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Candida albicans is a common member of the human gut, skin and mucosal
microbiomes. Systemic C. albicans infections are of special concern for
immunocompromised patients such transplant recipients and AIDS patients. Drug
resistant strains of C. albicans are an enormous health concern and like most antibiotic
resistant microbes pose a greater risk due to the concomitant acquisition of traits
associated with pathogenicity. Traditionally microbial control involves antibiotics that
target specific essential enzymes; however, over the past fifty years there has been an
exponential increase in resistance of pathogenic bacteria and fungi to known antibiotic
compounds. Recent developments in electron microscopy have made the study of
naturally occurring nano and micro-scale hierarchical structures specially on insect
wings, lotus leaves, shark skin, gecko skin yielding to their super hydrophobic and
antimicrobial responses. Nanostructured surface (NSS) are attractive alternatives to
chemical antibiotics because they will not be susceptible to the same pathways towards
resistance as chemical agonists.

Recent work has shown that microbes including gram negative bacteria and
cellular yeast are vulnerable to mechanical assaults via surfaces that exhibit high-aspect
ratio nanoscale topographies. Though extensive research has been done in mimicking
naturally occurring NSS and designing new surfaces for antibacterial use, efficacy as
antifungal agents specially against pathogenic fungi like C. albicans has been ignored.

The long-term goals of my project are to define the properties of nano structured



materials and use these properties for the design and application of novel materials that
control pathogenic fungal growth and biofilm formation. In this research | have
characterized the nanoscale mechanical interactions between C. albicans cells and the
cell-rupturing nanostructured surface from the wing of the Cicada Tibicen ssp; and have
defined the timing and the conditions that control NSS-induced C. albicans cell rupture. |
have found that the NSS changes the cell wall composition of this cellular yeast and that
the NSS induced rupture of this microbe is significantly slower than NSS rupture of
bacteria on similar surfaces. Different drug resistant strains of C. albicans displayed
altered responses of rupture and morphogenesis which is attributed to the mechanism of
drug resistance developed in them.

Biofilm production which is responsible for the virulence and development of
resistance in Candida sps. is also significantly reduced when incubated on NSS. Finally, |
demonstrate data showing Nano-cones on the cicada wing inhibit the transformation of
yeast to hyphae thus reducing pathogenicity of C. albicans. Following this | used
synthetic biocompatible NSS as coatings on catheters to determine their antifouling and
antifungal efficacy in comparison to flat surfaces. This research is extremely necessary
for a systematic study of microbial interaction with the Nanostructured surfaces and
define properties to synthesize novel anti-microbial polymers which can be used as
coating on indwelling medical devices to improve their lifespan and as coatings in the

areas of sanitation.
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CHAPTERII

INTRODUCTION

1.1 Candida albicans

Fungi makes up to 7% of the 8.7 million eukaryotic species on earth. Of the
611,000 species of fungi, only 600 species are reported as human pathogens[1]. The
infections caused by these commensal pathogens range from the common superficial
infections of the skin to life threatening systemic infections[2]. Candida albicans (C.
albicans) is the most prevalent cause of fungal infections in people. Its species name,
albicans, comes from the Latin word for “white”[3]. C. albicans is an opportunistic
fungal pathogen commonly found in the mucosal membranes of all humans[4]. It is
classified as an opportunistic fungus because it usually only causes diseases in those who
are immunocompromised or whose natural flora have been altered. C. albicans are
unicellular diploid and are present in the oral cavity of 75% of the population[5].

C. albicans is a common member of the human gut flora and does not proliferate
outside the human body. It is detected in the gastrointestinal tract and mouth in 40-60%
of healthy adults[6]. These opportunistic fungal pathogens cause recalcitrant infections of
the oral cavity called oral candidiasis. The fungal infection Candidiasis causes conditions
like Thrush, esophagitis, cutaneous skin candidiasis, vaginal yeast candidiasis, deep
candidiasis[7]. C. albicans colonizes on skin and mucosal surfaces which can lead to

acute infections[8, 9]. Though the superficial infections are very common they are often



non-lethal but in contrast systemic candidiasis is associated with a high crude
mortality[10]. Indeed, Candida species are the fourth most common cause of hospital-
acquired systemic infections in the United States with crude mortality rates of up to

5096[4].

Oral candidasis
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Figure 1.1. Organ/implant related infections caused by C. albicans in Humans

An estimate of 75% of all women suffer from vulvovaginitis at least once in their lifetime
with 40-50% experiencing at least one additional episode of infection[11, 12]. This
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problem is worse in third world countries where 5-8% suffer from at least four recurrent
cases of vulvovaginal candidiasis per year mainly because of poor sanitation
facilities[13]. As a major cause for hospital acquired infections Candida is the root cause
for 15% of sepsis cases and 40% of bloodstream infections in clinical settings[14].
Candida often coexists with other dreadful microbes like Staphylococcus epidermidis and
Staphylococcus aureus causing serious systemic infections. Candidemia is commonly
polymicrobial and only a few rare cases of systemic infection of Staphylococcus spp.
without Candida species were reported[15, 16], which may be due to the need of the
fungal biofilm for the maintenance of the bacteria infection.
1.2 Morphogenesis and Pathogenicity of Candida albicans

C. albicans becomes pathogenic by its ability to transform into different
morphological forms[17]. They exhibit two prominent proliferation modes the round
cellular yeast where the cells elongate and bud off yielding daughter cells and the long
tubular hyphal mode in which continuous lateral growth leads to elongated growth where
in separate cells are delineated by septa. Most fungi exhibit polymorphism and the
formation of hyphae and other cellular forms; in fact, the common mushroom fruiting
body is constructed from collections of hyphae[18]. C. albicans has the ability to
transform into different morphological forms as a response to the external signals, such as
nutrient levels/sources, pH, and temperature[19]. Apart from cellular yeast and tubular
hyphae, different morphologies of C. albicans include an opaque form which is a
characteristic of mating-competent cells[20], a thick walled spore like chlamydospore

formed under suboptimal conditions[21] and pseudo hyphae observed as elongated



ellipsoid cells with constrictions at the septa[22]. Various environmental conditions affect
the morphology of C. albicans like low pH (< 6) facilitates the cellular yeast form while
the higher alkaline conditions promotes hyphal growth[6], nutrient deficient conditions,
stress induced by the presence of serum, higher incubation temperatures and CO; induce
the formation of hyphal structures[23].

Microbial communication through quorum sensing, play a pivotal role in the
morphogenesis of yeast[16]. Quorum sensing molecules like farnesol, dodecanol and
tyrosol affect morphogenesis in C. albicans[24-26]. High cell densities (> 107 cells ml-1)
have been reported to promote yeast growth, and low cell densities (< 107 cells ml-1)
favor hyphal formation[27]. Morphogenesis can be induced through phenomena like
Thigmotropism where cell contact with a surface or galvanotropism where
morphogenesis is induced by exposure of cells to electric fields[28]. In this dissertation |
describe a new thigmotropic response of C. albicans.

The pathogenic behavior of C. albicans is facilitated by two different
mechanisms: 1) induced endocytosis by expressing specialized proteins called invasins
on the cells surface and 2) active penetration by the hyphal structures mediated unclear
molecular mechanisms[29]. Invasins mediate binding of fungi to host ligands such as E-
cadherin on epithelial cells and N-cadherin on endothelial cells, ultimately resulting in
engulfment of the fungi into the host cell[30, 31]. The role of hyphal morphogenesis for
the virulence of C. albicans was established from the in vivo experiments in mice[32].

In these experiments, C. albicans cells carrying the mutations in two transcription

factors, Cphlp and Efglp, blocked the hyphal transition and also reduced the



virulence[33]. Many other genes have been shown to be involved with hyphal
morphogenesis including genes that encode the hyphal wall protein Hwp1, the agglutinin-
like sequence protein Als3, aspartic proteases Sap4, Sap5 and Sap6, and the hypha-

associated proteins Ecel and Hyr1[34].

Figure 1.2. Common morphologies of pathogenic fungi C. albicans (a)
Oval/spherical C. albicans yeast. (b) Tubular C. albicans hyphae

1.3 Candida Detection and Diagnosis

Poor diagnosis of fungal disease around the world resulting in over prescription of
antibiotics and increasing harmful resistance to antimicrobial drugs. C. albicans can be
identified by simple methods such as germ tube or colorimetric test or by using selective
chromogenic agar tests[35]. Conventional C. albicans detection methods based on
phenotype include microscopic examination, blood culture, and biochemical
identification[36]. However, they are time-consuming, labor-intensive with low
sensitivity. The long period of waiting time required to diagnose C. albicans infection
often leads to a delay in the start of treatment with antifungal drugs. Additionally, several
molecular biological methods have been applied to the detection of C. albicans, such as

Polymerase Chain Reaction (PCR)[37], Real-Time PCR(RT-PCR), mass



spectrometry[38], and immunoassay[39]. Though there are no FDA approved PCR assays
to detect C. albicans both commercial and inhouse PCR tests are widely used on serum or
whole blood samples for detection. Definitive identification of the pathogenic fungi can
be achieved by automated systems such as APl Candida (bioMerieux), the MicroScan
WalkAway System (Dade Behring), Vitek (bioMerieux), Auxacolor (Sanofi Diagnostic
Pasteur), or Yeast Star (CLARC Laboratories) but these commercial techniques are often
expensive and are limited by their prolonged time to obtain final results, averaging 24 to
48 hours[40, 41]. Despite considerable advances for candidiasis detection, the
development of simple, compact and portable point-of-care diagnostics for rapid and
precise testing that automatically performs cell lysis, nucleic acid extraction, purification
and detection still remains a challenge.
1.4 Candida Biofilms

Most microorganisms in their natural habitats are attached to surfaces within a
structured biofilm ecosystem rather than existing as free-floating planktonic
organisms[42]. Biofilms are structured microbial communities attached to surfaces and
encapsulated within a protective extracellular matrix. Biofilms are produced by both
motile and non-motile organisms. Study of biofilms is gaining importance because a
majority (65%) of all human microbial infections are biofilm based[43] and surprisingly
more (80%) of the microbial infections in the United States are biofilm based[44].

