of commercially available antifungal agents are alcohol-based and 

contain unwanted preservatives. Immunocompromised patients with recurrent 

episodes of DS require systemic antifungals such as fluconazole or ketoconazole to 

prevent disseminated infections. Notably, infection is often re-established within two 
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weeks after treatment ceases, and moreover, prolonged therapy has led to the 

emergence of drug resistance 58,59.  

With the increasing number of predisposed populations coupled with the 

emergence of resistance to the standard antifungal agents, the prospect of preventing 

C. albicans colonization thus precluding candidiasis and specifically DS is becoming 

increasingly attractive. Currently, there are no feasible non-systemic preventative 

measures against DS development. Therefore, it has become crucial to identify 

alternative strategies with a specific need for natural non-toxic strategies that do not 

harbor similar side effects that exist with current therapies.   

 

Candida-associated Denture Stomatitis Biofilms 

Biofilms are defined as organized resilient surface-associated microbial 

communities that are encased in a matrix of self-produced exopolymeric material, 

where biofilm-associated cells acquire properties (eg. drug resistance) distinct from 

those seen during planktonic growth 60,61. DS biofilms are accordingly considered 

polymicrobial mixed biofilms formed on acrylic denture material in which C. 

albicans is the predominant microorganism 21,26. C. glabrata, C. tropicalis, C. krusei, 

and C. dubliniensis have also been isolated from DS patients but to a much less extent 

than C. albicans 26,62-65. The majority of DS patients, approximately 57% are 

colonized solely by C. albicans, whereas mixed Candida species biofilms occur in 

43% of DS patients 26. Culture-independent molecular methods have confirmed the 

presence of at least 29 bacterial species in the mixed biofilms of DS patients 66.  

Several sequential events have been described in the formation of C. albicans 

biofilms 60,67. The first event involves adhesion and colonization of spherical yeast 

cells to the surface of the material and formation of an anchoring basal monolayer of 
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yeast cells subsequently occurs 68. Germ tube formation occurs 3-6 hrs thereafter. 

Proliferation of microcolonies later ensues and this is followed by continued 

filamentation and maturation of the biofilm exopolymeric matrix 68. Formation of a 

fully mature C. albicans biofilm that encompasses a network of yeasts, 

pseudohyphae, hyphae, and extracellular matrix requires at least 24 hrs to occur. The 

final event involves dispersion of cells to spread, colonize, and seed new surfaces to 

facilitate and renew the biofilm life cycle 60,67. It has been highlighted that in fact, 

biofilm dispersion should not be considered a terminal event but that dispersion 

occurs throughout the biofilm formation process 69. Visualization of biofilm stages on 

denture acrylic material have been accurately recapitulated using scanning electron 

microscopy (SEM) and confocal microscopy. SEM of C. albicans mature denture 

biofilms feature yeast, hyphal elements, commensal oral bacteria, and extracellular 

matrix with a proclivity for adherence along crevices and imperfections in the denture 

acrylic material 61,70. Importantly, denture materials are known to harbor significantly 

higher levels of Candida than that of the adjacent denture-bearing palatal mucosa 27. 

Therefore, development of DS unequivocally involves denture biofilms, which 

progress over the denture surface, leading to inflammation of the denture-bearing 

palatal mucosa. Thus, unlike other manifestations of OC, DS is attributed to the 

formation of fungal biofilm on an abiotic surface, namely denture material. 

Within DS biofilms, the principal virulence factors that contribute to the 

pathogenesis of C. albicans include adhesins, hyphae production, extracellular 

hydrolytic enzymes, and phenotypic switching 71. The main extracellular hydrolytic 

enzymes produced by C. albicans include Saps, phospholipase B, and lipases 71,72. 

Expression of Saps have been shown to be key pathogen-specific virulence factors 

that contribute to the pathogenesis and progression of DS 73. However, the pathogenic 
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role of Candida secreted phospholipase B and lipase is not currently well 

characterized or understood and therefore, the focus of the succeeding section will 

discuss Saps 72. Saps are potent proteolytic enzymes that are encoded by a set of 10 

genes (SAP1-SAP10) 71. Specific members of the SAP gene family have been shown 

to possess differing distinct roles in the colonization and pathogenesis of C. albicans 

74. The majority of Saps, namely Sap1-Sap8, are secreted extracellularly whereas, 

Sap9 and Sap10 are membrane-anchored glycosylphosphatidylinositol proteins 72. 

Saps are capable of activating proinflammatory cytokines such as interleukin-1b (IL-

1b), which can explain why chronic superficial inflammation as seen in DS (as 

opposed to hyphal invasion) can maintain a chronic proinflammatory response 75. 

Sap2, Sap5, and Sap9 are said to play important stage-specific roles in the 

pathogenesis of DS 73. Notably, Sap2 is the most secreted Sap in vitro and is the 

predominant Sap expressed in the yeast form, and can degrade extracellular matrix, 

fibronectin, collagen, laminin, and mucin 72,74. Furthermore, Sap2 can cleave several 

important host protective salivary defense proteins such as secretory immunoglobulin 

A, lactoferrin, and histatin-5 72,76. Sap5 which is abundantly expressed in the hyphal 

form, degrades E-cadherin and thus enhances hyphal penetration of C. albicans into 

the epithelium 74,77. Sap9 has been shown to promote the innate immune response by 

activating neutrophils 78. Importantly, Sap2 and Sap9 have been shown to cleave and 

degrade histatin-5, whereas Sap5 does not cleave or degrade histatin-5 76. 

C. albicans biofilm-specific gene regulators have been identified that have 

displayed consistent biofilm-specific molecular signatures. Importantly, these biofilm-

specific molecular signatures have been appropriately identified in biofilm conditions 

and have been separated from molecular signatures observed under planktonic growth 

conditions 60. The transcriptional network that regulates C. albicans biofilm formation 
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features six master transcriptional regulators that include Efg1, Tec1, Bcr1, Ndt80, 

Rob1, and Brg1 61. These master biofilm regulators control the expression of more 

than 1000 target genes 67. Biofilm stage specific roles such as adhesion, hyphal 

formation, extracellular matrix production, and biofilm dispersion have been 

attributed to certain target genes 60. Adhesion occurs when yeast cells express 

adhesins on their surface such as Eap1 and Csh1 that promote adhesion of yeast cells 

to abiotic denture surfaces. Candida cell surface proteins (Als1, Als3, and Hwp1) are 

necessary for biofilm adherence and have been shown to have important 

complementary roles 79. Furthermore, Bcr1, a master transcriptional regulator, has 

been shown to play an important role in this biofilm adherence process 80. Subsequent 

to this, hyphal formation occurs whereby the yeast cells undergo morphological 

transition by first forming germ tubes. These germ tubes later develop into true 

hyphae60 and this dimorphism is mediated by Efg1 81. The extracellular matrix is 

composed of proteins, carbohydrates, lipids, and nucleic acids.60 Of the matrix 

polysaccharides, α-mannan consists 85% and β-1,6 glucan consists 14% of the matrix 

carbohydrate fraction 82. Although β-1,3 glucan constitutes the smallest component of 

the polysaccharide matrix, it has been described as the predominant polysaccharide 

implicated in biofilm drug resistance 83. This matrix has an essential dual function in 

that it acts as a nutrient source for existing biofilms cells and provides an important 

protective function by encasing the embedded microbial communities 60. This 

physical barrier evidently confers a drug resistance benefit to the biofilm by; (1) 

impeding immune cells (mainly neutrophils) from targeting C. albicans biofilm, and 

(2) preventing active antifungal drugs from penetrating through the matrix 84. Zap1 

and Fks1 are the major extracellular matrix regulators 60. The regulation of biofilm 

dispersion is not fully understood however, it has been suggested that Ume6, Pes1, 
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and Nrg1 are the main regulators and that hyphae to yeast transition increases the 

likelihood of biofilm dispersion 60,69,85. A recent landmark paper demonstrated that 

Pes1 is the main inducer of biofilm dispersion and that interaction of Pes1 with Nrg1, 

the main repressor of filamentation, leads to biofilm dispersion of yeast cells 85. 

Moreover, dispersed cells harbor enhanced adhesion, filamentation and biofilm-

forming capabilities 69,85. Furthermore, biofilms contain a subpopulation of persister 

cells which are a population of metabolically dormant yeast cells that are often 

resistant to antifungal medications 68,86. 
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Chapter 2: Development of a Novel Topical Antimicrobial Formulation Targeted 

against Denture Stomatitis 

 

 
Despite the high prevalence of DS, there are currently no effective and 

feasible measures available for its prevention. Therefore, development of novel 

alternative non-traditional therapeutic strategies for the prevention of DS is a very 

attractive concept. Specifically, the availability of an effective and safe oral topical 

antifungal agent that can be feasibly applied will be highly desirable not only to 

denture wearers, but also other individuals susceptible to OC such as HIV+ 

individuals, patients with head and neck cancer undergoing radiation and patients 

suffering from salivary gland dysfunction and Sjogren’s syndrome.  

Natural antimicrobial peptides (AMPs) have attracted significant attention as 

potential therapeutic candidates due to their broad-spectrum antimicrobial activity 

87,88. Human saliva boasts several natural innate anticandidal defense molecules that 

include cathelicidins, defensins, histatins, lactoferrin, lysozyme, mucin-7, salivary 

agglutinin, and secretory immunoglobulin A (IgA) 89-96. Histatins specifically, are a 

family of 12 small histidine-rich cationic peptides and are the most notable of the 

AMPs. Histatins are constitutively host-produced, exclusively produced by salivary 

glands and secreted by serous acini of the major salivary glands 97. Human saliva 

contains three major forms of histatins, namely histatin-1 (Hst-1), histatin-3 (Hst-3), 

and histatin-5 (Hst-5)98 with Hst-5 exhibiting the most potent activity against C. 

albicans 98,99. HIS1 and HIS2 genes located on chromosome 4q13, encode Hst-1 and 

Hst-3, respectively 100,101 whereas Hst-5 is a product of proteolytic breakdown of Hst-

3 100. Hst-5 is a 24 amino acid polypeptide that has seven histidine residues, and based 

on 2D nuclear magnetic resonance spectroscopy (NMR), was shown to display a 
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random unfolded coil conformation in aqueous solutions, and α–helical conformation 

in non-aqueous solutions 102,103. In saliva, the concentration of Hst-5 is reported to 

vary greatly in healthy individuals and is estimated to range between 2-47 µg/ml 36,104-

107.  

In terms of anti-candidal activity, Hst-5 was described to exert direct effects 

on C. albicans germ tube formation, manifested by a decrease in the number and size 

of germ tubes and fragmentation of germ tubes following 1.5 hrs exposure to Hst-5 

108. The exact mechanism of killing of Hst-5 is not well understood and has been 

intensely debated in the literature. Earlier studies confirmed that unlike other 

antimicrobial peptides, as determined by fluorescent dye calcein studies, Hst-5 does 

not directly lyse or induce pore formation in the fungal lipid cell membranes 90,109. 

Further, reactive oxygen species do not play a direct role in the anticandidal 

properties of Hst-5, and that the mechanism of killing does not involve apoptotic or 

programmed cell death pathways but that killing occurs as a result of non-lytic efflux 

of K+, ATP, and NADH leading to osmotic imbalance 110-113. However consensus 

among the various studies points to respiratory inhibition of isolated energized 

mitochondria through the generation of reactive radical oxygen species 114-117. This is 

supported by the fact that Hst-5 relies on actively respiring C. albicans cells to induce 

its anticandidal effect 114. This is further evidenced by resistance of C. albicans 

mutants that are deficient in respiration (due to mutations in mitochondrial DNA) to 

Hst-5 killing 118.  

The sequence of events in Hst-5 mechanism of fungicidal activity first 

involves binding of Hst-5 to C. albicans cell wall β-glucans and to heat shock cell 

envelope binding proteins (Hsp70p/Ssa1/2p), which mediate intracellular 

translocation 119. Hst-5 is subsequently taken up into the cell via fungal polyamine 



 

 19

transporters, Dur3p and Dur31p, in an energy dependent manner 113. Thereafter, Hst-5 

associates intracellularly with mitochondria 116. Loss of cell volume, ion imbalance, 

cell cycle arrest, and an increase in intracellular levels of reactive radical oxygen 

species ensues, rendering C. albicans non-viable 113. However, findings from a recent 

study indicated an integral role for copper in enhancing the effects of Hst-5 120. This 

newly reported mechanism is highly likely considering the fact that Hst-5 is a 

metallopeptide that has affinity for and binds copper, which is present in saliva and is 

available in the mitochondrial matrix 121-123.  

As an important contributor to saliva’s antimicrobial properties, Hst-5 is 

considered to play an important role in augmenting host natural oral immune defenses 

88. In fact, a clinical study demonstrated that HIV+ subjects have significantly lower 

salivary Hst-5 levels and consequently a higher prevalence of OC compared to 

matched controls, likely due to HIV-related salivary dysfunction highlighting Hst-5’s 

critical role in maintaining C. albicans in its commensal stage 104. Age-related 

immunosenescence is also considered to significantly compromise Hst-5 

concentrations in saliva 36. Of significance, Hst-5 was shown to selectively adsorb to 

hydroxyapatite on human enamel and form a protective pellicle layer inhibiting 

microbial colonization by Streptococcus mutans, the cariogenic bacteria responsible 

for dental caries 124-128. In addition, the potential of Hst-5 to treat periodontal disease 

was extensively studied in vitro and in clinical trials, and Hst-5 was in fact found to 

reduce gingivitis, gingival bleeding, and plaque levels. These findings are likely due 

to its demonstrated efficacy against several periodontal pathogens and associated 

periodontal virulence factors 129-134. Hst-5 has also shown antibacterial efficacy 

against five out of six ESKAPE pathogens (Enterococcus faecium, Staphylococcus 

aureus, Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter cloacae) 
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135. In addition to its effects against bacteria, Hst-5 was also described to exert anti-

viral activity against HIV-1, however more studies are needed to validate Hst-5’s anti-

viral activity 136,137. Interestingly, in 2002, using a histatin-derived peptide P-113, two 

clinical studies investigated the use of topical and rinse formulations of the peptide for 

gingivitis and it was shown to be well tolerated and safe in patients with no side 

effects reported 132,133.   

The potential of Hst-5 as a therapeutic agent is further solidified by its 

demonstrated potent activity against strains resistant to common antifungals 90-93,138. 

Importantly, Hst-5 does not induce microbial resistance and is non-toxic to humans, 

which makes it an ideal candidate as a therapeutic agent. Of note, synthetic Hst-5 has 

comparable anticandidal activity to native salivary Hst-5 isolated from parotid saliva 

103. To that end, studies have been focused on exploiting the potent antifungal 

property of Hst-5 as an alternative topical antifungal. Despite the intense interest, 

progression towards establishing the clinical utility of Hst-5 has been hampered, 

largely due to lack of a suitable delivery system for clinical applications. However, 

our laboratory recently designed a novel bioadhesive hydrogel delivery system and 

developed the first Hst-5 based formulation specifically designed for oral topical 

application. Importantly, the efficacy of the formulation was evaluated in vivo in a 

murine model of OC 139 and was shown to be effective in preventing and clearing 

infection. Interestingly, the formulation was also able to mitigate tissue inflammation 

indicating anti-inflammatory activity 139. Additionally, a recent study indicated 

potential efficacy for Hst-5 in a murine model of vulvovaginal candidiasis 140.  

A previous study by our laboratory investigating the susceptibility of Hst-5 to 

proteolytic degradation, demonstrated potential vulnerability for the peptide to 

cleavage by the Candida-secreted proteolytic enzymes. HPLC and mass spectrometry 
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analysis of generated fragments identified the lysine residues at positions 11 and 17 

on the 24 amino acid Hst-5 peptide to be the specific cleavage sites for the Sap 

enzymes 76. Further analysis using various SAP mutant strains and purified proteases 

identified Sap9 as the main Sap responsible for Hst-5 degradation 76. Based on these 

novel findings, and using Hst-5 as a blueprint, the efforts in our laboratory were 

directed toward engineering peptide variants resistant to degradation by C. albicans 

Saps 141. This goal was accomplished by amino acid substitutions of the two identified 

vulnerable lysine residues to generate a more stable variant peptide (K11R-K17R) 

resistant to proteolysis by C. albicans Saps (Sap2 and Sap9) 142. To that end, in the 

first part of the project, we aimed to develop a formulation of the new double mutant 

variant (K11R-K17R) and to comparatively and comprehensively evaluate the variant 

peptide to the native Hst-5 in vitro.   

 

Materials and Methods 

Reagents. RPMI-1640 with L-glutamine and HEPES (Invitrogen, Grand 

Island, NY); Clotrimazole cream, USP 1% (Rite Aid, Camp Hill, PA); Miconazole 

Nitrate Gel 2% w/w (Daktarin® Gel); MTS Proliferation Assay from Promega 

(Madison, WI); BioTek Cytation 5 (Winooski, VT). 

Peptide hydrogel formulation. Hst-5 and the K11R-K17R peptide (Table 1) 

were synthesized by GenScript (Piscataway, NJ) with ≥95% purity. Since increasing 

ionic strength was proposed to increase the competition for cell surface sites on C. 

albicans, thereby compromising Hst-5 activity 99,109, lyophilized peptides were 

reconstituted in 1 mM PBS. Peptides were incorporated in 4% (wt/wt) Hydroxypropyl 

methylcellulose (HPMC) powder under vigorous stirring for 30 mins to render the 

polymer bioadhesive hydrogel formulation. The HPMC concentration was used as we 
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have previously demonstrated that 4% generates optimum viscosity for oral 

application in mice 139. For control, a vehicle gel with no peptide was similarly made 

using 4% (wt/wt) HPMC powder in 1 mM PBS. Details on optimization of the 

bioadhesive hydrogel in terms of the viscosity, shear stress, and peptide diffusion 

from the gel have been previously published by our group 139.  

Strains and growth conditions. The C. albicans wild-type reference strain 

SC5314 was used in all experiments. The following C. albicans fluconazole resistant 

strains (Table 2) were used where indicated: TW00313 and TW00315 strains 

(overexpression of ABC transporter genes CDR1 and CDR2 encoding ATP-dependent 

efflux pumps); TW00304 strain (with mutations in the gene encoding the target 

enzyme Erg11p); TW00636 multi-resistant strain (overexpressing the ABC 

transporter genes CDR1 and CDR2 encoding ATP-dependent efflux pumps, and the 

major facilitator gene MDR1 encoding a multidrug efflux pump, in addition to 

mutations in the ERG11 gene) 143-146. These C. albicans resistant strains were kindly 

gifted to us by Dr. Theodore White at the University of Missouri-Kansas City. In 

addition to C. albicans, non-albicans Candida species were also included in the study 

where indicated; these isolates from the CDC/FDA Antibiotic Resistance (AR) Isolate 

Bank (Table 2) were kindly provided by Dr. J. Kristie Johnson (Professor, 

Department of Pathology, University of Maryland School of Medicine). All Candida 

isolates were maintained on YPD agar plates; for experiments, cultures were grown in 

YPD broth overnight at 30°C with shaking. Cells were then harvested, washed with 

1mM PBS, and then resuspended in PBS to the required final cell density. 

In vitro evaluation of the anti-candidal efficacy of the formulation. In 

order to demonstrate the killing potency of the formulation, killing assays were 

designed. For these experiments, cell suspensions of all Candida species were 
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adjusted to 1x105 cells/ml in 1 mM PBS and 5 µL of cell suspensions were used to 

inoculate 20 µL of gels with Hst-5 (2 mg/ml) gel or K11R-K17R (2 mg/ml) gel or 

vehicle control gel in eppendorf tubes. Following incubation at 37°C for 120 mins, 

975 µL of 10mM PBS was added and serial dilutions were made in PBS and aliquots 

were plated on YPD agar for colony enumeration. Results were presented as percent 

killing based on colony forming units (CFU) values (cells/ml) with control gel killing 

considered 0%. In order to ascertain lack of adverse effect for the polymer on C. 

albicans, experiments were also performed using liquid peptide solutions in 1 mM 

PBS; no effect on C. albicans viability was noted for the vehicle gel.  

Demonstration of lack of toxicity of the Hst-5 and K11R-K17R to host 

cells. Cytotoxicity assays were performed in order to demonstrate lack of adverse 

effects for the formulation to the host using two established cytotoxicity assays; (1) 

Red blood cell hemolysis assay and (2) MTS tetrazolium metabolic activity assay. 

Red blood cell hemolysis assay. K11R-K17R and Hst-5 at concentrations 

ranging from 0.5 to 10 mg/ml were tested in a red blood cell hemolysis cytotoxicity 

assay per previously described methods 91,147,148. Briefly, human erythrocytes from 

healthy individuals (Interstate Blood Bank, Inc., Memphis, TN) were centrifuged for 

5 mins at 4°C (900 x g) to harvest erythrocytes and washed three times in 10 mM 

PBS to clear hemoglobin released from lysed erythrocytes. Following incubation for 

20 mins at 37°C, a 1% (v/v) erythrocytes/PBS suspension was prepared. As a positive 

control for cell lysis, the antifungal amphotericin B was included at concentrations 

ranging from of 0.25 to 10 mg/ml. 75 µL of either, K11R-K17R, Hst-5 or 

amphotericin B were added to 75 µL of 1% (v/v) erythrocytes/PBS suspension in a 

flat-bottom 96-well plate. 10 mM PBS and 20% Triton-X were used to indicate 0% 

and 100%, respectively. Following incubation for 60 mins at 37°C, the 96-well plate 
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was centrifuged for 5 mins at 1800 rpm and 100 µL of the resultant supernatant from 

each well were added to wells from a new flat-bottom 96-well plate. Hemoglobin 

release was measured by light absorbance of 540 nm using a plate reader (EpochTM 

Microplate Spectrophotometer, Winooski, VT). 

MTS tetrazolium metabolic activity assay. The effect of the peptide on oral 

keratinocyte cell line was investigated using the MTS tetrazolium compound. Human-

derived spontaneously immortalized normal oral keratinocytes (NOKs) that were 

kindly provided by Dr. Silvio Gutkind (University of California, San Diego) and by 

Dr. Abraham Schneider (University of Maryland, Baltimore) were seeded in 96-well 

plates at a cell density of 5000 cells/well in Defined Keratinocyte Serum-Free 

Medium (D-SFM) and incubated overnight at 37°C, 5% CO2. Following incubation, 

cells were inoculated with either vehicle (PBS) or the test peptides: K11R-K17R (2 

mg/ml) and Hst-5 (2 mg/ml). Following overnight incubation at 37°C in 5% CO2, 20 

µL of MTS reagent was added and 96-well plates were foil-covered and incubated for 

60 mins at 37°C. The data were normalized to the vehicle only PBS control. Light 

absorbance was measured at absorbance of 490 nm using a plate reader.   

Evaluation of effects of L-lysine and L-arginine amino acids on C. 

albicans metabolic activity. As two lysine residues in Hst-5 were substituted with 

two arginines to generate the K11R-K17R, L-lysine and L-arginine at their respective 

final concentrations in K11R-K17R (L-lysine: 0.19 mg/ml and L-arginine: 0.57 

mg/ml) and Hst-5 (L-lysine: 0.38 mg/ml and L-arginine: 0.34 mg/ml) were used in 

metabolic assays to explore their potential contributions as nutrient source. In 

addition, high concentrations of L-lysine at 1 mg/ml were tested to explore the effect 

of over-supplementation of L-lysine as a nutrient source. In these experiments, 50 µL 

of 1x105 cells/ml of C. albicans (SC5314) in RPMI media were seeded in 96-well 
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plates and 50 µL of L-lysine or L-arginine at a range of concentrations were added to 

each well and incubated at 37°C for 180 mins. Following incubation, 20 µL of MTS 

reagent was added and 96-well plates were foil-covered and incubated for 60 mins at 

37°C. The data were normalized to the vehicle only PBS control. Light absorbance 

was measured at 490 nm with a plate reader.  

Evaluation of the effect of peptides and amino acids on the proliferation 

of NOKs cells. NOKs represent normal viable immortalized human keratinocytes 

derived from oral epithelium. Cell proliferation experiments were performed using the 

BioTek Cytation 5 label-free direct cell counting. Advantages of label-free direct cell 

counting over fluorescent-labeled techniques is that label-free methods do not alter 

native cell properties or have cytotoxic effects on the cells. NOKs were seeded in 96-

well plates at a cell density of 5000 cells/well in D-SFM and incubated overnight at 

37°C with 5% CO2. Following incubation, vehicle (PBS starvation medium), K11R-

K17R or Hst-5 were added to the cells at 2 mg/ml final concentration and L-lysine 

and L-arginine at their concentrations in their respective peptides. Cell proliferation 

was monitored and readings recorded at 24 and 48 hrs. 