Biofilms are complex communities of cells that are attached to a substrate and
themselves by means of an organic glue-like substance known as the Extracellular

Polymeric Substance (EPS)[45]. The EPS performs the important structural role of



stabilizing the cells and provides a protective environment against mechanical damage
and shear caused by fluid flow at the interface[46-48]. The EPS is a complex matrix that
is composed of polysaccharides, proteins, and extracellular DNA that is secreted by the
members of the biofilm community by processing the nutrients available upon adhesion
to the substrate[49]. The EPS allows its community members to share nutrients,
communicate through chemical signaling molecules (i.e. quorum sensing), pass along
genetic information through lateral gene transfer, and are even involved in promoting
electron transfer[50]. All these functions are enhanced in biofilm communities compared
to planktonic cells and increase antifungal drug resistance up to 1000-fold[51]. Indeed,
the inefficacy of antifungal therapy against different fungal biofilms have been shown
and stated by several studies[52-54].

A significant attribute in virulence of C. albicans is the formation of three-
dimensional biofilm on biotic surfaces and abiotic surfaces like dental enamel, catheters
and other biomaterial implants[55]. Formation of biofilms by Candida species occur in a
systematic manner; cellular fungi attach to the substrates and grow horizontally to form a
basal layer then hyphal cells are produced on the upper layers and with further secretion,
biofilms are usually covered with extra cellular matrix [56, 57]. Adherence of fungal cells
to biomaterial surfaces must first occur for colonization to take place[58]. The initial
attachment of Candida cells to biomaterials is mediated by both nonspecific factors (cell
surface hydrophobicity and electrostatic forces) and by specific adhesins on the fungal
surface recognizing ligands in the conditioning films, such as serum proteins (fibrinogen

and fibronectin) and salivary factors[59].



C. albicans biofilm formation has four developmental phases [Figure 1.3][60]:

i. Early phase - adherence of yeast cells to the device surface

ii. Intermediate phase - formation of a matrix with dimorphic switching
from yeast to hyphal forms

iii. Maturation phase - increase in the matrix material taking on a three-
dimensional architecture

iv. Dispersion — involves release or translocation of individual cells or

clumps of cells from the biofilm or substrate

Candida albicans
biofilm life cycle

Figure 1.3. Stages of Biofilm formation[60]

Fully mature Candida biofilms have a mixture of morphological forms and
consist of a dense network of yeasts, hyphae, and pseudo-hyphae in a matrix of

polysaccharides, carbohydrate, protein, and unknown components[61]. The formation



and structure of C. albicans and Candida species biofilms is influenced by the nature of
the contact surface, environmental factors, morphogenesis, and the species involved[60].
Though biofilms formation encourages the morphogenesis of yeast to hyphae all fungal
morphologies indefinitely have the ability to form biofilms this was confirmed by testing
the biofilm formation efficacy of hyphal gene knockouts of C. albicans[62]. Several
transcription factors including Efglp, Cphlp, Efhlp, Raplp, Ino4p, and Teclp have been
shown to be essential for biofilm formation[57, 63]. Quorum sensing based cell-cell
communication maintains biofilm by preventing unnecessary cell proliferation and
controlling competition for nutrients[64]. This has important implications in the
infectious process, particularly for dispersion of cells from the mature biofilm and the
establishment of distal, secondary infections. It has been shown that farnesol acts as a
quorum-sensing molecule that inhibits filamentation in C. albicans[24].
1.5 Candida Biofilms on Biomaterial Implants

Biofilms associated with C. albicans and other Candida species cause a variety of
infections on implantable medical devices. Removal of these implants is required to
eliminate the infection caused by irreversible adhesion of biofilms to these surfaces.
Removal of implanted material is a painful process and might not even be often possible
due to its anatomical location or state of infection. The implanted material might be
attacked by the fungi either during contaminated administering conditions or from inside
the body. As these surfaces are often surrounded by body fluids such as urine, blood,
saliva and synovial fluid, their surfaces tend to acquire a glycol-proteinaceous

conditioning film, which changes the original surface chemistry of the surface and



facilitates microbial adhesion[65]. The most important characteristic of biofilms
produced by C. albicans and Candida species is resistance to conventional antifungal
therapies[51, 62, 66, 67]. Intrinsic resistance of the biofilms can be caused by (a) biofilm
matrix blocking the penetration of drugs (b) morphogenesis due to nutrient limitations (c)
expression of efflux pump resistance genes and (d) presence of persister cells[68-70].
Implantable devices such as shunts, prostheses (voice, heart valve, knee, etc.),
stents, implants (lens, breast, denture.), endotracheal tubes, pacemakers and various types
of catheter support colonization and biofilm formation by C. albicans and Candida
species (Table 1). Not only does Candida colonization of biomaterials precede infection,
but it can also adversely affect the function of the implanted device. C. albicans and
Candida species are the third leading cause of intra vascular catheter infections with a
very high mortality rate[71]. These fungi are responsible for most catheter-related urinary
tract infection, which remains a leading cause of nosocomial infections, with significant
morbidity, and additional hospital costs[72, 73]. C. albicans and other Candida species
are now the microbial pathogens that are most frequently isolated from the urine samples
of patients in surgical intensive care units (ICUs), with about 10-15% of nosocomial
urinary tract infections being caused by Candida species[74]. While most catheters are
made of silicone research has shown that C. albicans and Candida species adhering to
silicone displayed enhanced tolerance to fluconazole and is related to efflux pump[75].
Treating implant associated fungal infections typically requires surgical procedures to
remove all infectious materials and necrotic tissue which may also involve the implant

itself along with a long course of high dose antifungal therapy[76]. With the increase in
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infections and resistance in Candida species research pertaining to the study of alternate
approaches to existing fungal drugs is necessary and, in this research, | study the anti-

fouling and antimicrobial efficacy of nanostructured surfaces.

Table 1.1. Risk of infections caused on medical implants in the human body by
Candida species

Device Usage per Risk of Invasive Ref
year infection | Candida species
(%)
Central and 5 million 3-8% C. albicans [77]
peripheral C. glabrata
catheters C. parapsilosis
Dialysis 240,000 1-20% C. albicans [78]
catheters C. parapsilosis
Breast implants 130,000 2-10% C. albicans [79]
C. parapsilosis
Urinary >10 million 10-30% C. albicans [80, 81]
catheters C. glabrata
Cardiac 400,000 1-3% C. albicans [82, 83]
prosthetic C. glabrata
devices C. parapsilosis
Neurosurgical 40,000 6-15% C. albicans [84]
shunts
Dentures >1 million 50-100% C. albicans [85]
C. glabrata
Voice Thousands 5-10% C. albicans [86]
prosthesis C. tropicalis
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1.6 Bacterial-Fungal Interactions in Infections

One of the most widely studied microbial interplays is the bacterial-fungal
interaction[87, 88]. Many complicated infections are an interplay between two pathogens
and often are found in patients with intravenous catheters, cystic fibrosis patients, the
respiratory tract of ventilated patients, and burn wounds[89]. The current antibiotic drugs
often target single species of microbes and harsh multi-microbial targeting drugs often
have complications and side effects making these complicated infections challenging to
treat. Most of these polymicrobial interactions are mediated by mechanisms that also
serve as virulence factors, including quorum sensing, biofilm formation, production of
secondary metabolites, and cellular signal transduction[90-92]. Bacterial-Fungal
interactions are initiated by mutual support of their growth but potentially lead to
suppression of one organism and dominant growth of another, based on the
microenvironment of the host. Several studies have demonstrated that polymicrobial
infections can be more severe and result in considerably higher mortality than infections
with single pathogens[93, 94]. P. aeruginosa produces phenazines/pyocyanin , decanol,
and 3-o0xo-C12-homoserine lactone (30C12HSL), which inhibit C. albicans biofilm
formation and hyphal development. These bacterial analytes induce the formation of
reactive oxygen species (ROS) and increase the virulence of C. albicans by producing the
proteolytic enzyme elastase (LasB)[95, 96]. The strong adherence and synergistic
interaction between different C. albicans with pathogenic bacterial (e.g. Actinomyces spp,
Lactobacillus spp, Staphylococcus spp) promotes stable, mature biofilms and enhanced

colonization at multiple sites in the human body[91, 97, 98].
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1.7 Antimicrobial Resistance

Traditionally the control of microbes has been done with chemical antibiotics,
compounds that target specific essential enzymes; however, over the past fifty years there
has been an exponential increase in resistance of pathogenic bacteria and fungi to known
antibiotic compounds. Antibiotic resistance is a global threat to public health[99, 100].
Continued misuse of antibiotics runs parallel to the swift evolution of multi resistant
microbial pathogens, which has led to an enormous rise of therapy resistant diseases. This
behavior has resulted in the ineffectiveness of conventional therapies. At the
cellular/molecular levels anti-drug resistance is manifested by the emergence of genetic
alterations that either directly interfere with the binding of the drug to its cellular target,
or by inducing gene expression that reduces drug susceptibility[101]. Antibiotic
resistance issue is a serious concern in post-operative patients like implant recipients due
to colonization of resistant pathogenic species at the transplant-tissue interface[102-104].

Inaccurate diagnosis of fungal sepsis in hospitals and intensive care units results
in inappropriate use of broad-spectrum antibacterial drugs in patients with invasive
candidiasis, fungal infections caused by yeasts. Different drugs and methods have been
studied to control and Kill the pathogenic fungi C. albicans and its biofilm. Despite the
clinical and economic relevance of drug resistance in the context of yeast infections, this
subject remains poorly studied, at least in comparison with the similar issue of antibiotic

resistance in bacterial pathogens.
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1.8 Anti-fungal Approaches and Resistance

In comparison to anti-bacterial research antifungal research has made very little
progress. This is somewhat justified by the low occurrence of fungal infections, but
recent increase in fungal infections by both planktonic and biofilm associated fungal
infections has put us in jeopardy. Resistance to currently available fungal drugs and rising
fatalities caused due to the coexisting bacterial and fungal species, aggressive research on
new antifungal agents is becoming a priority[105]. Fungi are eukaryotic, with a closer
evolutionary relationship with human hosts regarding basic cellular and molecular
processes. These similarities lead to slow development/discovery of antifungal drugs,
which complicates the process[106]. Nonetheless, detailed knowledge regarding the
structure, composition and biochemistry of fungal cells has contributed to our
understanding about the mechanism of action of many antifungal agents[107].