Comparative evaluation of potential impact for peptides on wound 

healing process. As histatins have been reported to exhibit wound healing properties, 

cell migration assays were performed to assess this capability for both peptides. For 

these experiments, NOKs were seeded in 24-well plates in D-SFM with ibidi Culture 

Inserts (ibidi USA Inc., Madison, WI) and positioned in the center of each well 

(Figure 3). Advantages of this method over the standard scratch assay is that using 

ibidi Culture Inserts, ensures uniform reproducible defined 500 µm cell free gaps that 

allow no leakage during cultivation. An equal number of NOKs (2×104 cells/ml) were 

added into the reservoirs of the same insert and incubated at 37°C with 5% CO2. 
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Following incubation, the inserts were gently removed to create a gap of �500 µm. 

Importantly, existing in vitro wound healing assays employ agents that inhibit cell 

proliferation such as pertussis toxin149 or in our assay, mitomycin C 150. Thus, NOKs 

were pretreated with mitomycin C (5 µg/ml for 2 hrs) to inhibit proliferation; this is 

important in order to attribute any observations specifically to migration and not to an 

increase in cell proliferation. Cells were then incubated in D-SFM with a 1:1 equal 

proportion of either PBS vehicle control, Hst-5 and K11R-K17R. Hst-5 and K11R-

K17R were tested at concentrations of 0.05 and 2 mg/ml. A baseline measurement of 

the area of the “wounds” was taken at 0 hr and subsequent measurements were taken 

at 8, 18, and 24 hrs using BioTek Cytation 5. Gen5 Image software was used to 

determine the percent confluency within the wound area.  

Data analysis. All experiments were performed on at least 3 separate 

occasions and in triplicate where applicable, and quantitative data were expressed as 

mean ± standard error of the mean. Statistical analysis was performed using GraphPad 

Prism 6.0 (GraphPad Software, San Diego, CA, USA). Student’s unpaired t test was 

used to compare differences between two samples. Ordinary one-way analysis of 

variance (ANOVA) was used for multiple comparisons. Post-hoc analysis was 

performed with Bonferroni and Šídák tests where indicated. Significance was 

considered at P values of <0.05. 
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Figure 3. Ibidi Culture Insert system used in the cell migration assay 

 
Cell migration assays were performed using the ibidi Culture Insert system. Inserts were first 

positioned in the center of each well of a 24-well plate. NOKs were seeded in D-SFM in each insert 
reservoir. Following attachment, culture inserts were removed to create uniform 500 µm cell free gaps. 
Media was removed and cells were then incubated in D-SFM with a 1:1 equal proportion of either PBS 
vehicle control or the test peptides. Microscopy and serial imaging was performed using 
BioTek Cytation 5. Source: https://ibidi.com/removable-chambers/25-25-culture-inserts-2-well-for-
self-insertion.html Accessed: 04/04/2019 
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Results  

 

K11R-K17R and Hst-5 kill C. albicans in a cell density-dependent manner 

with K11R-K17R exhibiting superior anticandidal potency. Based on percent 

killing, both peptides were found to exert fungal killing inversely proportional to cell 

density with no killing noted when the absolute number of C. albicans cells incubated 

was 5x106 cells. Although no statistically significant differences between K11R-K17R 

and Hst-5 were observed, K11R-K17R proved to have enhanced anticandidal potency 

against 5x105 cells (absolute number of C. albicans cells) with 65.7% mean killing 

potency compared to 34.3% for Hst-5 (Figure 4). Near complete eradication of C. 

albicans was observed at 5x102 cells (absolute number of C. albicans cells) where 

K11R-K17R killed 96.8% and Hst-5 killed 97.2% (P<0.0001). 

K11R-K17R and Hst-5 kill C. albicans in a time-dependent killing 

manner with enhanced anticandidal potency for K11R-K17R. Based on percent 

killing, both peptides were able to kill C. albicans cells in a time-dependent killing 

manner. Although no statistically significant differences between K11R-K17R and 

Hst-5 were observed, K11R-K17R proved to have enhanced anticandidal potency at 

the earlier time points of 15 and 30 mins (Figure 5). At 15 mins, the mean killing 

potency was 18.8 and 60.3% for Hst-5 and K11R-K17R (P<0.05), respectively. At 30 

mins, the mean killing potency was 40.0 and 66.2% for Hst-5 and K11R-K17R 

(P<0.05), respectively. No differences were observed at 120 mins (mean % killing 

efficacy of K11R-K17R, 100%; Hst-5, 96.5%). 

Efficacy of K11R-K17R and Hst-5 compared to traditional commercially 

available topical antifungals. Percent killing based on recovered CFUs indicated 

comparable killing efficacy for both peptides against C. albicans to that of traditional 

topical antifungals in clinical use (Figure 6). The mean killing potency was 96.5 and 
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100% for Hst-5 and K11R-K17R, respectively (P<0.0001). This was comparable to 

89.3% and 100% mean killing potency for 1% clotrimazole cream and 2% 

miconazole nitrate gel, respectively (P<0.0001). 

Efficacy of K11R-K17R against C. albicans fluconazole resistant strains. 

Similar to efficacy against the standard fluconazole susceptible strain, K11R-K17R 

was found to be potent against all C. albicans fluconazole-resistant strains tested with 

a range of mean killing potency of between 71.5% to 92.2% (P<0.0001; Figure 7). 

We have previously demonstrated that Hst-5 is similarly effective against these 

resistant strains. 

Efficacy of K11R-K17R and Hst-5 against non-C. albicans species. In 

order to comparatively assess the potency of both peptides against other fungal 

species, susceptibility assays were performed using the main fungal pathogens. 

Isolates of five species were tested in the susceptibility assay by incubating 5x102 

cells of each species with the gel formulations. Based on mean percent killing, both 

peptides were found to be ineffective against C. auris (K11R-K17R, 9.4%; Hst-5, 

9.9%) and C. glabrata (K11R-K17R, 5.4%; Hst-5, 5.0%) but K11R-K17R was 

moderately effective against C. krusei (K11R-K17R, 29.9%; Hst-5, 3.3%) and 

Saccharomyces cerevisiae (K11R-K17R, 47.8%, P<0.05; Hst-5, 17.0%). 

Interestingly, where Hst-5 exerted only 23.8% killing on Cryptococcus neoformans, 

K11R-K17R was able to cause 93.0% killing (P<0.0001; Figure 8).  

Efficacy of the K11R-K17R formulation in prevention of C. albicans 

adherence to polyacrylic denture discs. As adherence to surfaces is a pre-requisite 

for biofilm formation and development of biofilm-associated infections such as DS, 

the ability of K11R-K17R gel to inhibit initial C. albicans adherence to denture 

acrylic material was investigated. Based on assessment of microbial recovery from 
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discs coated with K11R-K17R gel and control gel prior to inoculation with C. 

albicans, application of K11R-K17R gel was found to result in 100% inhibition of 

adherence (P<0.0001; Figure 9). 

Efficacy of the K11R-K17R formulation in prevention of subsequent C. 

albicans biofilm formation on polyacrylic denture discs. In order to demonstrate 

the importance of inhibiting initial adherence for prevention of subsequent biofilm 

formation, assays were performed where following the post-adherence inhibition step 

described above, discs were grown under biofilm forming conditions to allow for 

biofilm formation. As expected, microbial recovery indicated that treatment with 

K11R-K17R resulted in approximately 81.7% decrease in biofilm formation 

compared to that from control-treated discs (P<0.005; Figure 10). 

Efficacy of the K11R-K17R formulation against 24-hr preformed biofilms 

on polyacrylic denture discs. Since biofilms are notoriously difficult to eradicate, 

assays were performed to investigate the efficacy of K11R-K17R gel against mature 

preformed biofilms. Following application of gel to surface of discs with 24-hr 

biofilm, K11R-K17R was found to eradicate approximately 82.8% of the formed 

biofilm compared to control treated-discs (P<0.005; Figure 11). 

K11R-K17R and Hst-5 do not induce any hemolytic activity on human 

red blood cells. To demonstrate lack of adverse effects of the peptides on host cells, 

hemolysis assays were performed. Following exposure of red blood cells to peptides, 

based on hemoglobin release measured by light absorbance at 540 nm, no hemolytic 

effect was observed for either peptide at concentrations as high as 10 mg/ml (Figure 

12). These experiments were performed using peptides in PBS. 

K11R-K17R and Hst-5 increase metabolic activity and are non-toxic to 

mammalian cells. Results from cytotoxicity assay following treatment of NOK cells 
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to K11R-K17R and Hst-5 indicated that both peptides are non-toxic to NOKs. 

However, a slight increase in metabolic activity was observed for the cells treated 

with the peptides (Figure 13). These experiments were performed using peptides in 

PBS. 

Lysine and arginine amino acids increase metabolic activity of 

mammalian cells.  To investigate the phenomenon of peptide-induced increase in cell 

metabolic activity, L-lysine and L-arginine were used in metabolic assays with NOK 

cells at concentrations equivalent to their content in Hst-5 and K11R-K17R, 

respectively. Similar to what was observed with the whole peptides, supplementation 

with either amino acid also increased metabolic activity, with L-lysine having a more 

pronounced effect (P<0.005; Figure 13). These experiments were performed using 

peptides in PBS. 

K11R-K17R and Hst-5 promote mammalian cell proliferation. Based on 

findings from MTS metabolic assay, peptides were tested for their ability to induce 

cell proliferation. Results from label-free direct cell counting, compared to PBS 

control at the 24-hr time point, the peptides maintained cell counts; however, there 

was a significant increase in cell counts at 48 hrs, with an approximate 16% and 36% 

increase from the 24-hr time point for Hst-5 and K11R-K17R, respectively (Figure 

14A). In addition to the peptides, cell proliferation assays were also performed with 

supplementation of amino acids at pre-determined concentrations relevant to what is 

found in the peptides (Figure 14B). Results demonstrated that L-lysine only at high 

concentrations of (1 mg/ml) and L-arginine (0.34 mg/ml) maintained cell counts at 24 

hrs but there was no significant increase in cell counts. These experiments were 

performed using peptides in PBS. 



 

 32

L-lysine and L-arginine do not enhance the metabolic activity of C. 

albicans. Since the amino acids increased the metabolic activity of mammalian cells, 

their impact on C. albicans metabolic activity was investigated given that mammalian 

and fungal cells are eukaryotic and share many similar metabolic pathways. Based on 

absorbance values from the MTS metabolic assay, a slight but non-significant 

(P>0.05) increase in metabolic activity was observed for L-lysine and L-arginine 

(Figure 15), indicating that these amino acids are non-toxic to the fungal cell and 

unlikely to be a major nutrient source for C. albicans. 

K11R-K17R and Hst-5 promote wound healing by increasing cell 

migration. Since wound healing activity has been reported for some members of the 

histatin family of peptides, we designed migration assays using NOK cells to explore 

whether Hst-5 and K11R-K17R exhibit wound healing properties at concentrations 

used in the gel formulation (2 mg/ml) and at concentrations physiologically present in 

saliva. Migration of cells treated with the peptides were monitored over a period of 24 

hrs and at each time point, cell migration was evaluated microscopically and 

quantitatively. Microscopic evaluations and quantitative measurements demonstrated 

that Hst-5 and K11R-K17R at concentrations of 2 mg/ml exerted comparable and 

significant wound healing activities and induced rapid cell migration (90.2-94.5%) 

following 8 hrs of incubation (P<0.0001; Figure 16). However, no effect on cell 

migration was seen when Hst-5 and K11R-K17R were used at lower physiologic 

concentrations of 0.05 mg/ml (Figure 16). When monitored over a 24-hr period, no 

significant differences were observed in wound closure for both peptides after 8 hrs 

(Figure 17). These experiments were performed using peptides in PBS. 
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Table 1. Peptide sequences used in this study 

Peptide Amino Acid Sequence 

Hst-5 D S H A K R H H G Y K R K F H E K H H S H R G Y  

K11R-K17R D S H A K R H H G Y R R K F H E R H H S H R G Y 

Red letters indicate the lysine residues at positions 11 and 17 on Hst-5 replaced with arginines in the 
K11R-K17R
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Table 2. Fungal species and strains used in in vitro assays 

Strain Species 

SC5314 Candida albicans 

TW-00313 Candida albicans 

TW-00315 Candida albicans 

TW-00304 Candida albicans 

TW-00636 Candida albicans 

AR-314 Candida glabrata 

AR-381 Candida auris 

AR-397 Candida krusei 

AR-399 Saccharomyces cerevisiae 

Not known Cryptococcus neoformans 
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Figure 4. C. albicans cell density-dependent susceptibility assay using gel 

formulations of K11R-K17R and Hst-5. In vitro killing assays were performed 
using gel formulations with 2 mg/ml peptides and C. albicans at increasing cell 
densities. Following incubation for 1 hr at 37°C, CFU counts demonstrated that 
killing potency was inversely proportional to C. albicans cell density for both 
peptides with no significant killing activity seen when 5x106 cells and higher of C. 

albicans were used in the reactions. Although not statistically significant, apparent 
differences in killing potency between K11R-K17R and Hst-5 were observed at many 
of the cell densities tested. K11R-K17R exhibited more potent killing when tested 
against 5x105 cells (****, P <0.0001; ns, not significant).  
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Figure 5. Time-dependent C. albicans killing by K11R-K17R or Hst-5 

formulations. In vitro gel killing assays were performed by incubating 5x102 C. 

albicans cells for 15, 30, and 120 mins. CFU counts from each time point 
demonstrated significant C. albicans killing by both peptide formulations in a manner 
proportional to time of exposure with maximum killing following 120 mins of 
exposure. Although not statistically significant, an apparent difference in killing was 
seen between the peptides with K11R-K17R exhibiting enhanced anticandidal activity 
at 15 and 30 mins (***, P<0.001; *, P<0.05; ns, not significant).  
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Figure 6. Comparison of efficacies of K11R-K17R and Hst-5 formulations to 

those of topical antifungals in clinical use. In vitro killing assays were performed by 
incubating 5x102 C. albicans cells in either control gel, Hst-5 (2 mg/ml) gel, K11R-
K17R (2 mg/ml) gel, 1% clotrimazole cream, or 2% miconazole nitrate gel. Based on 
CFU counts, the killing efficacies of both peptide formulations following 120 mins 
were comparable to that seen with the traditional antifungal agents. Vehicle control 
gel demonstrated 0% killing (****, P <0.0001).  
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Figure 7. Efficacy of the K11R-K17R formulation against fluconazole resistant 

C. albicans strains. In order to determine whether the formulation is effective against 
strains resistant to fluconazole, four clinically resistant C. albicans strains with known 
mechanisms of resistance were tested in the susceptibility assay by incubating 5x102 
cells with K11R-K17R (2 mg/ml) gel. Note Hst-5 (2 mg/ml) gel was previously tested 
against these C. albicans fluconazole resistant strains and was found to be equally as 
effective as K11R-K17R (data not shown). Based on CFU counts following 120 mins 
incubation, the K11R-K17R formulation exhibited significant killing against all the 
resistant strains comparable to that seen with the fluconazole susceptible wild type 
strain (****, P <0.0001; ns, not significant).  
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Figure 8. Efficacy of K11R-K17R and Hst-5 formulations against fungal species 

other than C. albicans. In order to determine whether the peptide formulations are 
effective against other important fungal pathogens, isolates of five species were tested 
in the susceptibility assay by incubating 5x102 cells of each species with the gel 
formulations. Based on CFU counts following 120 mins incubation, formulations with 
either peptide were ineffective against C. auris and C. glabrata. In general, compared 
to Hst-5, the K11R-K17R formulation exhibited enhanced killing potency against C. 

krusei, Saccharomyces cerevisiae and Cryptococcus neoformans with more dramatic 
killing of C. neoformans compared to the other species (****, P<0.0001; *, P<0.05; 
ns, not significant). 
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Figure 9. Efficacy of the K11R-K17R formulation in prevention of C. albicans 
adherence to polyacrylic denture discs. To evaluate the ability of the formulation (2 
mg/ml) to prevent C. albicans adherence to denture material, gel was topically 
applied to the surface of saliva pre-coated polyacrylic discs prior to inoculation with 

5x103 cells/ml C. albicans. Following incubation for 120 mins at 37°C, adhering cells 
were recovered and plated to assess microbial adherence. CFU counts (A) and percent 
killing (B) indicated complete inhibition of C. albicans adherence to the polyacrylic 
discs (****, P <0.0001; ***, P <0.001).  
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Figure 10. Efficacy of the K11R-K17R formulation in prevention of C. albicans 
subsequent biofilm development on polyacrylic denture discs. To evaluate 
whether prevention of initial adherence prevents subsequent biofilm development, 
saliva pre-coated polyacrylic discs were inoculated with 5x103 cells/ml of C. albicans 

for 60 mins. Following removal of non-adhering cells, gel was applied to the surface 
of discs for 120 mins, rinsed and incubated overnight in RPMI at 37°C to allow for 
biofilm formation. Assessment of microbial recovery based on (A) CFU counts 
demonstrated approximately 82% inhibition (B) in biofilm formation compared to 
control vehicle gel (**, P<0.005; *, P<0.05). 
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Figure 11. Efficacy of the K11R-K17R formulation against 24-hr preformed 

biofilms on polyacrylic denture discs. To evaluate whether the formulation (2 
mg/ml) is effective against mature biofilms, gel was topically applied to the surface of 
saliva pre-coated polyacrylic discs with 24-hr grown biofilm for 180 mins. Biofilm 
formation was assessed based on microbial recovery post-treatment. CFU counts (A) 
demonstrated approximately 83% (B) eradication of the pre-formed biofilm from the 
surface of the treated discs compared to the control vehicle gel (**, P<0.005). 
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Figure 12. Hemolysis assay of peptide-treated red blood cells. To evaluate whether 
K11R-K17R and Hst-5 exert an adverse effect on host cells, hemolysis assay was 
performed whereby red blood cells were incubated with peptides at concentrations 
ranging from 0.5 to 10 mg/ml. In addition, the antifungal amphotericin B was 
included for comparison. PBS was used as negative control and Triton-X as a positive 
control for lysis. Based on the measurement of hemoglobin released upon hemolysis 
at A540 nm, neither peptide caused cell lysis at all the concentrations tested. In 
contrast, exposure to amphotericin B resulted in approximately 89% lysis under the 
same conditions. 
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Figure 13. Metabolic cytotoxicity assays of normal human oral keratinocytes 

(NOKs) treated with K11R-K17R, Hst-5 or amino acid components. Metabolic 
cytotoxicity assays using NOK cells were performed following treatment of cells with 
the peptides (2mg/ml) or L-lysine and L-arginine overnight. Based on readings at 
A490 nm, both K11R-K17R and Hst-5 were found to be non-toxic to NOKs at 2 
mg/ml. Interestingly, peptides and amino acids increased metabolic activity of the 
cells and the effect was more dramatic with L-lysine. All statistical analyses were 
performed comparing test peptides and amino acids with vehicle control PBS. No 
statistically significant differences were noted when K11R-K17R and Hst-5 were 
compared (**, P<0.005; *, P<0.05; ns, not significant). 
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Figure 14. The effect of K11R-K17R and Hst-5 on cell proliferation. In addition to 
metabolic activity, the effect of the peptides on cell proliferation was also evaluated.  
Monolayers of NOKs cells were treated with the peptides (2 mg/ml); PBS as 
starvation medium was used as control. Cell proliferation was measured at (A) 24 and 
48 hrs for the peptides. Compared to PBS control, although peptides did not impact 
cell counts at 24 hrs, significant increase in cell counts was seen at 48 hrs. Cell 
proliferation was documented at (B) 24 hrs for L-lysine and L-arginine at a range of 
concentrations of these amino acids that can be found in K11R-K17R (2 mg/ml) and 
Hst-5 (2 mg/ml). L-lysine only at high concentrations of (1 mg/ml) and L-arginine 
(0.34 mg/ml) maintained cell counts at 24 hrs but there was no significant increase in 
cell counts. 
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Figure 15. Effect of L-lysine and L-arginine supplementation on C. albicans 

metabolic activity. MTS metabolic assay was used to assess the effect of the amino 
acids on C. albicans in a dose-dependent manner. Based on readings at A490 nm after 
180 mins, no significant increase was noted on C. albicans metabolic activity at all 
concentrations tested (ns, not significant). 
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Figure 16. Effect of K11R-K17R and Hst-5 on cell migration indicative of wound 

healing. NOK cell line was used to determine whether peptides have wound healing 
properties. Using ibidi Culture Inserts with a monolayer of NOK cells, media was 
supplemented with Hst-5 or K11R-K17R at concentrations of 0.05 and 2 mg/ml. A 
baseline measurement of the area of the “wounds” was taken at 0 hrs and subsequent 
measurements were taken at 8, 18, and 24 hrs using BioTek Cytation 5. Microscopic 
evaluations and quantitative measurements demonstrated that Hst-5 and K11R-K17R 
at concentrations of 2 mg/ml induced rapid cell migration (90.2-94.5%) following 8 
hrs of incubation (red lines outline the borders of the cell-free gap in the monolayer 
representing the wound). There were no statistically significant differences between 
Hst-5 and K11R-K17R. Hst-5 and K11R-K17R at concentrations of 0.05 mg/ml did 
not show any wound healing properties (****, P<0.0001; ns, not significant).  
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Figure 17. Monitoring the effects of K11R-K17R and Hst-5 on cell migration 

over time. Assays were also performed where the cell migration process was 
documented over a period of 24 hrs. Comparisons of sequential microscopic images 
taken at each time point show wound closure of K11R-K17R and Hst-5 at 2 mg/ml. 
Maximum wound healing effect was observed at 8 hrs with no significant increase 
over time. No apparent cell migration was observed with the peptides at physiologic 
concentrations of 0.05 mg/ml.  
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Discussion 

Previous studies have demonstrated the anticandidal activity of Hst-5 against 

azole-sensitive and azole-resistant strains of C. albicans as well as against other 

fungal species including Aspergillus fumigatus, Saccharomyces cerevisiae, 

Kluyveromyces delphensis, Kluyveromyces bacillisporus, Cryptococcus neoformans, 

C. castelli, C. tropicalis, C. guilliermondii, C. parapsilosis, C. kefyr, C. krusei, and C. 

auris 93,131,138,151-154. Interestingly, despite the reported broad-spectrum antifungal 

efficacy, C. glabrata has been shown to be intrinsically resistant to killing by Hst-5 

153,155,156. Although the exact mechanism of C. glabrata resistance to Hst-5 is not well 

understood, it was demonstrated to be distinct to that of azole resistance which 

includes petite mutations, overexpression of CDR efflux pumps, and respiratory 

(mitochondrial) insufficiency 155. However, a recent study attributed C. glabrata 

resistance to Hst-5 to reduced peptide intracellular uptake by the fungal polyamine 

transporters and demonstrated that C. glabrata strains overexpressing polyamine 

transporters (Dur3p and Dur31p) exhibited two-fold increase in susceptibility to Hst-

5, as well as increase in Hst-5 uptake 156. These observations are in line with our 

findings where we similarly found C. glabrata to be resistant to Hst-5 and K11R-

K17R (Figure 8). 

Long-term therapy of OC is a common cause of acquired resistance to the 

most commonly used antifungal drug, fluconazole, mostly mediated by upregulation 

of multidrug efflux pumps 157. Since Hst-5 has been shown to be transported out of C. 

albicans cells by the Flu1 efflux pump, a recent study investigated whether C. 

albicans can develop resistance to the peptide. By screening a library of C. albicans 

strains, the findings demonstrated that the fluconazole resistant strains with increased 

upregulation of the multidrug efflux pump MDR1 and FLU1 were simultaneously 
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resistant to Hst-5 157. In our study, we similarly investigated the susceptibility of 

various C. albicans fluconazole resistant strains (Table 2) to K11R-K17R and found 

the peptide to be potent against strains overexpressing the ERG11 gene, the ABC 

transporter genes CDR1 and CDR2, as well as the facilitator gene MDR1 (Figure 7) 

143-146. Although our fluconazole resistant isolates included an MDR1 overexpressing 

strain, we did not test a strain with upregulation in FLU1.   

Candida auris is a recently emerged Candida species and is increasingly 

considered a serious global health threat due to its high tendency for multi-drug 

resistance. A recent study by Pathirana et al.154 screened the susceptibility of 10 

clinical isolates of C. auris (AR-BANK #381 to 390) and found that Hst-5 has potent 

activity against 7 of the 10 clinical isolates. Interestingly, although one of the C. auris 

strains (AR-BANK #381) was not affected by Hst-5, it was highly sensitive to 

fluconazole 154. On the contrary, the C. auris strains that were most sensitive to Hst-5, 

had the highest level of resistance to fluconazole. Combined, these findings strongly 

indicate that the mechanism of killing between Hst-5 and fluconazole is different. 