The fungal cell wall, which gives the cell a definitive structure and serves as a
sensory interface with the external environment, is composed of chitin, glucans,
mannans, and glycoproteins. The fungal cell wall is essential for adhesion and fungal
pathogenesis and also acts as a protective barrier limiting the access of molecules to the
plasma membrane[108]. The main antifungal drugs target the cell wall, specifically
compounds that inhibit biosynthesis of chitin and -glucan synthesis[109]. Chitin a 3-1-
4-linked N-acetylglucosamine polymer an essential component of fungal cell wall
constitutes to a very small amount (1-2%) in cellular yeast but in considerable quantity in
filamentous fungi (10-20%) and plays a key role in providing rigidity, structural support

and maintains structural integrity of the thin fungal cells.
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C. albicans during colonization or infection must adapt to environmental changes
in the host. The C. albicans cell responds to these environmental challenges by altering
the expression of specific genes, thereby altering specific biochemical synthetic
pathways[110, 111]. These acute/ rapid responses will lead to more permanent alterations
to the genome. Selection of adaptive mutations and the evolution of genetically altered
variants of C. albicans that have adapted to the host's niche initiates conditions that lead
to drug resistance[112-114]. Patients infected with C. albicans are treated with antifungal
drugs, that are either systemic or topical based on their mode of introduction.

Table 1.2. Classification of commonly used antifungal drugs and their mode of
action.

Antifungal Drug Class Drug Mode of action

Fluconazole

Voriconazole
Inhibitor of lanosterol 14a-
Azoles Posaconazole
demethylase
Itraconazole

ketoconazole

Caspofungin

Echinocandins Anidulafungin Inhibitor of 1,3-®-synthase
Micafungin
Amphotericin B o
Polyenes ) Binding to ergosterol
Nystatin

Inhibitor of DNA/RNA/protein

Pyrimidine analogue Flucytosine )
synthesis
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Antifungal drugs are classified into three types (a) Azoles (b) Echinocandins and
(c) Polyenes (table 1.2). Systemic drugs include flucytosine, Imidazoles, Triazoles,
Haloprongin, Tolnaftate are examples of topical drugs. Mechanism of antifungal is
mainly by inhibiting fungal cell wall and membrane biosynthesis and by alteration of
microtubules or by inhibition of nucleic acid synthesis. Systemic antifungals like
amphotericin B are toxic to mammalian cells. Most anti-fungal drugs currently available

target highly divergent processes like Ergosterol genes synthesis pathways.
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Figure 1.4. Targets of commonly used antifungal candidates [115]

Fluconazole is an example of commonly used anti-fungal drug and works by
inhibiting biosynthesis of ergosterol, a key component of the fungal cell membrane. The
drug targets 14a-demethylase encoded by ERG11 and mutation caused in it will result in
amino acid exchanges that reduce affinity of enzyme for the drug[116]. Another

important class of anti-fungal drugs echinocandins target the B-1,3-glucan synthase a key
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component of fungal cell wall biosynthesis and mutations in FKS1 result in reduced drug
binding[117]. In addition to anti-fungal drug used in therapeutic treatment, C. albicans
encounters many innate antimicrobial agents taken up or generated by host. Saliva
secreted in the oral cavity contains antimicrobial peptides including histatin 5 which is
not membrane lytic but acts intracellularly to cause cell death[118]. Extracellular glycol-
domain of the plasma membrane protein Msb2 of C. albicans is released into the
environment which binds to Hst5 and other antimicrobial peptides evading the hosts
antimicrobial response[119]. With increasing resistance in fungi towards the available
antifungal drugs need for newer drugs and alternative methods for fungal infections needs

to be investigated.
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Figure 1.5. Antifungal drug actions and resistance mechanisms in Candida (A)
Action mechanisms of drugs in different parts of the cells. (B) Common resistance
mechanisms developed in C. albicans to antifungal drugs[120].
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Commonly used drugs like caspofungin, micafungin, and anidulafungin of class
Echinocandins act on mechanisms specific to fungal cell wall. Echinocandins target the
protein complex responsible for the synthesis of f-1,3 glucans by blocking the enzyme
glucan synthase[121]. This results in the decrease in the incorporation of glucose
monomers linking B-1,3 and B-1,6 glucans, thereby weakening the cell wall and leading
to fungal cell lysis[106, 122].

1.9 Antimicrobial Surfaces

In general, there are two ways to stop microbes from infecting humans or
deteriorating materials: disinfection and antimicrobial surfaces. Many innovative
technologies have been developed to impart antimicrobial function or activity to
biomedical materials to prevent or treat infection and biofilm development[123], though
most of these technologies are designed for controlling bacterial biofilm formation,
Antimicrobial surfaces may be classified as anti-adhesive or bactericidal depending on
the nature of the antimicrobial activity[124]. According to Munoz-Bonilla and
Fernandez-Garcia (2012) the polymeric materials with antimicrobial activity can be
classified as follows:

i Polymers that exhibit inherent antimicrobial activity

ii. Polymers whose biocidal activity is conferred through chemical surface
modification

iii. Those that incorporate antimicrobial organic compounds with either low or
high molecular weight; and

iv. That involve the addition of active inorganic systems.
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Figure 1.6. Antimicrobial Polymers for Anti-biofilm Medical Devices: State-of-Art
and Perspectives[125]

1.9.1 Antifouling or Anti-Adhesive Surfaces

The first step for any microbial infection in adhesion and there is no possibility of
microbial colonization if adhesion can be prevented. Microbes adhere to surfaces by
physio-chemical surface interactions or species-specific active mechanisms mediated by
adhesins[126, 127]. These can be structurally quite simple coatings, such as hydrogels, or
involve more complex architectures, such as polymer brushes. Several studies have also
investigated the use of such “antifouling” or “anti-adhesive” coatings to prevent
attachment and biofilm formation by fungal organisms. A polymer brush layer formed by
covalently attaching poly(ethylene oxide) polymers to glass surfaces decreased the
growth of C. albicans by 70% compared to uncoated glass surfaces[128]. Acrylic plates
coated with carrageenan and hydrocolloid were challenged with 27 isolates from Candida
spp. and a decrease in adhesion of hydrophobic hyphal Candida spp., without affecting

the adherence of non-hydrophobic Candida sps. cells were observed[129].
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1.9.2 Intrinsically Anti-Microbial Bioactive Materials

Bulk materials that exert an antimicrobial action in the absence of modifications,
such as loading with antibiotic substances or coating with active functional molecules,
can generally be described as intrinsically antimicrobial. Silver has been described as one
of the earliest materials used in surgery for its antimicrobial properties. Numerous
substances are known to possess bactericidal and fungicidal properties, among them
several metals, such as silver[130, 131], zinc[132] and copper, some polymeric materials,
such as chitosan and its potentiated derivatives, and various bioactive glasses. Candida
sps being complex eukaryotes sharing similar cellular ingredients as host, the cytotoxicity
of the materials needs to be highly specific or can potentially affect the host cell/tissue. A
detrimental effect can be determined even when the materials interact with host cells
causing a loss of cell differentiation at the interface with the implant. Chitosan is a
polycationic polymer derived from chitin and has been broadly used as a stable
antimicrobial biomaterial platform with other biocidal organic and inorganic
compounds[133-137].

1.9.3 Drug Releasing Surfaces

Drug-releasing biomaterials enable delivery of drugs that are otherwise inefficient
or even impossible to deliver systemically. Anidulafungin, an approved antifungal drug,
is one of those drugs, but its hydrophobic nature requires intravenous administration. To
address this, surfaces coated with cyclodextrins[138], chlorhexidine and
chloroxylenol[139], chloroxylenol, thymol[140], along with commercial antifungal drugs

have demonstrated a significant lower adhesion or reduced infections by Candida sps.
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Drug release from bulk materials, thin film coatings, hydrogels and grafted polymers is
being widely researched for use mainly as coatings on medical implants[141].

1.9.4 Contact Killing Surfaces

Antimicrobial releasing coatings deplete over a period of time, can produce non-
specific response in the host and sustained low-level tail-release will contribute to the
development of antibiotic-resistance[142]. Contact killing surfaces can solve the problem
for long-term antimicrobial activity[143-146]. The combination of contact killing and
non-adherent properties in surfaces is used to inhibit the deposition of biomolecules like
proteins, serum and other body fluids[147]. Efficacy of contact-killing quaternary
ammonium-coated surfaces has been demonstrated over a time period of several days by
in-vivo experiments[148].

1.9.5 Nanostructured Antimicrobial Surfaces

Nanostructured surfaces occur abundantly in nature, from the superhydrophobic
surfaces of lotus leaf which provide anti-adhesive quality to the various cuticular
structures of different insects with anti-wetting, anti-drag and even optical
properties[149]. These nano-architectures impart multi-functionality, affording a broad
spectrum of favorable properties, often including the ability to self-clean[150], exhibit
super hydrophobicity[151], and possess antibiofouling properties. Common examples of
surfaces that exhibit combinations of these behaviors include: insect wings, such as those
of cicadae[152-155], damselflies[156] and dragonflies[157, 158], shark skin[159-161],

gecko feet[162-164] and plant leaves, most famously the lotus leaf[150, 165]. Naturally
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occurring bactericidal surfaces are useful in providing a starting point in the design of
antimicrobial structures[166].