Moreover, using time-lapse confocal microscopy, Pathirana et al.154 demonstrated 

reduced and slower translocation of fluorescently labeled Hst-5 suggesting that slower 

intracellular peptide uptake may also serve as a mechanism for the observed 

diminished activity of Hst-5 to certain strains of C. auris. In our study, we tested the 

susceptibility of strain AR-BANK #381 and in agreement with the previous findings, 

we found Hst-5 to be similarly inactive against that strain. Similar to Hst-5, the same 

strain also exhibited resistance to the K11R-K17R peptide. 

Formulations of traditional antifungals for topical applications are available.  

However, in addition to comparable anticandidal activity, our K11R-K17R 

formulation has an added advantage in that it is sucrose, alcohol, and preservative 
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free. Absence of sucrose is of particular significance in terms of oral health, given its 

close association with the development of dental caries. Further, although synthetic 

analogues of Hst-5 were developed such as dhvar1, dhvar2, and dhvar4, these 

derivatives were found to be hemolytic to red blood cells 108,109,113. In contrast, our 

K11R-K17R peptide proved to be non-hemolytic (Figure 12) and non-toxic to NOKs 

(Figure 13); in fact, the peptide seemed to significantly induce mammalian cell 

proliferation. Although the mechanism behind this observed phenomenon was not 

readily apparent, we hypothesized that since cells cannot synthesize L-lysine de novo 

but rely on dietary sources for this essential amino acid, it is possible that the NOKs 

are utilizing the lysine amino acids in the peptides as a nutrient source, which would 

explicate the observed increase in cell proliferation. To further explore this 

hypothesis, we performed metabolic assays using exogenous supplementation of 

lysine and arginine, since two of the lysines in the K11R-K17R were substituted for 

arginines. Supplementation of NOKs with L-lysine had a pronounced positive effect 

on metabolic activity (Figure 13). 

The interesting finding on the effect of the peptides on cell proliferation 

(Figure 14) raised the question on whether the peptide possesses wound healing 

properties. Wound healing activities have been reported for Hst-1, Hst-2, and Hst-3, 

but not for Hst-5 at physiologic concentrations (30 µg/ml) 149,158-162. The potential for 

the K11R-K17R peptide to enhance the wound healing process in the oral cavity 

would be an attractive added advantage. Therefore, we designed cell migration-based 

wound healing experiments using different peptide concentrations, namely reported 

concentrations in saliva and 2 mg/ml which is the concentration in our formulation.  

Our results were in line with previous studies for Hst-5, where at near physiologic 

concentrations (50 µg/ml or 0.05 mg/ml), Hst-5 did not impact cell migration. 
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However, as our aim is to explore the various aspects of the therapeutic potential of 

our formulation, we performed wound healing studies using the same peptide 

concentration found in the gel (2 mg/ml). The findings from these experiments 

indicated for the first time, that Hst-5 and K11R-K17R at 2 mg/ml, induce rapid cell 

migration and significant wound healing activity as early as 8 hrs following exposure 

of the cells to the peptides (Figure 16). Although the exact mechanism behind the 

ability of the peptides to rapidly induce wound healing is yet to be fully investigated, 

it has been hypothesized that cell migration secondary to Hst-1 and Hst-2 occurs by 

activation of extracellular signal-regulated kinases 1/2 (ERK1/2) pathway through 

involvement of a G-protein-coupled receptor 149,160. This mechanism may also apply 

to Hst-5 and K11R-K17R, however this warrants further investigation. 

Collectively, the findings from the in vitro studies clearly support the potential 

of the novel K11R-K17R formulation as a therapeutic agent targeting DS. However, 

to fully evaluate this potential, an animal model of DS that closely mimics the 

pathological conditions in denture wearers, is warranted. To that end, our efforts were 

directed towards designing and developing a rodent model specifically for evaluation 

of the novel formulation as a topical agent against biofilm-associated DS. 
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Chapter 3: Development and Standardization of a Novel Rat Model of Biofilm-

Associated Denture Stomatitis 

 

In Vivo Models of Denture Stomatitis 

 Current in vitro models of DS involve biofilm formation of C. albicans on 

acrylic denture materials. Limitations of in vitro models include failure to account for 

host factors such as saliva and the host immune response. For instance, it is known 

that certain salivary proteins such as mucins are important in mediating C. albicans 

adhesion to denture material 21. Therefore, the availability of feasible animal models 

that can accurately mimic the infectious process and host immune responses in 

humans are indispensable for exploring therapeutic strategies targeting DS.  

 The earliest animal model of DS described in 1971 involved fitting acrylic 

plates on the palates of monkeys 163. However, due to ethical and feasibility concerns, 

subsequently developed animal models focused on the use of rodents, which were 

shown to consistently reproduce DS with close similarities to the disease in humans 

3,21. Therefore, more recent contemporary in vivo models of DS utilized rats 73,164-166. 

These models successfully demonstrated that histopathological changes, which 

revealed neutrophil infiltration (indicating a robust innate immune response), 

correlated with worsening palatal inflammation (manifesting clinically as palatal 

erythema) 73,165.  

Despite their value in studying DS, the existing rat models have several 

disadvantages, which make them not feasible or suitable for evaluating therapeutic 

strategies targeting biofilm formation, the prerequisite for DS development. Most 

significantly, fabrication and installation of the previously designed devices required 

taking impressions and making custom designed molds for each rat, a time-
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consuming and costly process necessitating multiple rounds of anesthesia for the 

animals. In addition, securing the appliance to the palates involved tying orthodontic 

wires to the animal’s molars, a cumbersome procedure that causes discomfort to the 

animals. Importantly, securing the device with wires prohibits the intimate fit of the 

device to the palate, which is typically the case in denture wearers. Further, higher 

inocula of C. albicans are required to induce infection in these models, which is not 

reflective of the normal commensal level of C. albicans in the oral cavity. Therefore, 

to fully evaluate the clinical applicability of our formulation, it was necessary to 

develop a model that would be feasible, amenable for repeated therapeutic 

applications and suitable for longitudinal studies while accurately representing the 

oral environment. To that end, we took advantage of modern and precise 

technological advances in dentistry to design a new model, circumventing the 

disadvantages of the previous models in design, feasibility, installation and 

importantly, suitability for evaluation of therapeutic strategies.  

 

Materials and Methods 

Equipment and reagents.  

3Shape Intraoral Scanner (Copenhagen, Denmark). Ketamine hydrochloride, 

KetathesiaTM (Henry Schein Animal Health, Dublin, OH); Xylazine hydrochloride, 

Rompun (Bayer HealthCare LLC, Animal Health Division, Shawnee Mission, KS). 

Deltaphase Isothermal Pads (Braintree Scientific, Braintree, MA). Caulk 34% Tooth 

Conditioner (Dentsply Sirona, York, PA); OptibondTM Solo Plus (Kerr Corporation, 

Orange, CA); Virtuoso Flowable Light-Cure Composite (Den-Mat Holdings, LLC, 

Lompoc, CA); SoleilTM LED Curing Light (Benco Dental, Pittston, PA). CHROMagar 

Candida (DRG International, Inc.). 
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Strains and growth conditions. The C. albicans reference strain (SC5314) 

was used in all in vivo studies. C. albicans was grown in YPD broth overnight at 30°C 

with shaking. Cells were washed with 1 mM phosphate-buffered saline (PBS), 

harvested, and then resuspended in PBS to the desired cell density.  

Animal studies. Animal experiments were conducted at the AAALAC 

accredited Animal Facility of the University of Maryland in accordance with the 

regulations of the Animal Care and Use Committee. Animal studies were approved by 

the University of Maryland Animal Care and Use Committee (IACUC Protocol 

number 0517008). Sprague-Dawley male rats (Envigo Laboratories) weighing 

approximately 350 g were used in all animal experiments. Rats were monitored daily 

for feeding and body weight.  

Rat palatal impression. Prior to making impressions, animals were sedated 

with isoflurane inhalant (5% induction) and then administered ketamine (80 

mg/kg)/xylazine (10 mg/kg). While under anesthesia, animals were maintained at 

37°C on isothermal pads (Braintree Scientific). For making palatal impressions, 

sedated rats were placed in dorsal recumbence; a sterile tongue depressor was coated 

with impression material adhesive and vinyl polysiloxane (VPS) impression material 

was injected to cover the palate and entire cheek teeth. The tongue depressor covered 

with heavy body VPS, was inserted gently and seated on the palate to obtain a 

negative replica of the maxillary molar teeth. The working time for VPS material was 

approximately 30 sec and the setting time was 1 min. The impression was then 

removed from the mouth and the animal was allowed to recover in its home cage. 

Impressions were performed only once on one rat and were used to create a mold that 

was then scanned and used to digitally design one universal device as described 

below. 
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Digital design and fabrication of a prototype of the intraoral device. 

3Shape Scanner was used to scan stone casts of a rat palate and then a prototype of an 

intraoral device were designed using 3Shape Dental Design software, modified with 

Meshmixer, and printed in FDA 510K Exempt (human studies demonstrated no 

cytotoxicity), 3D printer UV curable, class 1 biocompatible, SG-resin. Following 

palatal impressions as described above, Type III dental stone casts were poured and 

scanned to create one digital model. Using 3Shape Dental Design software, a 

reservoir was incorporated in the design to provide space between device and palate 

for the therapeutic formulation. The device was then modified in Meshmixer to also 

incorporate a surface perforation through which C. albicans cell suspension or gel 

therapeutic formulation can be rapidly administered into the reservoir (Figure 20). In 

addition, slits were created on both sides through which flowable composite can be 

introduced for cementing the denture in place (Figure 21). The device was then 3D 

printed and installed on rat palates. Earlier prototypes of the intraoral device did not 

feature a surface perforation to allow for administration of the gel therapeutic 

formulation (Figure 18). Thus, for optimal therapeutic application, we designed a 

strategically located perforation in the device to administer hydrogel into a reservoir 

created between the device and palate.  

Infection model. Prior to placement of appliances, rats were 

immunosuppressed with a single dose of cortisone (200 mg/kg subcutaneously) on the 

day of infection as per standard guidelines for rodent oral candidiasis. Ampicillin (0.5 

g/l) was added to drinking water prior to denture placement to reduce enteric bacterial 

colonization due to coprophagy (consumption of feces), a common behavior in rats. 

While under anesthesia, the device was secured on the palates of the rats by 

cementing to cheek teeth, which were etched (Caulk 34% Tooth Conditioner), bonded 
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with Optibond (Solo Plus), and coated with Virtuoso flowable composite. Soleil LED 

curing light was used to light cure Optibond and Virtuoso flowable composite for 25 

and 50 sec, respectively. As this is a new model, we tested two different infectious 

doses based on what was used in the previous studies; 100 µL of 1x108 or 1x109 

cells/ml reconstituted in PBS were introduced through the surface perforation of the 

appliance to establish infection while the rats were under anesthesia. Following 72-96 

hrs, rats were euthanized by CO2 inhalation in a chamber until breathing ceased for 10 

mins.  

Dentures were retrieved from euthanized rats, rinsed in 10 mM PBS to remove 

the superficial debris, then suspended in 1 mL 10 mM PBS in pre-weighed tubes. 

Tubes with harvested devices were re-weighed to determine the actual weight of each 

sample, and devices were sonicated (sonication time: 40 secs, amplitude: 60%). 

Tongues and palatal tissues associated with the device were harvested, weighed, and 

homogenized. The entire surface of the hard palatal mucosa in contact with the 

intaglio surface of the denture was resected with scalpel excision (Figure 25). 

Suspensions from sonicated devices and homogenized tissue were serially diluted, 

plated on yeast chromogenic medium CHROMagar (DRG International, Inc.) and 

plates were incubated for 48 hrs at 37°C. Following incubation, colonies were 

enumerated and microbial recovery expressed as log CFU/gram tissue. 

Histopathological analysis. Segments of resected palatal and tongue 

specimens were fixed in 10% buffered formalin, embedded in paraffin and the tissue 

was sectioned. Slides with tissue sections were stained with hematoxylin and eosin 

(H&E) and Periodic acid-Schiff (PAS). Slides were examined by light microscopy to 

evaluate C. albicans adherence, hyphal tissue penetration and associated innate 

inflammatory cells.  
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SEM analysis. In addition to tissue histopathology, some of the recovered 

devices were subjected to SEM analysis to visually evaluate the architecture of the 

biofilm formed. SEM analysis was performed by the University of Maryland Core 

Imaging Facility. Following harvesting, dentures were fixed in 2% paraformaldehyde-

2.5% glutaraldehyde, washed in 10 mM PBS, and then post-fixed with 1% osmium 

tetroxide. Following rinsing with 10 mM PBS, samples were dehydrated by serial 

ethyl alcohol washes (30 to 100%) and critical point drying was accomplished using 

an Autosamdri-810 (Tousimius). Images were obtained with Quanta 200 SEM (FEI 

Co., Hillsboro, OR). 