Research on the impact of surface topography on microbial adhesion has been
conducted since the last three decades but definite evidence on how these topographies
modulate colonization is lacking[167-170]. Since most of these biofilms associated
organisms exist on the micron scale, their attachment behavior on surfaces is also studied
on micro and nanoscale topographies. Though the influence of surface topography and
roughness of bacterial attachment has been recently studied, the interaction of a much
complex fungal system has not been given great deal of attention. The conventional
theories state that smooth surfaces render a repellent environment to the bacteria whereas
rougher surfaces facilitate adhesion by providing more adhesion points[171, 172].
Contradictory to these, cells exhibited greater propensity for adhesion on the nano-
smooth surfaces due to the production of extracellular polymeric substances (EPS)[173].
Periodic nanoscale arrays of high aspect ratio polymer posts have been reported to direct
the attachment behavior of P. aeruginosa, B. subtilis and E. coli cells[174]. Cell adhesion
on superhydrophobic surfaces are studied in an effort to create surfaces to reduce
microbial colonization[175]. The rationale for this is that the air trapped between the
dual-scale surface features present on such surfaces limits the available contact area for
the bacteria[176]. Depressions with diameters of 2.5 pm etched into the surface of optical
fibers tended to prevent bacterial attachment, relative to control optical fiber

surfaces[177].
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Table 1.3. Natural antimicrobial surfaces their nano structured topology and
antimicrobial efficacy

Surface Image Features Wettability Antimicrobial efficacy

Nanoneedles, height 200 nm, Hydrophobic, water

Cicada wing diameter 60 nm contact angle Lethal to P. aeruginosa,
(CA)=159
Hair (spinules) like curvature Hydrophobic, Lethal to Porphyromonas
Gecko skin <20nm CA=151°-155° gingivalis (g — ve)
Hydrophobic, Lethal to P. aeruginosa (—ve),
Dragon fly wing Nanograss CA=153° S. aureus(+ve) and
B. subtilis (+ve)
Hydrophobic, Caused cell wall rupturing of
Sand dragon . n CA=119° S. cerevisiae
spherical capped nanocylinders
dragonfly
Hydrophobic, Caused cell wall rupturing of
Annual DD cicada CA=132° S. cerevisiae

Spherical nano cones

Preliminary research on C. albicans response to rough surfaces showed that the
pathogenic yeast attached to scratch marks and pits were created by scratching with
emery paper[178]. But C. albicans did not show any significant change in adhesion on
surface pits in the size range 0.2-2 um[179]. Recent research on Candida adhesion on
patterned 120nm diameter pits showed decrease in adhesion compared to flat solid[180].
Adhesion of cellular C. albicans was demonstrated to be significantly higher on
TiO, coatings when compared to TiO2 nanoparticles[181, 182]. Understanding the
mechanism and parameters for these antimicrobial surfaces will allow manufacturers to

tailor-make antimicrobial surfaces that can minimize or prevent the formation of
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biofilms, or even allow the synthesis of a surface that has the capacity to kill any

microbes that come into direct contact.

1.10 Antimicrobial Efficacy and Nanostructured Topography of Cicada Wing
Natural superhydrophobic surfaces are often thought to have antibiofouling
potential due to their self-cleaning properties, but the wings of Cicadas ruptured the
Pseudomonas aeruginosa and have demonstrated to have anti-microbial properties as
opposed to antibiofouling nature. Extensive research in electron microscopy techniques
helped us analyze the structural topology of the natural available surfaces with innate
anti-microbial super hydrophobic properties to create structured surfaces with similar
properties by reverse engineering. Researchers have identified nano cone structures on
the dorsal and ventral wing membrane sections of the Cicada wing and later confirmed
their anti-bacterial efficacy[149, 151, 152]. Detailed AFM and SEM studies on the wings
of Cicada sps (Tibicen tibicen) confirmed the presence of arrays consisting of
hexagonally-packed spherically-capped conical protuberances with a spacing and height
of 200 nm and radius of curvature of 35-55 nm at the apex. The nano structuring of
surfaces with an ordered array of features increases the hydrophobicity as described by
the Cassie and Wenzel models[175]. Sun et al., have systematically investigated both the
wetting and optical properties of different cicada species as a function of their structure;
also, the height, diameter and spacing of the nanopillars varies between cicada
species[183, 184]. The natural surfaces of insect wings have been studied to exhibit
complex chemical compositions of chitin, proteins, polyphenols and wax[185, 186]. The
superhydrophobic nature of the Cicada wing is attributed to the sophisticated nano
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structured topography and also the presence of wax yielding to a decreased
wettability[187].

The first study on mechanical inhibition of bacteria by native nanostructure of
cicada wing demonstrated a reduced cell numbers in a suspension of Pseudomonas
aeruginosa by almost half within one hour, with a single cell being able to be ruptured in
approximately 4 minutes. Cicada wings exhibited general bactericidal activity against
Gram- negative cells, regardless of their morphology, while Gram-positive cells were
found to be resistant to the antibacterial nature of the wing[152]. Mathematical models of
bacterial interaction with cicada wings demonstrated the rupture of bacterial cells is due
to the stretching of cell membranes suspended between the nano cones[188]. Gram-
positive cells have a greater natural resistance to this effect than do Gram-negative cells,
due to their greater rigidity. Nowlin et al experimentally demonstrates that there is a
relationship between cell rupture/death of Saccharomyces cerevisiae and the

nanostructure geometry of NSS[189].

Figure 1.7. Scanning Electron Microscope image of Nanostructured surface
of the Cicada wing (a)Cicada bug Tibicen tibicen (b)Scanning electron microscope
image of Nanostructured surface of the Cicada win



CHAPTER II

SYSTEMATIC STUDY OF MECHANISM OF CANDIDA ALBICANS RUPTURE
ON NANO STRUCTURED SURFACE OF CICADA WING

2.1 Introduction

Candida albicans is a unicellular, diploid fungi that is a common member of the
human commensal microbiome of the gut, skin and mucosal membranes[190]. While C.
albicans is found in all healthy humans, in certain circumstances this microbe is
responsible for a variety of diseases from the common oral thrush to life threatening
systemic infections[191]. C. albicans, unlike a few other Candida species, lack the
ability to proliferate outside the human body and therefore pose a unique threat and
problem to human health[192]. C. albicans infection is a serious problem mainly in
immunodeficient patients particularly implant recipients, patients suffering from HIV
where it causes conditions like Candidiasis and invasive Candidiasis which might lead to
fungal sepsis[6]. Candida related medical issues are mainly because of its ability to form
biofilms. Mature Candida biofilms host a mixture of morphological forms of the C.
albicans including cellular, hyphal, and pseudo hyphal forms that are embedded in a
complex polysaccharide matrix that attracts a community of pathogenic and non-
pathogenic bacteria and other fungi[193]. The structure and composition of the Candida
biofilm depends on the nature of contact surface, environmental factors, morphogenesis

and the species involved[61]. C. albicans cells within the biofilm exhibit phenotypic
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resistance to antimicrobials and host defense which might lead to reinfection[194].
Candida biofilms also host pathogenic microorganisms like Methicillin-resistant
Staphylococcus aureus, which cause infection on indwelling medical devices like
catheters, ocular lenses, cardiac valves and shunts[55, 195, 196]. The need for novel
approaches for antifungal treatment and therapies is dire. Although antifungal drugs such
as azoles (i.e. fluconazole and voriconazole), echinocandins (i.e. caspofungin and
anidulafungin), and others (i.e. flucytosine and amphotericin B) have been critical for
combating fungal infection, the prevention of these Candida infections is becoming
problematic with the increase in antifungal drug resistance and the emergence of
“superbugs” [197]. The increased misuse of antibiotics, pesticides and continued
evolution of multi-drug resistant microbial pathogens cumulatively add to the growing
resistance in microbes and the failure of existing antibiotics[198].

Candida associated biofilm infections have been reported to affect around 10% of
the medical implant recipients in the US alone and lead to nearly 100,000 deaths per
year[4]. Implant associated C. albicans infections after breast augmentation ranged from
1.1% to 2.5%[199] and C. albicans infections associated with breast reconstruction after
mastectomy ranged from 1%-35%[200]. Unlike a few other Candida sps C. albicans lack
the ability to proliferate outside the human body[192]. C. albicans and related yeast
species are pathogenic mainly by their ability to exist in different morphological forms
like the cellular yeast and tubular hyphal states. In particular, hyphal fungal cells have a
special ability to produce proteins that protects and mask them from host immune

oxidative stress responses and enable the fungus to evade phagocytosis, escape the
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bloodstream and colonize on the organs/implants form biofilms and lead to failure[201].
Antimicrobial surfaces are a relatively new class of antimicrobial approaches
which involve the application of inherently antimicrobial materials and surface coatings.
Nanostructured antimicrobial surfaces have been proposed as a stand-alone treatment or
as a potential addictive treatment with existing antimicrobial agents[202]. One strategy
for the application of antimicrobial surfaces involves impregnating materials with soluble
biocides that are released on contact there by rupturing and killing a biofilm forming
microbe[203]. Another strategy involves the application of antimicrobial nanoscale
surface morphologies. While nanomaterials derived from metal nanoparticles have been
used extensively as coatings on medical devices, sanitation, wound dressings and also in
food storage[204-207], antimicrobial nanostructured surfaces (NSS) are surfaces that
inhibit microbial growth and viability using structural or mechanical cues. NSS were
originally identified on the wings of certain insects such as cicadas, but more recently
these have been fabricated using techniques from the semiconductor industry and
materials like polymers or metal oxides[208-210]. Recent work has demonstrated that the
nanoscale architecture on the cicadas not only inhibits biofilm formation but also controls
microbial development[211]. Research has demonstrated that surfaces with a high aspect
ratio nanoscale architecture are lethal to many gram-negative bacteria like Pseudomonas
aeruginosa, Escherichia coli, Pseudomonas fluorescens, and Branhamella
catarrhalis[157, 212] as well as certain cellular yeasts such as Saccharomyces
cerevisiae[213]. Cell physiology parameters like adhesion and cell wall rigidity play a

role in cell-rupture, but there is a definite need to study underlying mechanisms involving
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NSS-induced microbial rupture[214]. Biophysical models of bacterial cell interactions
with nanopatterned cicada wing surfaces suggests that the bactericidal mechanism is
biophysical and results due to a physical incompatibility between the cell and the surface
without any specific biological interaction[153].

In this paper we determine and define the conditions and interactions of the fungi
C. albicans with the nanostructured surfaces found on the wings of the dog day cicada,
Tibicen tibicen. In our studies we identify critical timing events associated with specific
physiological and morphological features of the C albicans cell. In our studies we
demonstrate that the timing of C. albicans cell rupture depends on the timing of cell
adhesion to the NSS and requires a cellular morphology rather than a hyphal form. We
also demonstrate for the first time that fungal cell differentiation is controlled by physical
signals from the NSS and may provide a novel means of controlling C. albicans
virulence and pathogenicity at the interface between inorganic surfaces and human tissue,
as in implants and other devices.
2.2 Materials and Methods

2.2.1 Yeast Strains and Cultures

A wild type strain of Candida albicans (ATCC 90028) was grown in Sabouraud
dextrose broth (SDB) at 25°C in 50 ml conical flasks[215]. Depending on the
experimental needs, cultures were grown to either mid-log phase at O.D~0.6 or to
stationary phase at O.D.~2.0. ODgoo measurements were made using a Thermo Scientific
Nanodrop 2000C spectrophotometer[216]. To induce hyphal growth, C. albicans hyphal

forms are grown in a modified SDB media containing 10% bovine serum albumin (Sigma
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F-3018) in 50ml conical flasks incubated overnight in a shaking incubator at 37°C and
200 rpm[217]. Hyphal growth can be identified by the formation of granular sediments in
the growth media.