 

Results 

We utilized dental 3D digital imaging and printing to precisely fabricate the 

first universal rat intraoral device that can be rapidly digitally optimized as needed. 

Using the developed device, we successfully developed and standardized a rat model 

of DS that closely mimics the disease process in humans (Figure 24). To achieve a 

universal fit, printed devices were fitted in a group of rats and digitally optimized for 

universal fit. Therefore, unlike previous models requiring impressions to be taken and 

molds to be custom made for each rat, with the unique feature of our model, only one 

digital design is needed. Further, retentive slits were created on both sides of the 

denture through which flowable composite was introduced for cementing the device 

to the teeth rather than using wires. This design proved to be enduring and strongly 

retentive and comfortable to the animals and the close fit allowed for rapid 

development of clinical disease. However, the inoculum dose we initially used based 

on what was used in previous studies, proved to be very high for our model and 

resulted in massive infection in the animals which extended to the tongues and 
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oropharynx. This was due to the strong fit of our device, which unlike devices from 

previous models, was able to retain the inoculum within the compartment formed 

between the device and palate. Therefore, in subsequent experiments we drastically 

reduced the inoculum, which is important as it is more reflective of the normal 

commensal level of C. albicans colonization of the oral cavity167 and therefore, the 

infection induced in this model is more clinically relevant. Nevertheless, using the 

initial model, we were able to establish an active denture-related infection that was 

evaluated by histopathological analysis (Figure 26), SEM analysis (Figure 27), and 

CFU counts (Figure 28). 

During the standardization process, many adjustments were needed, which 

were feasible since modifications were made digitally and the modified designs were 

printed in a matter of hours. Earlier designs of the device were considered too bulky 

to ensure adequate comfort for the rats in terms of nutrition (Figure 18) and therefore, 

the size was modified with the final device being significantly less bulky (Figure 21). 

In addition, slits were created on both sides of the intraoral device through which 

flowable composite can be introduced for cementing the denture in place (Figure 21). 

Our device was modified and optimized for therapeutic delivery of our novel 

formulation via inclusion of a surface opening in the denture that was engineered to 

accommodate the diameter of a 200 µL pipette tip (Figure 20). 

Rats frequently practice coprophagy and several previous experimental runs 

have resulted in fecal contents contaminating the denture system thus rendering gel 

treatments ineffective. To prevent penetration of debris into the reservoir areas, the 

surface opening in the device, which was used to introduce gel treatments was sealed 

with a temporary light-curing filling inlay material (Figure 23A). This also allowed 

gel to be contained within the reservoir and improved gel contact time with the palatal 
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mucosa. The temporary nature of the inlay material meant that it could easily be 

removed for subsequent gel treatments and then new inlay material could be applied 

each time. To further ensure the denture system was free from contamination of food 

and fecal debris, rats were housed in metabolic cages which prevents feces from 

accumulating on the bottom of the cages and therefore, not accessible to the animals 

(Figure 23B). The disadvantage of the use of these cages however, is that they 

induced stress to the animals for not being able to consume feces and therefore, 

performing longitudinal studies in these cages is not advised. 

To obtain samples from the animals, initially, 4 mm punch biopsy samples 

were obtained from the denture-bearing palatal mucosa for histopathologic 

examination. However, this approach does not provide an overall representation of the 

histologic features of the entire surface area in contact with the denture. Therefore, the 

entire surface of the hard palatal mucosa was resected with scalpel excision to ensure 

an accurate histologic representation of the entire surface area in contact with the 

denture (Figure 25). 

Thus, the aforementioned modifications and adjustments have enabled the 

standardization of a rat model of DS that can be used to evaluate topical antimicrobial 

formulations. 
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Figure 18. Engineering and fabrication of device prototype (earliest design). To 
design the intraoral device, impressions were obtained from an individual rat’s palate 
under ketamine/xylazine anesthesia. Type III dental stone casts were scanned to 
create one digital model. Using 3Shape Dental Design software, the retentive portion 
was outlined (orange) and the denture was designed to cover the entire palate (green). 
For comparison, an acrylic device (pink) was seated onto the stone cast and compared 
to the 3D digitally designed device (green), the acrylic device lacks an intimate fit to 
the palate. 
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Figure 19. Digital adjustments to prototype. Representative schematic of one of the 
design modifications which were digitally made and rapidly printed for evaluation in 
the animals. In this modification, the overall size of the initial device was reduced 
since the initial prototype proved to be bulky for the rat’s palate and potentially 
causing discomfort to the animals and interfering with food consumption. 
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Figure 20. Optimization of intraoral device for therapeutic delivery. 3Shape 
Intraoral scanner was used to scan a 200 µL pipette tip. Using 3Shape Dental Design 
software and Meshmixer, the width of the pipette tip was incorporated as a surface 
perforation (red arrow) through which C. albicans cell suspension or gel formulation 
could be administered into the reservoir between the device and palate.  
  



 

 64

 

Figure 21. Design, engineering and fabrication of the final device. Using 3Shape 
Dental Design software, a reservoir (purple) was incorporated in the design to provide 
space between device and palate for the therapeutic formulation. The device was then 
modified in Meshmixer to also incorporate a surface perforation (black arrows) 
through which C. albicans cell suspension or gel therapeutic formulation can be 
rapidly administered into the reservoir. In addition, slits (red arrows) were created on 
both sides through which flowable composite can be introduced for cementing the 
denture in place. The device (green) was then 3D printed and installed on rat palates. 
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Figure 22. Intraoral installation of device and development of clinical disease. 

The designed device was 3D printed and evaluated for retention on rat palates prior to 
cementation to the teeth (A). Devices were secured on the palates of the rats by 
cementing to cheek teeth, which were etched, brushed with optibond, and coated with 
flowable composite. C. albicans was introduced into the reservoir between the device 
and palate (B). Rats were placed on a soft diet and biofilm formation and infection 
were allowed to develop for 72-96 hrs after which rats were euthanized. Devices and 
tissue were harvested and analyzed. Following removal of dentures, palatal mucosa 
demonstrated clinical evidence of edema, erythema and thick biofilm formation 
(C)(D). 
  



 

 66

 
Figure 23. Standardization and optimization of the model for therapeutic 

evaluation. (A) To prevent penetration of debris into the reservoir areas, the surface 
opening in the device, which was used to introduce gel treatments was sealed with a 
temporary light-curing filling inlay material (black arrow) that could be easily 
removed and replaced for re-administration of treatment. (B) To further ensure the 
denture system was free from contamination of food and fecal debris, rats were 
housed in metabolic cages which prevents feces from accumulating on the bottom of 
the cages and therefore, not accessible to the animals.  
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Figure 24. In vivo rat model of DS clinically mimics disease in humans. Multifocal 
oral candidiasis with classic “kissing lesion” caused by autoinoculation of infected 
dorsal tongue with hard palatal mucosa in humans (A) 27. Similar “kissing lesion” 
duplicated in our in vivo model of DS (B). 
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Figure 25. Outline of resection boundaries of denture-bearing palatal mucosa for 

microbiological and histopathological examination. (A) The entire surface of the 
hard palatal mucosa (outlined in black broken lines) in contact with the intaglio 
surface of the denture was resected with scalpel excision. Palatal rugae and the 
hamular notch (posterior excision border) were used as demarcation guides to ensure 
uniform standardized excisions between all rats. (B) Post-excision image with the 
outlined area resected and submitted for microbiological and histopathological 
examination. 
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Figure 26. Histopathological evaluation of device-associated palatal tissue and 

tongue. H&E stained sections show adherence of C. albicans yeast cells (arrows) on 
the hyperorthokeratinized surface of rat palatal rugae. Histologic examination of 
infected tongue specimens reveal hyphal invasion (black arrows) through the 
hyperparakeratotic layer into the superficial spinous layer of the epithelium. The 
presence of neutrophilic munro micro-abscesses (box) can be seen where innate 
immune cells (neutrophils) can be seen reacting to C. albicans hyphae. 
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Figure 27. SEM imaging of devices recovered from infected animals 

demonstrating formation of mature biofilm. Mature C. albicans biofilm formed on 
appliance composed of C. albicans hyphae and bacteria. Note the negative mold of 
the occlusal surfaces of the rat cheek teeth where flowable composite was used to 
achieve denture retention (A). Infected tongue dorsum with mature biofilm of C. 

albicans hyphae invading tissue and bacteria encased in a polysaccharide matrix (B). 
False colored hyphae (purple) invade oral epithelial cells (C).  
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Figure 28. Consistent and reproducible level of C. albicans recovery following 72-

96 hrs of infection. Following sonication of devices to remove adhering cells and 
tissue homogenization, suspensions were plated on fungal media and incubated for 48 
hrs. Colonies were enumerated and microbial recovery was quantified as CFUs 
(colony forming units) per gram tissue. Comparable levels of C. albicans were 
recovered from dentures and tongues with less C. albicans recovered from the palate. 
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Discussion 

Several of the available models that are currently used to study DS in rats have 

significant limitations. In a study of 115 male Wistar rats, Hotta et al.166 compared 

wire-retained versus cement-retained devices and determined that cement-retained 

devices provide longer retention rates than wire-retained devices. A shortcoming of 

the study however, was that it warranted repeated impressions to be taken from each 

rat. This process necessitates multiple rounds of anesthesia, which has been shown to 

have negative health effects and therefore is not recommended 168. A different model 

designed by Nett et al.164 utilized non-custom made acrylic denture materials that 

were secured to the rat palates with orthodontic wires; however, this model did not 

establish a consistent universal custom fit for all rats. Further, the use of orthodontic 

wires is problematic for a number of reasons that include the cumbersome procedure 

of installing the wires and the high likelihood that the wires cause discomfort and 

induce trauma. Therefore, to circumvent these potential issues, we utilized a 

modification of the cementing method for securing the intra-oral devices on the rat 

palates. 

Further, in our model the rats were immunosuppressed by administration of a 

single dose of cortisone (200 mg/kg) on the day of infection to allow successful initial 

colonization of C. albicans on the devices. This is in contrast to the model described 

by Johnson et al.165, where cortisone immunosuppression was not used; the 

disadvantage of this procedure is that to establish colonization and subsequent 

infection, an extremely high and concentrated inoculum of C. albicans (5x109, 1x1010 

cells/ml) in a paste form was required, which is not reflective of the environment in 

the oral cavity. Similar to the previous models, in this model, impressions were taken 

from each animal to fabricate the custom-made denture devices, requiring repeated 
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anesthesia. A unique feature of this model however, is that it featured a dual 

component of fixed and removable magnetic pieces that enable repeated biofilm 

sampling for longitudinal studies. However, albeit novel, it is not ideal in that the 

denture device is bulky and may impair nutrition. More importantly, it was designed 

to allow for repeated sampling of the formed biofilm over time, which is not suitable 

for monitoring biofilm development as sampling at each time point results in 

disruption of the formed biofilms. Another shortcoming of this model was that the use 

of wires to secure the device allowed rat hair to penetrate and accumulate in the 

denture system, which would further affect the biofilm development process. Thus to 

address this issue, the authors recently modified their model by using hairless rats 169.  

In general, the previous models share a disadvantage of lack of intimate fit of 

the acrylic denture to the palatal mucosa which does not translate to DS in humans, as 

this condition is typically induced by ill-fitting dentures that are closely associated 

with the palatal mucosa. Our model is advantageous in that repeated impressions 

under anesthesia are not required and a universal custom-made intimate fit to the 

palatal mucosa can be achieved. This intimate fit closely mimics DS in humans and 

consequently requires reduced inoculum loads of C. albicans than that of previous 

models, which is more reflective of normal commensal C. albicans colonization in the 

oral cavity.  
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Chapter 4: In Vivo Evaluation of the Therapeutic Potential of the Novel 

Formulation against Candida-Associated Denture Stomatitis  

 

The developed model was optimized for therapeutic application of the 

formulation with the goal of establishing its clinical utility against oral candidiasis in 

general, and prevention of C. albicans adherence to denture material and subsequent 

biofilm formation. 