2.2.2 Surface Preparation and Characterization

We investigated the interaction of C. albicans cells with three different surface
types: flat surfaces, a nano structured surface (i.e. a natural Cicada wing) and etched
cicada wings which had submicron depressions. We examined the interactions of the
fungal cells on both native (i.e. uncoated surfaces) and Au-coated surfaces to control for
differences in surface composition. In the process, each of the type of surfaces (e.g. flat,
nanostructured wings and etched wings), were coated with a 7nm layer gold using a
Leica EM ACE200 and monitored in real time with a quartz crystal microbalance
(QCM). For the experiments we used a flat glass coverslip as control. The cicada (Tibicen
tibicen) wings used in the experiments were purchased from BioQuip Products, Inc.,
California. Wings from whole cicadas were carefully dissected from the organism so as
to not damage their surfaces. Isolated wings were sonicated in 70% ethanol for 10
minutes to remove any contaminants. Glass coverslips were cleaned using 70% ethanol
and cleaned wings were then mounted on them using silicone glue (Silicone VC6-1/2). 1
used flat glass coverslip as a control. As an additional control we used an etched modified
cicada wing that we processed using a PE-100-RIE Plasma Etch System etching the
surfaces at 300FW power for 300 seconds. The plasma etched wing retained the general
composition of the wing while removing all the nanocone architecture from the surface,

revealing a surface dominated by submicron scale depressions. These etched wings serve
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as negative control for all the experiments. The surface energy was measured via contact
angle goniometry using a rame -hart 260-F4 contact angle goniometer and DROPIMAGE
advanced software. A 3ul drop of deionized water was dropped on all the 3 different
native and Au-coated surfaces and averages of 4 different repetitions on similar surfaces
were calculated.

2.2.3 Fluorescent Labelling and Exposure of Candida albicans Cells to

Nanostructured Surfaces

Inoculate a colony of C.albicansin N
SDB broth

Adhesion and rupture . < |
study on confocal . s
.\

Incubate at 25°C
for0,2,4,8,12,24
hrs

7

"~ PEGa Sterile plate

"~ Transfer mounted wing

Add 300yl of Labelled
culture

Figure 2.1. Schematic representation of experimental methodology of C.
albicans interaction with Cicada wing

C. albicans cells were grown to desired O.D. and were labelled with calcofluor
white (CFW) (Sigma-Aldrich, 18909) at 1:1000 concentration and Fun-1 cell stain

obtained from (Molecular Probes F-7030) at 1:2000 concentration. The surfaces mounted
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on the cover slip were placed in a PEGylated (Polyethylene glycol 8000) well of a 24
well plate. A PEG treatment was used to inhibit the non-specific interactions of yeast
cells with the walls of the 24well plate. The fluorescent labelled C. albicans cells were
diluted with fresh SDB media at 1:3 ratio and 300pl of the diluted yeast culture is
pipetted into each well. The viability as per FUN1 labeling and the chitin composition of
the cell wall of cellular and hyphal yeast formed were monitored on the surfaces at these
time points O hrs (To), 2hrs (T2), 4 hrs (T4), 8hrs (Ts) 16hrs (T1s), and 24hrs (T24) (Figure
2.1).

2.2.4 Quantifying the Densitometric Change from CLSM Data

We monitored chitin levels in the C. albicans cell wall using the fluorescent dye
Calcofluor white (CFW) and calculating the changes in its intensity in the confocal
microscopy images using densitometry. | performed a densitometric analysis using Zen
Blue software on the fluorescent microscopy images captured by measuring the grey
values of the intensity of the fluorescent dye detected. Densitometry values were
collected from 100 cells images collected over ten different experiments for each surface
and at each time point.

2.2.5 Cell Viability

To measure cell viability of C. albicans cells on the different surfaces, we used an
MTT assay (Molecular probes VV13154) and followed the protocol as described by the
manufacturer. For these experiments, we grew C. albicans yeast cultures to an ODeoo of
0.6 which have approximately 1x108 cells/ml and used 300ul of these cells that were

cultured on the different surfaces for the MTT assay. Negative controls for these
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experiments were replicates of C. albicans grown parallelly and treated with an
antifungal drug (7 pg/ml) Voriconazole.

2.2.6 Biofilm Quantification

Biofilm formed on different nanostructured surfaces was quantified by a Crystal
Violet 4Microtiter Dish Biofilm Formation Assay previously described[218]. The
absorbance intensity of the crystal violet dye is measured using a BioTek Synergy Mx
plate reader at 550 nm.

2.2.7 Scanning Electron Microscopy (SEM)

Candida albicans cells sampled were prepared on both the flat surfaces and the
nanostructured cicada wings; cells were fixed overnight with 2.5% glutaraldehyde/2%
formaldehyde solution in 0.1 M cacodylate buffer. The samples were them dehydration
by an ethanol dehydration series of 30%, 50%, 70%, 95% and 100% for 10 min at each
concentration. The samples are then dried and mounted on to aluminum SEM stubs and
coated with a 5nm gold layer using Leica EM ACE200 equipped with real-time thickness
monitoring using a QCM. The samples were then observed using a Zeiss Auriga scanning
electron microscope.

2.2.8 Microcolony Assay

A microcolony assay was performed to test the effect of nanostructured surfaces
on the morphogenesis of yeast to hyphae. A small volume 100ul of C. albicans yeast in a
modified SBD media with the addition of 10% bovine serum albumin (Sigma F-3018)
was inoculated on the various experimental and control surfaces and incubated at 37°C

overnight. C. albicans cellular forms that had been cultured in SBD media and C.
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albicans hyphal forms that had been induced on glass coverslips served as negative and
positive controls. To evaluate the microcolony assay, microcolony cultures on each
surface were washed with PBS twice, labeled with CFW, and imaged using a confocal
microscope as described. The results were confirmed using SEM imaging as described
above.
2.3 Results

2.3.1 Surface Characterization

We examined the interactions of the yeast, C. albicans with three different surface
nanoscale topologies: a flat topology (i.e. a 12mm round cover slip)(Fisherbrand 22-
293232) a nanostructured topology that contained a ordered array of nanoscale cones that
were 200nm tall, 200 nm wide with 30nm tips and spaced 200nm apart, (i.e. the wings
from dog day cicada, (Tibicen ssp. [219].), and a nanoscale topology that consisted of an
irregular arrangement of submicron depressions, (i.e. a cicada wing that had been plasma
etched) (Figure 2.2). In addition to the ‘native’ uncoated surfaces we also examined
surfaces that had been coated with a nanoscale layer of gold. Gold known for its
biocompatible nature served as a control to maintain uniform surface chemistry in all of
the test surfaces. Careful electron microscopy observations showed that gold nanoparticle
coating on the cone surfaces retained the nanosurfaces aspect ratio coating the structures
uniformly. As part of our characterization, we examined the surface energy of these
materials using contact angle goniometry. We observed an increase in hydrophobicity

with the deposition of 7nm gold later to the flat glass and the etched cicada wing, but a
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decrease in the contact angle, which signifies a reduced surface hydrophobicity on the

Au-coated Cicada wing when compared to the native wing (table 2.1).

Table 2.1. Contact angle of native and gold coated surfaces of different

topologies
Surface Contact angle
Control-Glass cover slip 79.79%+ 0.09°
Au coated Glass 93.075% 0.04°
Cicada 114.6%+ 0.07°
Au coated Cicada 87.025% 0.13°
Etched Cicada 68.96%+ 0.06°
Au coated Etched Cicada 103.22%+ 0.04°

Figure 2.2. SEM images of experimental surfaces and visual representation of the
topology of (1-A)(1-B) Flat surface, (2-A)(2-B)Nano-cone architecture on Cicada
wing and (3-A)(3-B)Sub micron scale depressions on the Plasma Etched Cicada
wing caused by the removal of nano-cones using Plasma etch process (4) Contact

angles of native and 7nm gold coated substrates
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2.3.2 Adhesion of C. albicans on Different Nanostructured Surfaces

Adhesion of microorganisms to substrates is the first step of pathogenesis.
Microbial adhesion to inorganic materials depends on factors like surface roughness,
hydrophilic/hydrophobicity of a surface, mechanical properties of the surface and
microbes innate sensory mechanisms that control cell-surface interactions[220]. To
examine C. albicans adhesion with different surfaces we cultured both cellular and
hyphal forms of C. albicans with the six different surfaces and examined the number of

cells bound to the surface using confocal microscopy (Figure 2.3).
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Figure 2.3. Adhesion of Candida albicans to different surfaces is observed to have
increased with increase in incubation time (A) Flat glass surface (B) Nanostructured
cicada wing and (C)Etched cicada wing at different time points (D) Summary of
quantification of average number of cells per unit field of view with time. Each bar
represents an average of cells per 10 fields of views done in five replicates.
*denotes a P < 0.05 and ** denotes a P < 0.001
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C. albicans polymorphs grown on different nanoscale topographies showed
varying degrees of adhesion based on the age of the cells and time of incubation on the
surface. On flat surfaces coated with 7nm gold we observed a gradual increase in the
number of C. albicans cells/FOV as a function of the time of incubation. When compared
among all the surfaces the number of cells/FOV were similar for the first eight hours,
including the NSS surfaces of the cicada wing, plasma etched surfaces, surfaces coated
with Au and native. However, at 16 hrs, we observed significantly fewer cells on the
nanostructured cicada wing surfaces when compared to the others. However, at 24hrs
growth where most cells reach a stationary phase a decreased adhesion was identified on
the Cicada wing and the etched Cicada wing when compared to the flat glass surface.
This trend of reduced binding was supported by the results of the MTT assay which
demonstrated a reduction of total cell metabolic activity from the yeast cells on the
nanostructured cicada wing surfaces when compares to the control surfaces.