In addition to evaluation of antifungal efficacy, we also investigated whether 

our novel formulation possesses anti-inflammatory or immunomodulatory properties 

by assessment of tissue pro-inflammatory and anti-inflammatory activity via analysis 

of tissue cytokines/chemokines. Additionally, based on our previous studies 

demonstrating the ability of C. albicans-secreted Sap proteases to degrade Hst-576 

combined with the established role of Saps in tissue invasion and DS development, 

we performed gene expression studies to explore the role of Saps in DS pathogenesis. 

 

Materials and Methods 

Reagents. Rodent Liquid Diet (AIN-76, Shake and Pour; Bio-Serv, 

Flemington, NJ). Ketamine hydrochloride, KetathesiaTM (Henry Schein Animal 

Health, Dublin, OH); Xylazine hydrochloride, Rompun (Bayer HealthCare LLC, 

Animal Health Division, Shawnee Mission, KS). Deltaphase Isothermal Pads 

(Braintree Scientific, Braintree, MA). Caulk 34% Tooth Conditioner (Dentsply 

Sirona, York, PA); OptibondTM Solo Plus (Kerr Corporation, Orange, CA); Virtuoso 

Flowable Light-Cure Composite (Den-Mat Holdings, LLC, Lompoc, CA); Telio CS 

Universal Inlay temporary light-curing filling material (Ivoclar Vivaden, Amherst, 

NY); SoleilTM LED Curing Light (Benco Dental, Pittston, PA). RNAlater RNA 
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Stabilization Reagent (Qiagen); beating beads (Zymo Research); MiniPrep Kit (Zymo 

Research). RPMI-1640 with L-glutamine and HEPES (Invitrogen, Grand Island, NY). 

CHROMagar Candida (DRG International, Inc.). Protease inhibitor cocktail (Sigma-

Aldrich Chemical, St. Louis, MO). 

Strains and growth conditions. C. albicans reference strain (SC5314) was 

used in the forthcoming in vivo model. C. albicans was grown in YPD broth 

overnight at 30°C with shaking. Cells were washed with 1 mM PBS and were 

equilibrated to fresh medium to an optical density of absorbance at 600 nm (A600) of 

1.0. Cells were then harvested, washed with 1 mM PBS, and then resuspended in 

PBS.  

Animal Studies. Animal experiments were conducted at the AAALAC 

accredited Animal Facility of the University of Maryland in accordance with the 

regulations of the Animal Care and Use Committee. Animal studies were approved by 

the University of Maryland Animal Care and Use Committee (IACUC Protocol 

number 0517008). Sprague-Dawley male rats (Envigo Laboratories) weighing 

approximately 350 g were used in all animal experiments. Rats were housed in 

metabolic cages (which prevent access to feces) and fed Rodent Liquid Diet (AIN-76, 

Shake and Pour; Bio-Serv, Flemington, NJ) to avoid contamination of biofilms within 

the denture system with food particles, and to ensure minimal manipulation of 

dentures and minimal interefence with any topically delivered therapies. Rats were 

monitored for feeding and body weight.  

To fully evaluate the therapeutic evaluation of the formulation, two 

approaches were taken to assess suitability for (1) prevention of biofilm development 

and (2) treatment of preformed biofilm in vivo. 
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Prevention of biofilm formation and disease development. C. albicans cells 

from overnight cultures were washed and resuspended in RPMI to a final 

concentration of 1x106 cells/500 µL. 50 µL of this suspension (total cells: 1x105) in 

RPMI was used to inoculate the intaglio surface of the dentures in vitro for 120 mins 

at 37°C. This method of pre-inoculation of device in vitro prior to installation in the 

animals was a modification over the initial method of infection where 100 µL of cell 

suspension was introduced through the opening on the device directly into the 

reservoir. Comparative evaluation of both methods demonstrated that pre-inoculation 

of devices prior to installation resulted in consistent and reproducible CFU recovery 

and was more reliable in establishing colonization. Importantly, we opted to resort to 

this method as it is more reflective of the situation in humans where infection is 

initiated from colonization of the denture by the commensal C. albicans following 

adherence to the denture surfaces. To establish colonization, rats were anesthetized 

using ketamine (80 mg/kg)/xylazine (10 mg/kg) following 5 mins isoflurane 

inhalation (5% induction). Prior to placement of appliances, rats were 

immunosuppressed with a single dose of cortisone (200 mg/kg subcutaneously). Pre-

infected dentures were implanted on the palates of the rats using the following 

protocol; (1) etching of the enamel of cheek teeth for 20 secs with Caulk 34% Tooth 

Conditioner, followed by washing with sterile water under vacuum suction and light 

drying, (2) the etched enamel was brushed with Optibond (Solo Plus) and air-thinned, 

followed by Soleil LED light curing for 25 secs, and (3) Virtuso flowable composite 

was added to the retentive grooves of the denture and on the bonded enamel and light 

cured for 50 secs. Denture retention was checked and while animals were under 

anesthesia, 100 µL of either control vehicle gel, Hst-5 (2 mg/ml) gel or K11R-K17R 

(2 mg/ml) gel was introduced through the surface denture opening. The denture 
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openings were then sealed with Telio CS Universal Inlay temporary light-curing 

filling material (light cure time: 25 seconds). This was done to contain gel in reservoir 

for an extended period of time and to prevent contamination of the denture system 

with debris. Rats were placed on isothermal heated pads and remained under 

anesthesia for approximately 1.5-2 hrs during which time they were monitored until 

they recovered from anesthesia.  

Animals were euthanized by CO2 inhalation 24 hrs post device implantation. 

Rats were weighed (% weight loss was calculated) and clinical photographs of tissue 

and devices were taken. Dentures were harvested, washed in 10 mM PBS, then 

suspended in 1 mL of 10 mM PBS, weighed, and sonicated for 40 secs (60% 

amplitude). Palatal specimens were harvested, weighed, and homogenized. All 

samples were serially diluted and plated on yeast chromogenic medium CHROMagar 

(DRG International, Inc.). CHROMagar Candida plates were incubated for 48 hrs at 

37°C, and viable cells were enumerated and expressed as log CFU/gram tissue. 

Additionally, 5 µL of protease inhibitor was added to palatal homogenates and this 

was stored in -80°C for cytokine analysis. Similarly, C. albicans biofilm cells 

recovered from sonicated dentures were stored in 500 µL of RNAlater for gene 

expression studies. 

Treatment of implanted devices with preformed biofilms. In these studies, 

the formulation was tested on both 24 and 48-hr mature preformed biofilms. Using 

the methods described above, a C. albicans cell suspension (total cells: 1x105) was 

used to inoculate dentures in vitro. Colonized dentures were installed and biofilms 

were allowed to form in vivo for 24 or 48 hrs at which times treatment was initiated.  

100 µL of either control gel, Hst-5 (2 mg/ml) gel or K11R-K17R (2 mg/ml) gel was 
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administered through the surface opening after 24 or 48-hr time points to evaluate 

treatment response. 

Cytokine analysis. To explore whether the formulation exerts 

immunomodulatory activity, cytokine analysis was performed on palate tissue 

homogenates from control and experimental groups. Cytokine analysis was performed 

using multiplex ELISA (Luminex™ 100 Multi-analyte System, Austin, TX) by the 

UM SOM Cytokine Core Laboratory (CCL). The following cytokines and 

chemokines were measured; granulocyte-colony stimulating factor (GCSF), tumor 

necrosis factor-α (TNF-α), interferon gamma (IFN-γ), interleukin-4 (IL-4), 

interleukin-6 (IL-6), interleukin-10 (IL-10), interleukin-12 (IL-12), interleukin-13 

(IL-13), interleukin-17 (IL-17), interleukin-1a (IL-1a), interleukin-1b (IL-1b), 

chemokine C-X-C motif ligand-1 (CXCL-1), chemokine C-X-C motif ligand-2 

(CXCL-2), and C-C motif chemokine ligand-2/monocyte chemoattractant protein-1 

(CCL-2/MCP-1). 

Gene expression studies. To evaluate the expression of SAP2, SAP5, and 

SAP9 expression of C. albicans cells recovered from in vivo grown 48-hr biofilm, RT-

qPCR was performed using previously described methods 73. Biofilm-associated C. 

albicans cells were recovered from implanted devices by sonication and then stored in 

500 µL of RNAlater RNA Stabilization Reagent (Qiagen) at -80°C. For baseline SAP 

expression, 2-hr in vitro denture biofilms were used as control. Total RNA was 

extracted using bead beating (Zymo Research) and MiniPrep Kit (Zymo Research). 

One μg of DNase-treated RNA was reverse transcribed using the Omniscript RT Kit 

(Qiagen) and 0.5 µL of cDNA was amplified using SYBR Green PCR Master Mix 

(ThermoFisher) and 10µM primers (Table 3). Thermoycling conditions were as 

follows: (1) initial denaturation at 95°C for 10 mins, (2) 95°C for 15 seconds, and (3) 
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60°C for 1 min for 45 cycles. Negative (pure water) and positive (C. albicans SC5314 

genomic DNA) controls were included in each run. SAP2, SAP5, and SAP9 were 

normalized to ACT1, housekeeping gene. Fold-change in gene expression was 

calculated using the ∆∆CT method and n-fold expression = 2ΔΔCT, where CT is the 

cycle number of the detection threshold.  

Power analysis calculations for determining number of animals in each 

group. Sample sizes in experimental and control groups were determined using a 

ONE-WAY ANOVA statistical analysis test and the statistical program G*power was 

used to calculate effect size and sample size. CFU counts were used as the outcome of 

the experiments; the effect size f was calculated based on the means and variances of 

the CFU counts obtained in preliminary studies. The variance for all groups is 3. We 

calculated the effect size with G*power, which gave us a value of 0.6 for the 

experimental groups and 1.1 for control groups. 3-4 rats were included in each group, 

and all experiments were performed on at least 3 separate occasions. Using G*power, 

we calculated the sample size n required to give a one-way ANOVA test with 80% 

power at a=0.05.  

Data analysis. All experiments were performed on at least 3 separate 

occasions and in triplicate where applicable, and quantitative data were expressed as 

mean ± standard error of the mean. Statistical analysis was performed using GraphPad 

Prism 6.0 (GraphPad Software, San Diego, CA, USA). Student’s unpaired t test was 

used to compare differences between two samples. Ordinary one-way analysis of 

variance (ANOVA) was used for multiple comparisons. Post-hoc analysis was 

performed with Bonferroni and Šídák tests where indicated. Significance was 

considered at P values of <0.05. 
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Table 3. Sequence of primers used for gene expression studies of SAP2, SAP5, 

and SAP9 genes73 

Gene RT-qPCR Primers (5’-3’) 
SAP2 Forward TCCTGATGTTAATGTTGATTGTCAAG 

 Reverse TGGATCATATGTCCCCTTTTGTT 
   

SAP5 Forward CATTGTGCAAAGTAACTGCAACAG 
 Reverse CAGAATTTCCCGTCGATGAGA 
   

SAP9 Forward ATTTACTCCACAGTTTATATCACTGAAGGT 
 Reverse CCACCAGAACCACCCTCAGTT 
   

ACT1 Forward GACAATTTCTCTTTCAGCACTAGTAGTGA 
 Reverse GCTGGTAGAGACTTGACCAACCA 
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Results 

A total of 132 rats were used to standardize and optimize the model for 

therapeutic evaluation. There was a 100% denture retention rate in all rats and weight 

loss did not exceed 20% throughout the duration of the study as required by IACUC 

guidelines. 

In vivo efficacy of formulations for the prevention of biofilm development. 

Experiments were designed to evaluate whether the formulation is effective in 

preventing biofilm development on infected devices. Based on CFU counts from 

treated (7x103 cells/ml) and untreated (3x105 cells/ml) control rats, K11R-K17R gel 

resulted in 30% (P<0.05) reduction in microbial recovery from devices. However, 

reduction in CFU counts from palatal tissue in the treated (1x101 cells/ml) rats 

compared to untreated (8x103 cells/ml) control rats was more dramatic with 

approximately 73% (P<0.001) in killing efficacy (Figure 29). K11R-K17R was 

slightly significantly better at preventing biofilm formation on denture material (mean 

30% killing efficacy, recovered mean CFUs of 7x103 cells/ml) compared to Hst-5 

(mean 7% killing efficacy, recovered mean CFUs of 9x104 cells/ml; Figure 29). 

In vivo efficacy of K11R-K17R gel against 24 and 48-hr mature biofilms. 

To explore whether our formulation was effective in eradicating preformed biofilms, 

treatment was administered 24 or 48 hrs post-installation of pre-inoculated devices. 