2.3.3 Change in the Cell Wall Composition of C. albicans on Different NSS

Chitin is a major component of the yeast cell wall and is critical for the
mechanical stability of the yeast cell[221]; mechanical challenges to a yeast cell wall has
been shown to alter the cell wall chitin biosynthesis[222]. To determine whether contact
with a nanostructured surface alters the chitin content of the C. albicans cell, we
quantified cell wall chitin by labeling chitin using the fluorescent dye CFW and
monitoring the change in its intensity using live-cell confocal microscopy. We observed
an increase in CFW fluorescence in cells that were in contact with the nanostructured

cicada wing when compared to the glass and etched wing surfaces (Fig 2.4). The intensity
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of CFW increased with the time of exposure to the nanostructured cicada wing
suggesting that the C. albicans cells in contact with the wing were responding to a
mechanical stress caused by nano-cone arrays. In contrast, from (figure 2.4.) we
observed a reduction in CFW fluorescence from C. albicans cells cultured on the Au-
coated etched wing surfaces when compared to the Au-coated flat glass surface). The
Chitin level in the cell wall of C. albicans on initial contact were significantly higher and

were later reduced with acclimatization to surface.
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Figure 2.4. Changes in cell wall composition represented by change in chitin in cell
wall labelled by CFW fluorescent dye. (a)Native Cicada wing (b)Au-coated Cicada
wing. The chitin levels in the C. albicans yeast on all the surface decrease with
increase in incubation time.

*denotes a P < 0.05

2.3.4 C. albicans Viability and Rupture of Nanostructured Surfaces

To correlate yeast cell adhesion with the viability of the C. albicans cells on our

surfaces, we labeled log phase (O.D.~0.6) yeast cells using the vital dye FUN1 and
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observed these cells using confocal laser microscopy. FUNL is a ratio metric cell-
permanent vital dye that is processed by living, metabolically active fungal cells; the dye
upon cellular uptake fluoresces red upon excitation with a blue light, however, in
metabolically active cells the dye is enzymatically processed to a product with green
fluorescence[223]. We observed a time-dependent reduction in viability in C. albicans
cells that have been in contact with the nanostructured cicada wing surfaces both native
and Au-coated (Fig 2.5) as indicated by the reduction and/or loss of the red FUN1
fluorescence in these cells. We did not observe significant loss of the green FUN1
fluorescence in cells incubated on flat or etched surfaces (Fig 2.5). The maximal amount
of timing of the loss of green FUNL1 fluorescence coincided with the reduced adhesion of
C. albicans cells to the nanostructured wing surfaces, i.e. at 8 hrs. I observed loss of
viability of C. albicans cells on the etched wings, but it was not consistent and significant
at all the incubation time points (Figure 2.5). To confirm that the loss of metabolic
activity as determined by FUN1 staining was in fact due to loss of viability we examined
the state of the cells on all surfaces using SEM. Previous work demonstrated that the
nanostructured surfaces of the dog day cicada rupture yeast cells from a different

species[224].
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Figure 2.5. Cell viability of W.T. Candida albicans stained with fluorescent dye
FUN-1. the green cells indicate the live cells and the red cells represent the
dead/ruptured cells on different surfaces (A) Flat glass surface (B) Nanostructured
cicada wing and (C)Etched cicada wing at different time points (D) Quantification
of percentage of cell rupture on different Nano topological surfaces. Each bar
represents the average percentage of cell ruptured per 10 fields of views done in five
replicates.

*denotes a P <0.05 and ** denotes a P < 0.001
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Figure 2.6. LDH and MTT cell toxicity and cell metabolic activity assay on C.
albicans on NSS: LDH cytotoxicity assay showing increase in rupture of C. albicans
up to 16 hours of incubation on nanostructured Cicada wing normalized by Control
glass and positive control C. albicans treated with antifungal drug. (1-B) MTT assay

representing a higher cell metabolic activity of C. albicans on control glass surface
when compare to nanostructured surfaces indicating these NSS decrease adhesion
and cell proliferation
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C. albicans cells on the nanostructured surfaces found on the dog day cicada wing
also rupture, thus demonstrating that the loss of metabolic activity observed by FUN1
was due at least in part to disruption of cell integrity. Rupture of C. albicans cells on the
nanostructured surfaces of the cicada wing was further supported by an LDH cell toxicity
assay, which measures the results of an intracellular enzyme upon the compromise of
cellular integrity[225]. The results from LDH assay have a similar trend with the FUN1
results and show an increased release of LDH from C. albicans cells with an increase in
incubation time on the nano-structured cicada wing surfaces up to 16 hours. However,
from figure (2.6) we observe a decrease in LDH release from C. albicans cells at 24-hour
incubation which correlate with enhanced biofilm production at this time.

2.3.5 Surface Structure and Biofilm Formation

Many microbes including cellular yeast respond to contact with different
materials by altering their formation of a mature biofilm[60]. To determine whether C.
albicans produces different production using a Crystal violet assay[226]. From figure
(2.7) 1 observed, crystal violet intensity which is a measure of biofilm formed to be

significantly less on the Cicada wing when compared to the control glass surface.
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2.3.6 Interactions of Hyphal C. albicans with Nanostructured Surfaces

C. albicans is a polymorphic fungus that exists in several distinct morphological
forms including a hyphal form that is associated with virulence[227]. To determine
whether the hyphal form of C. albicans behaved differently on the nanostructured
surfaces, we differentiated C. albicans cells to form hyphae, incubated on our
experimental surfaces and observed their behavior. From the scanning electron
microscopy images in figure (2.8), | observed no differences in adhesion, viability or cell

integrity of hyphal C. albicans on any surface suggesting that this morphological forms

of C. albicans responds differently to nanoscale cues.
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Figure 2.8. Scanning electron micrographs of interaction of Candida albicans
WT on (A-C) control flat glass surface where the cell structure remained intact even
at longer interaction times and increase in colonization of yeast is observed with
increase in incubation time (D) Healthy C. albicans yeast on Nanostructured Cicada
wing at 0-hour incubation (E) ruptured C. albicans yeast cell on the cicada wing
after 8-hour incubation (f) areas with the remnants of cells and cell debris of
ruptured/dead C. albicans yeast on Nanostructured Cicada wing after 24-hour
incubation (G-I) represents the C. albicans yeast on plasma Etched Cicada wing
where cells show no damage and also an increased adhesion and colonization with
increase in incubation time.

Table 2.2. Effect of surface topography on the morphogenesis of Candida albicans on
different surfaces.

Control Glass Cicada wing Etched Cicada

Morph is of
c aiomewr |V v
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Figure 2.9. Micro colony assay demonstrating the effect of NSS on the
Morphogenesis of C. albicans from Yeast to Hyphae. From (A) glass surface and (B)
etched Cicada surface showed no effect on morphogenesis of C. albicans. (C) Cicada

wing surface inhibits the differentiation of yeast to hyphae.

Although no changes to viability or adhesion of the hyphal forms of C. albicans
were observed, | did observe an alteration in the ability of C. albicans to change its

morphology when in contact with the nanostructured surface of the dog day cicada (Table

2.2, Fig 2.9). The morphogenesis of cellular form to the hyphal form is an important
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event of pathogenesis in the life cycle of C. albicans[228]. Many different
environmental conditions result in the switch from a cellular of C. albicans to a hyphal
morphology including nutrient levels, temperature, and cell numbers[229].
Experimentally the addition of serum to the culture medium results in a switch to a
hyphal form[27]. C. albicans microcolonies cultured on flat glass substrates in a
modified SDB medium that contained 10% bovine albumin serum exhibited tubular
hyphal morphology as demonstrated by confocal laser and SEM micrographs (Fig 2.9
A). Etched wing surfaces with C. albicans microcolonies cultured under similar growth
conditions also exhibited a similar transformation from yeast to hyphae although not
nearly as pronounced as those on flat substrate and primarily presented as pseudo hyphal
formation (Fig 2.9 B) . However, the microcolonies of C. albicans cultured on the
nanostructured arrays found on the wings of the dog day cicada had no hyphal formation
(Fig 2.9 C).
2.4 Discussion

The range of microbial cells that rupture on these surfaces supports this
conjecture. However, there are two caveats to this model. First, different microbes engage
surfaces differently and a purely biophysical model for rupture demands the identification
of a common mode of surface engagement by all microbes. Second, if NSS interactions
are mechanical then a pure physically incompatible model would need to account for the
differences in the mechanical and/or morphological properties of microbes. These two
caveats suggest that the mechanism for microbial cell rupture by NSS may be more

complex. The mechanism of rupture of pathogenic fungal cells is crucial when designing
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antifungal surfaces[230, 231]. The need for novel biocompatible antimicrobial surfaces is
gaining importance especially with increasing infections of multidrug resistant strains
and failure in indwelling medical devices[232, 233]. While antimicrobial surfaces are not
new, rupture inducing NSS operates in a manner that is contrary to the strategies of
previously conceived anti-microbial surfaces; that is, NSS promote and require stable
cell/substrate adhesion rather than inhibit it[234]. Research on interactions of anti-
microbial nanostructured surfaces and bacteria is being widely studied but the interaction
of much important pathogenic fungi on the nanostructured surfaces needs to be
explored[235, 236]. Although there is a great potential for NSS application, there are no
clearly defined limitations of NSS as a mechanical control of fungal growth, or how a cell
may develop resistance; by studying the mechanism of NSS rupture, this study will also
be the first to study this aspect of NSS in any system.