As expected, assessment of microbial recovery from devices from treated and control 

animals at both end-points revealed no significant effects for K11R-K17R 

administration, indicating that the formulation is ineffective in eradicating preformed 

biofilms (Figure 30). Prior studies revealed similar results when preformed biofilms 

were treated with Hst-5. 
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Comparative clinical evaluation of palatal tissue from treated and 

untreated infected rats receiving preventative therapy. Clinical evaluations of 

palates associated with implanted devices were performed on all rats in experimental 

and control groups. In general, palates of infected rats treated with control vehicle gel, 

revealed marked edema and inflammation of the denture-bearing palatal mucosa 

(Figure 31). In contrast, examination of palates of rats that were administered topical 

application did not show evidence of edema or inflammation.  

 Evaluation of SAP2, SAP5, and SAP9 gene expression in biofilms formed 

on devices from K11R-K17R treated animals. To further understand the role of 

Saps in the pathogenesis of DS, we sought to investigate the levels of gene expression 

of Saps in our model. For gene expression studies, two biological replicates from one 

experimental run in which no significant differences in CFU recovery between treated 

and untreated groups were selected. RNA was extracted from biofilm cells from 

extracted devices and qRT-PCR was performed. For evaluation of differential gene 

expression in in vivo-grown biofilms, SAP gene expression from in vitro-grown 

biofilms was considered as baseline levels. Results demonstrated over two-fold 

increase in SAP5 and SAP9 expression in biofilms from animals treated with control 

vehicle gel. In contrast, in biofilms from K11R-K17R treated animals, no changes in 

the expression of these genes were observed (Figure 32). SAP2 was not found to be 

differentially expressed in biofilms from all groups. 

K11R-K17R gel does not modulate host inflammatory response. Tissue 

homogenates from treated and untreated animals were subjected to cytokine analysis. 

Based on profiling of pro-inflammatory cytokines (IFN-γ levels) and anti-

inflammatory cytokines (IL-4 and IL-10), no significant differences between K11R-

K17R treated animals and control treated animals were observed (Figure 33). 
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Similarly, no significant differences between K11R-K17R treated animals and control 

treated animals were observed when innate pro-inflammatory cytokine (IL-1a) or 

neutrophil chemokine (CCL-2) levels were analyzed. 
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Figure 29. Comparative in vivo efficacy of K11R-K17R and Hst-5 in prevention 

of C. albicans colonization and biofilm development. Based on CFU values from 
extracted devices and tissue, C. albicans recovery was significantly less from treated 
animals compared to untreated animals and inhibition of C. albicans colonization was 
more dramatic on the tissue compared to devices. K11R-K17R and Hst-5 were 
comparably effective in preventing biofilm development 24 hrs post-treatment. 
Although not statistically significant, K11R-K17R was better at preventing biofilm 
formation on denture material (****, P<0.0001; *, P<0.05; ns, not significant). 
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Figure 30. In vivo efficacy of K11R-K17R formulation against mature preformed 

biofilms. No significant differences in C. albicans recovery from dentures and palates 
of treated and untreated rats when treatment was initiated 24 or 48 hrs post infection 
(ns, not significant). 
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Figure 31. Representative clinical images of infected device-associated palates 

from treated and untreated rats receiving preventative therapy. (A) Palates of 
control gel treated palates revealed marked edema and inflammation of the denture-
bearing palatal mucosa. (B) K11R-K17R treated palates did not show edema, 
inflammation or biofilm formation.  
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Figure 32. Analysis of SAP gene expression in C. albicans device biofilm cells 

from treated and untreated rats. Relative to SAP gene expression from in vitro-
grown biofilms (“Day 0 Pre-Implantation”), qRT-PCR analysis demonstrated 
significant overexpression of SAP5 and SAP9 in the control animals but no changes in 
these genes in the animals treated with K11R-K17R. SAP2 expression was not 
affected in all animals.  
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Figure 33. Cytokine analysis of tissue from K11R-K17R treated and untreated 

animals. (A) No significant differences in IFN-γ, IL-4 or IL-10 levels or (B) IL-1a 
and CCL-2 levels between treated and control animals (ns, not significant). 
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Discussion  

As it is digitally designed, our device is uniquely advantageous in that if 

needed, modifications and adjustments can be feasibly made with no delays. 

Importantly, fabrication of the device is based on 3D printing technology which is a 

high throughput method that allows for multiple devices to be fabricated within hours 

without reliance on dental laboratories. The surface perforation designed on the top 

surface of the denture is multi-purpose in that administration of infectious inoculum 

and repeated delivery of topical therapies can be performed. Importantly, the material 

used to fabricate the device is a class 1 biocompatible UV-curable SG-resin that is 

FDA 510K exempt and approved for use in humans. Additionally, as the material is 

not self-cured, there is no risk of monomer allergy to the palatal mucosa. Since the 

material is of a translucent nature, there is the added advantage of visualization of the 

formulation as it is administered to ensure its application to the specific area of 

interest.  

Several rat models of DS have been used to evaluate efficacies of topical and 

systemic drugs such as systemic micafungin or fluconazole, topical miconazole, and 

topical chlorhexidine 164,170,171. Notably, a previous study evaluated topical or 

systemic administration of micafungin or fluconazole in a rat model of DS and the 

treatment with these antifungals was found to be ineffective in eradicating Candida 

biofilms 164. These findings are in line with what is established regarding resistance of 

biofilm-associated C. albicans cells to topical and systemic antifungals 172. 

Furthermore, C. albicans cells within these biofilms are very difficult to treat, as they 

are capable of withstanding host defenses 60. Therefore, it was not surprising to find 

that our formulation was similarly ineffective when applied to devices with preformed 

biofilms, which in addition to protecting embedded cells against antimicrobials, likely 
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also serve as a physical barrier impeding penetration of the agent to the palatal 

mucosa.  

However, although ineffective against preformed biofilms, the formulation 

was successful in significantly reducing microbial burden on appliance and palatal 

tissue, as indicated by microbial recovery as well as clinical images of the palates of 

treated animals, compared to those of untreated controls. Impressively, to achieve 

these therapeutic effects, only a single gel application following installation of the 

infected device was administered. In terms of clinical relevance, this scenario would 

be analogous to a patient using a denture colonized with commensal level of C. 

albicans 167. 

Based on findings from a study by Tobouti et al. 73 reporting upregulation of 

SAP5 and SAP9 genes 48 hrs post denture implantation in the rat, we performed gene 

expression studies to similarly explore this phenomenon in our model. In line with 

these findings, we similarly found both SAP5 and SAP9 to be overexpressed in 48-hr 

biofilms formed on implanted devices in the untreated rats. The reason for the 

observed differential expression of the SAP5 and SAP9 in the DS model is not clear, 

however, it is noteworthy to mention that the majority of Saps have optimal activity in 

acidic pH environments72; due to the low salivary flow within denture biofilms, this 

micro-environment has low acidic pH levels and therefore, would be conducive to 

Sap activity 28,40. Alternatively, the C. albicans Saps are considered important 

virulence factors due to their involvement in tissue invasion and degradation of host 

immune factors. Therefore, their upregulation in the untreated rats could be indicative 

of initiation of a pathogenic process, particularly since Sap5 is expressed in the 

hyphae which is the invasive form 74,77.  Interestingly however, the expression of both 

SAP5 and SAP9 genes was not found to be differential in the treated rats. Whether this 
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is due to pH modulation by the formulation or maintenance of C. albicans in a 

commensal non-pathogenic state requires further in-depth investigations. 

In terms of host immune response, no differences in tissue chemokine or 

cytokine levels were found in the in vivo prevention model between treated and 

untreated groups. These findings however, were expected as the short-term nature of 

our model precluded the development of an active infection and in turn, development 

of a robust inflammatory response. Therefore, to confidently determine the anti-

inflammatory potential of the formulation, a longer end-point of infection is needed; 

however, we were unable to extend our model for longer durations as the rats incurred 

significant stress and weight loss when housed in the metabolic cages. We plan to 

consult with veterinary services to identify modifications in housing, diet or other 

factors that could be made to allow for longitudinal studies while avoiding extreme 

stress to the animals. 
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Chapter 5: Concluding Remarks and Future Directions 

 

DS is a chronic debilitating disease with no effective preventative therapeutic 

strategies currently available. Therefore, identifying new feasible and safe measures 

targeting this recurrent condition would be highly attractive not only to denture-

wearers, but also other target populations predisposed to oral candidiasis such as 

HIV+ subjects. Hst-5 has gained considerable attention as a potential candidate for 

development as a non-traditional antifungal agent due to its potent activity against 

Candida and lack of toxicity to host cells. However, our identification of a potential 

vulnerability to Hst-5 for proteolysis by C. albicans secreted proteases prompted us to 

design peptide variants of Hst-5 resistant to proteolysis. Among the newly engineered 

peptides, a double amino-acid mutant variant (K11R-K17R) was found to be 

particularly immune to degradation while maintaining potent antimicrobial properties, 

which, under certain experimental conditions, was superior to that of the native Hst-5 

peptide. 

Importantly, to demonstrate the potential of the peptide for therapeutic 

purposes, we developed a bioadhesive hydrogel delivery system specifically designed 

for oral topical application. The anti-candidal efficacy of the generated formulation 

(under patenting) was demonstrated in vitro in inhibiting C. albicans adherence and 

biofilm formation on denture acrylic material. However, to explore the potential 

clinical applicability of the formulation against DS, a suitable animal model is 

needed. To that end, we designed a universal rat intra-oral device utilizing state of the 

art 3D imaging and printing technology. The animal model was standardized to 

successfully develop DS mimicking the condition in humans, and optimized for 

evaluation of topical therapeutic agents.  



 

 93

Candida-associated infections such as DS are notoriously difficult to treat and 

therefore, using our model, we took different approaches to explore the suitability of 

the formulation for clinical application focusing on utility as a preventative agent 

rather than treatment of active infection. As expected, although the treatment 

approach we used indicated that the formulation is not efficacious in eradicating 

preformed biofilms in the animals, it proved to be highly effective in the infection 

prevention model. Therefore, in terms of clinical utility, we foresee a potential for the 

formulation as a prophylactic agent for maintaining device colonization at a 

commensal level below the infectious threshold, thereby inhibiting biofilm formation 

and subsequent disease development. In terms of treatment, however, the formulation 

may serve as an adjuvant agent to traditional antifungal agents for active infections. 

The therapeutic potential of the formulation is further solidified by the 

findings from the cell migration-based wound healing assays where exposing NOK 

cells to the peptide at its concentration in the formulation, resulted in a dramatic level 

of cell migration within 8 hours of exposure. Wound healing is considered to be more 

efficient in the oral cavity due to the healing properties of saliva attributed to many 

factors including antimicrobial peptides. At physiological salivary concentrations, 

Hst-5 was shown to not exert wound healing properties, which was corroborated by 

our studies when Hst-5 as well as K11R-K17R were tested in the migration assays at 

these concentrations. Nevertheless, demonstration of the dramatic effects for the 

K11R-K17R on cell migration at concentrations present in the formulation strongly 

indicate that, in addition to anti-candidal activity, the formulation may also mediate 

healing of tissue damage caused by C. albicans invasion. 

In conclusion, coupled with the wound healing potential of the formulation 

and the proteolytic degradation advantage of the peptide, this non-toxic formulation 
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has enhanced anti-candidal activity and is a viable and promising therapeutic option 

for the prevention of biofilm-associated disease. 

 

Future Studies 

Based on the collective findings generated from this project, several avenues 

of research have been identified that warrant further investigation. Most notably, our 

immediate goals are focused on optimizing our model to allow for longitudinal 

studies to fully assess the utility of the formulation as an antimicrobial, as well as 

potentially an anti-inflammatory agent.  

Additionally, the results from the gene expression studies demonstrating 

differential expression of the SAP genes establish the adaptability of the animal model 

for in vivo gene expression studies. Since the model was specifically designed for 

therapeutic evaluations, it would be particularly conducive for gene expression studies 

aimed at elucidating mechanisms of biofilm-associated drug resistance.  

Further, in light of the impressive findings for the effects of the peptide on cell 

migration and potential wound-healing capabilities for the formulation, we are 

designing a diabetic mouse model of cutaneous wound healing. Importantly, as post-

extraction delayed wound closure is a common complication in dentistry, the affected 

cohort of patients may also benefit from the use of the formulation. Finally, to fully 

establish the utility of the formulation as a bona fide therapeutic agent, clinical trials 

in denture wearers are warranted, which is our ultimate goal. 
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