With an increasing number of drug resistant strains of microbes and
emerging superbugs the need for alternate techniques to tackle these deadly microbes is
becoming eminent. Fungal super bugs like Candida auris of the same family as Candida
albicans are resistant to most available fungal drugs available in the market either
directly or also in combinations[237]. Unlike its other family species C. auris has the
ability to proliferate outside the host body and proliferates rapidly in the environment
specially on Hospital beds/apparel, heart rate monitors, I-V piping, and sanitation areas,
increasing the chances of reinfections[238]. Though spraying antifungal agents and use of
harsh chemicals temporarily solves this problem but in a longer time frame in turn leads

to the evolution of antifungal species of microbes and other superbugs[52].
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Anti-microbial coating on surfaces is an ideal addition to existing anti-microbial
techniques as they can be used as coatings on all the surface prone to multi-species
microbial fouling and also on indwelling medical devices which significantly raise the
lifespan of these implants. Though anti-microbial efficiency of naturally evolved
nanostructured anti-microbial surfaces were previously studied on both gram positive and
gram-negative bacteria their interaction with a much complex fungal system was only
briefly studied. In this study we demonstrate the antimicrobial efficacy of nanostructured
surfaces against a harmful pathogenic fungus Candida albicans. The adhesion and
biofilm formation of Candida albicans yeast varied significantly when interacted with
different nanostructured surfaces. The inhibition of microbial adhesion displayed by the
Cicada wing compared to the control glass surface or etched cicada wing confirmed the
role of nano-cones on the surface interaction with microbes. Biofilm formation which is
responsible for failure of many indwelling medical devices and a root cause for most
Candida related infections was also significantly reduced when incubated on the NSS
than flat surfaces. This demonstrates the role and need to integrate these NSS as surface
coatings on various medical devices and catheters to enhance their life span and reduce
further secondary infections. The rupture/death of various bacteria and S. cerevisiae on
native NSS were previously demonstrated but the in-depth interaction with pathogenic
fungi or timing of rupture by these NSS was ignored. The NSS exhibited contact killing
abilities by rupturing C. albicans yeast on prolonged interaction with the NSS. The
interaction time required to rupture the pathogenic yeast was a lot higher than bacterial

cells which is attributed to the higher complexity of the fungal cell wall when compared
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to bacteria. NSS-C. albicans interactions exhibited a change in chitin concentration in the
fungal cell wall which is predicted to be a mechanical stress response of the yeast due to
the NSS assault.

We observed the role played by the formation of biofilm in the inhibition of
rupture and increased adhesion on the substrates. From the (fig 2.6) LDH cell assay
performed on the control and the Cicada wing showed an increase in cytotoxicity till 16
hours incubation in the nutrient rich conditions, a sudden decrease in cytotoxicity at 24
hours was observed which is attributed to the excess biofilm formation which block the
fungicidal interactions between the cones and C. albicans. Though the hyphal structures
of C. albicans did not exhibit any morphological damage on interaction with the nano
structured surfaces we observed an effect on the morphogenesis from yeast to hyphae on
these surfaces. The hyphal transformation inhibition on the Cicada wing was observed on
both control glass and etched cicada surface confirming that the nano cones have a
definite effect on the morphogenesis cycle. We predict the mechanical stress induced by
the nano cones on the yeast might impact the cell wall biosynthesis pathways which are
essential for the morphogenesis and a detailed genomic analysis is required to confirm it.
The nano structured cicada wing exhibited excellent antimicrobial characteristics like
inhibiting the adhesion of C. albicans, rupturing the cellular yeast on prolonged contact
and also controlling the pathogenicity by inhibiting the morphogenesis pathway proving

that these nanostructured surfaces if mimicked can be ideal anti-fungal surface.
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CHAPTER 11
INTERACTION OF DRUG RESISTANCE STRAINS OF CANDIDA ALBICANS

WITH NANOSTRUCTURED SURFACES

3.1 Introduction

The past decade has witnessed a significant increase in the development of
resistance to antibacterial and antifungal agents primarily due to the misuse of antibiotics
and evolutionary changes in microbes[239]. Globally, deaths attributed to antibiotic
resistance in bacterial infections is more than 700,000 every year and is expected to reach
10 million by 2050[240]. Failure to eradicate a fungal infection from a patient by the use
of an antifungal drug which was previously used or demonstrated proven antimicrobial
efficacy is called Clinical resistance. Mycological resistance is the in-vitro resistance
developed by fungi to the agents which were previously susceptible. Antifungal
resistance is a growing concern in the field of medical mycology, predominantly in
human commensals like Candida albicans which turn pathogenic during sickness or in
immune deprived patients like patients suffering from HIV. This is a leading cause of
health care associated infections[241]. 7-15% of all Candida bloodstream isolates tested
were resistant to fluconazole and the drug resistance is higher in other Candida species
like C. glabrata and C. parapsilosis. 20-30% of candidemia cases involve species with
intrinsic resistance to either fluconazole or echinocandins[242]. In the past few years,
significant attention is given to understand the mechanisms of antimicrobial resistance, to
improve detection and find alternative methods to tackle antimicrobial resistance[243].
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Most of the antimicrobial research is focused on bacterial resistance primarily as they
account to a large fraction of human infections. Until recently, fungal species are not
identified as serious pathogens but their ability to turn pathogenic causing infections on
indwelling medical implants and co-existing with other deadly bacterial species, made the
study of molecular mechanisms of resistance and innovation of alternate antifungal
techniques against resistant species necessary[244]. Interactions between sterols and
phospholipids in the plasma membrane of yeast affect the membrane fluidity and
asymmetry and consequently influence the transport of materials across the
membranes[243]. A decrease in the amount of drug taken up by the fungal cell may result
from changes in the sterol and/or the phospholipid composition of the fungal cell
membrane.
Mechanisms by which fungal cells may develop resistance[245]
1) The target enzyme is overproduced, so the drug becomes inefficient to inhibit
the biochemical reactions
2) The target drug is altered so the drug cannot bind to the target
3) The drug administered is pumped out by an efflux pump.
4) Fungi develop mechanisms to inhibit the entry of drug at the cell
membrane/cell wall
5) Cell develops mechanisms to compensate the loss of function caused by the
drug
6) Nonessential enzymes targeted by the fungal drugs are inhibited

7) Fungi can produce enzymes which degrade the drugs before entering the cell.
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Figure 3.1. Mechanisms by which Candida albicans may develop drug
resistance[243]

Therapy for Candida infections has been difficult because of the limited number
of available antifungal agents. Though Amphotericin B is administered against many
infections caused by different Candida sps., it is associated with many nonspecific
toxicities and requires intravenous administration[246]. Until recently, Azole drugs were
the first choice as they are bioavailable after oral administration but the increase in MIC
rates due to developing resistance made it impossible[247, 248]. Azoles treat fungal
infections by interfering with the enzyme lanosterol 14-a-sterol demethylase involved in
ergosterol biosynthesis, a prominent component of the fungal cell wall, and is a
promising antifungal target. This interference causes inhibition of fungal growth by
altering the structure and function of the cell membrane[249]. Azole selectively targets
fungal cells as their major target components chitin, glucan and mannose are all absent in
human cells and the fungal cells also exhibit differently structured ergosterol and
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cholesterol compared to the host[250]. Commonly used azole derivatives such as
fluconazole, itraconazole, and voriconazole partly target the inhibition of cytochrome P-
450-dependent 14a-sterol demethylase[245]. There are no evidences demonstrating
modification of azole antimicrobials as a mechanism of resistance. Resistant strains
exhibit a modification in the quality or quantity of target enzyme, reduced access to the
target, or some combination of these mechanisms. Overexpression of 14a-demethylase
which results in the increase in ergosterol synthesis has been implicated as a mechanism
of resistance to azole antifungals. Candida albicans can become resistant to azoles by
increasing the number of efflux pumps in the cell which are simple membrane associated

transporters and prevent intracellular accumulation of the drug[107, 251, 252]. Table 3.1.

summarizes the biochemical mechanisms of azole resistance in C. albicans.

Table 3.1. Biochemical basis of azole resistance[243]

Mechanism Caused by: Result

Target is active (i.e.,

Alteration in drug target | Mutations which alter drug can catalyze
(14a-demethylase) binding but not binding of the demethylation) but has
endogenous substrate a reduced affinity

towards azoles

Results in
Alteration in sterol Lesions in the A°®)-desaturase accumulation of 14a-
biosynthesis methy| fecosterol

instead of ergosterol

Reduction in the Change in membrane lipid and Poor penetration
intercellular sterols; overexpression of across the fungal
concentration of target | specific drug efflux pumps membrane; active drug
enzyme (CDR1, PDR5, and BEN") efflux
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Mechanism Caused by: Result

Results in increased

Overexpression of ergosterol synthesis;
antifungal drug target contributes to cross-
resistance between
Increased copy number of the fluconazole and
target enzyme itraconazole

With the increasing resistance of azole class of antifungal drugs in Candida sps.,
the use of Echinocandins have proven to be effective. Lipopeptidic echinocandins
interfere with glucan synthesis of the cell wall[253] by inhibiting the synthesis of 3-1-3 D
glucan synthase. Most anti-fungal drugs target B-1-3 D-glucan, a critical cell wall
polysaccharide as it is present in all yeast cells and acts by selectively targeting the yeasts
cells in the host system[254]. Echinocandins cause impaired fungal cell wall formation
that can result in osmotic lysis, makes the fungal cell vulnerable to external stresses
causing fungal cell death[255]. In addition to being efficacious for the treatment of
invasive candidiasis, the echinocandins are also advantageous due to their lack of
clinically significant drug-drug interactions and adverse effects[256, 257]. The prolonged
use of Echinocandins has led to development of resistance in Candida albicans causing
recurrent Candidemia specially in immunocompromised patients. First reported cases
were from HIV infected patients suffering with esophageal candidiasis due to continuing
immunosuppression secondary to their viral infection[258, 259]. In the recent times,
Echinocandin resistance in Candida sps. is increasingly seen in infections caused in
implant recipients and is mostly attributed to the mutations caused in FKS1 and FKS2

genes. The production of biofilm to resist the antimicrobial action of the drugs is

56



common in fungal species. Candida albicans has shown a 1000-fold greater drug

resistance in biofilm-forming cells compared with non-biofilm cells in-vitro[260].

Echinocandins

Inhibitors of
B-(1,3) d-glucan
synthesis

Cytosol

Azoles
Inhibitors of
egosterol syntheisis

Figure 3.2. Primary targets and mode of action by azoles and echinocandins[251]

With emergence of multidrug resistance in Candida sps. affecting hospital
settings and patients globally[261], the need for alternate approaches to tackle the
antimicrobial resistance is gaining prominence. Antimicrobial surfaces have proven to be
effective, even on the drug resistant strains of microbes and there is no known
mechanism which can develop resistance to the mechanical stress induced by
antimicrobial surfaces. Coating surfaces in healthcare environment with antimicrobial

materials made it possible to reduce microbial contamination and also delay
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recontamination in a sustained manner[262]. Approaches such as combined therapies to

stop emergence of resistant species, where two or more biocides are used simultaneously,

have shown to inhibit pathogenic microorganisms as well as their proliferation by

promoting further mechanisms for microbe killing[263].

Table 3.2. Candida albicans drug resistant strains of ATCC MP-8 panel used in this

Candida albicans strains

Candida albicans
WT (ATCC 90028)

Candida albicans (ATCC 96901)

Candida albicans (ATCC 11651)

Candida albicans (ATCC 76485)

Candida albicans (ATCC 10231)

Candida albicans (ATCC 90029)

study

Resistant Drugs

None

Fluconazole

Itraconazole

Anidulafungin,
Caspofungin

Anidulafungin,

voriconazole, itraconazole,

and fluconazole

5-flucytosine

Isolation Source

Blood, lowa

Mouth of HIV-
positive patient,
Omaha

Lung pus,
Virginia
Cerebrospinal
fluid of a 6-
month-old infant,
Dallas

Man with
Broncho mycosis

Blood, lowa

In the previous experiments, we have demonstrated the efficacy of native

nanostructured surfaces as anti-fouling & biocidal and also inhibiting virulence in

pathogenic fungi C. albicans. We aim to determine the behavior of drug resistant strains

of C. albicans of ATCC MP-8 panel, listed in table (3.2), which have shown resistance to
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one or more antifungal drugs such as anidulafungin, micafungin, caspofungin,
5-flucytosine, voriconazole, itraconazole, and fluconazole.
3.2 Material and Methods

Candida albicans strains listed in table (3.2) purchased from ATCC were stored
in -80° C freezer. For each experiment, colonies from freshly streaked plates were grown
in Sabouraud dextrose broth (SDB) (peptone, dextrose, water) at 25°C in 50 ml conical
flasks with shaking ~ 150 rpm to an early-log phase measured at OD~0.5 where cells are
metabolically active. All the work with drug resistant strains was conducted following
BSL-2 laboratory guidelines. The cells were later labeled with florescent dyes Calcofluor
white and FUN-1 for enumeration on different surface topologies and to determine their
viability as previously described in (2.2.3). Anti-fungal susceptibility tests were
performed using Fluconazole (Sigma-Aldrich PHR1160) Itraconazole (Sigma-Aldrich
PHR 1834) Voriconazole (Sigma-Aldrich PHR 1892) 5-flucytosone (Sigma-Aldrich
F0175000) and Anidulafungin (Sigma-Aldrich SML2288) by making drug stocks in
DMSO(Sigma-Aldrich 276855) and water, where the final concentration of DMSO was
less than 1%. Susceptibility of these resistant strains of C. albicans to their respective
drugs was done by serial dilution method where the ODsoo values were measured using
BioTek Synergy Mx plate reader. Stock solution for all the drugs were prepared
following the CLSI susceptibility range for Candida albicans[264]. Tables (3.3) and
(3.4) are the standard dilution factors for specific solvents to be used for the drugs for
clinical and laboratory use. Biofilm formation of all the drug resistant strains of C.

albicans on the nanostructured surface was tested by crystal violet method described in
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chapter 2. All the control glass surfaces, and nano structured cicada wings used in this
study were coated with a 7nm layer of gold using a Leica EM ACE200 with a real time

thickness monitoring quartz crystal microbalance (QCM).

Table 3.3. Scheme for preparing dilutions of water-soluble antifungal drugs to be
used for susceptibility test against C. albicans strains

Antimicrobial Solution
. Final
Concentration Volume Medium ég :]e:::lﬁgfn Concentration
(ng/mL) (mL) (mL) (ng/mL) at 1:10
Step Source + = a = (pg/ml) Log,
1 5120 Stock 1mL 7 640 pg/mL 64 6
2 640 Step 1 1.0 1.0 320 32 5
3 640 Step 1 1.0 3.0 160 16 4
4 160 Step 3 1.0 1.0 8¢ 8 3
5 160 Step 3 0.5 1.5 40 4 2
6 160 Step 3 0.5 3.5 20 2 1
7 20 Step 6 1.0 1.0 10 1 0
8 20 Step 6 0.5 1.5 5 0.5 -1
9 20 Step 6 0.5 3.5 2.5 0.25 -2
10 25 Step 9 1.0 1.0 1.25 0.125 -3
11 2.5 Step 9 0.5 1.5 0.625 0.0625 —4
12 2.5 Step 9 0.5 3.5 0.3125 0.03125 -5

Table 3.4. Scheme for preparing dilutions of water-insoluble antifungal drugs to be
used for susceptibility test against C. albicans strains

Antimicrobial Selution
Solvent Final
(mL) Intermediate Concentration
Concentration Volume (eg, Concentration at 1:100
Step (ug/ml) Source (mL) + DMSO) = (pg/mL) = (pg/mL) Log»
1 1600 Stock 1600 pg/mL 16 4
2 1600 Stock 0.5 0.5 800 8.0 3
3 1600 Stock 0.5 1.5 400 4.0 2
4 1600 Stock 0.5 3.5 200 2.0 1
5 200 Step 4 0.5 0.5 100 1.0 0
6 200 Step 4 0.5 1.5 50 0.5 -1
7 200 Step 4 0.5 3.5 25 0.25 =2
8 25 Step 7 0.5 0.5 12.5 0.125 -3
9 25 Step 7 0.5 1.5 6.25 0.0625 —4
10 25 Step 7 0.5 3.5 3.13 0.0313 -5
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Quantification of Biofilm formed by Candida albicans of various strains on
nanostructured surfaces was measured using crystal violet technique of biofilm
quantification as previously described. Statistical analysis was done using single factor
Anova on Microsoft Excel. Scanning electron microscopy was performed on all samples
to confirm the results. Same protocols for confocal and scanning electron microscopy
described earlier were followed for imaging the drug resistant strains.

3.3 Results

3.3.1 Minimum Inhibitory Concentration of Anti-fungal Drugs to C. albicans
Mutant Strains

The antifungal action on the Candida sps. by the drugs was observed to be dose
dependent and was found to vary with the change in number of cells. Susceptibility of C.
albicans strains to antifungal drugs obtained by serial dilution method was in coherence
with the data available from Clinical & Laboratory Standards Institute (CLSI).
Fluconazole drug resistant strain C. albicans 96901 showed an increase in MIC compared
to other antifungal drugs and the wild type. C. albicans strains specifically resistant to
other azole drugs like voriconazole and itraconazole showed an increase in MIC required
for C. albicans strains ATCC 11651 and ATCC 90029. The MIC required was quantified
for all the Candida strains at a concentration of 30,000 cells/ml to all the used antifungal
drugs was in table (3.5). Candida mutants exhibiting to specific resistant drug have

shown a higher dose requirement of most drugs compared to wild type.
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Table 3.5. In-Vitro activity of antifungal drugs fluconazole, itraconazole,
voriconazole, anidulafungin and 5-flucytosine against various drug resistant
Candida albicans mutant strains

CaWT C.a 96901 C.a11651 C.a 76485 C.a 10231 C.a 90029
Fluconazole | Itraconazole | Echinocandin | MultiDrug | Flucytosine

Fluconazole 0.25ug/ml RESISTANT | 0.25ug/ml 0.25pg/ml RESISTANT 0.25ug/ml

>256 pg/ml >32 pg/ml

Itraconazole 0.12ug/ml | 0.24ug/ml | RESISTANT 0.24pg/ml RESISTANT 0.24pg/ml
>32 pg/ml >32 pg/ml

Voriconazole | 0.64 ug/ml | 0.064pg/ml | 0.064ug/ml | 0.064pg/ml RESISTANT | 0.064pg/ml
>32 pg/ml

Anidulafungin | 0.081 pg/ml | 0.081 pug/ml | 0.081 pg/ml | RESISTANT RESISTANT | 0.081 pg/ml
>2 pg/ml >2 pg/ml

5-Flucytosine 0.25ug/ml | 0.25 pg/ml | 0.25ug/ml 0.25ug/ml 0.25ug/ml RESISTANT

>32 ug/ml

3.3.2 Adhesion and Viability of Drug Resistant Strains of C. albicans on NSS
of Cicada Wing

Drug resistance developed in C. albicans depends on various crucial mechanisms,
most of them related to the cell wall bio synthesis pathways. In these experiments, | aim
to determine how different strains of Candida albicans with specific resistance developed
to anti-fungal mechanisms respond to the mechanical stress induced by the nano cone
structures of the Cicada wing.

3.3.2.1 Interaction of Fluconazole Resistant C. albicans 96901 with NSS

Candida albicans yeast resistant to fluconazole, the most commonly used
antifungal drug of the class azoles, is interacted with nano structured surface of the
Cicada wing and a glass cover slip as control to study adhesion and cell viability of the

drug resistance mutants. From the confocal microscopy images (figure 3.3), | observe an
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increase in the number of cells on the surface with an increase in the incubation time,
primarily as the cells replicate and increase in number with time. Quantifying the number
of cells, figure (3.3) shows no significant change in the initial adhesion of the C. albicans
cells on the nano structured surface of the Cicada wing at incubation time 0 hours and 8
hours compared to the NSS. But the adhesion of Fluconazole resistant C. albicans at
incubation time of 16 hours is significantly (P < 0.05) lower on NSS compared to the
control glass.

The cell viability data from the Fun-1 fluorescent assay showed an increased
percentage rupture of fluconazole resistant yeast on the NSS when compared to the flat
surfaces. At 16 hours of incubation, we observed a significant (P < 0.001) mortality of
cells on the NSS compared to the control surface. Though the rupture of these resistant
cells is comparatively less than the wild type, it is higher than the control surfaces,

indicating that these NSS can be used against drug resistant fungi.
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Figure 3.3. Confocal microscopy studies of fluconazole resistant C. albicans
96901 on NSS of Cicada wing. Each bar graph represents average of data collected
from 10 field of views.
*denotes a P < 0.05 and ** denotes a P < 0.001



3.3.2.2 Interaction of Itraconazole Resistant C. albicans ATCC 11651 with
NSS

Itraconazole is also a member of the azole class of antifungal drugs and acts by
acting on the 14a-sterol demethylase involved in ergosterol biosynthesis yielding changes
to the plasma membrane. The adhesion behavior of these C. albicans 11651 which have
developed resistance by acting on the cell wall biosynthesis pathway like C. albicans
96901 was very different. From the figure (3.4) itraconazole resistant fungi showed very
little adherence to both flat and structured surfaces but for the adhered cells, though not

significant, the cells on the NSS showed higher cell death compared to the flat surface.
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Figure 3.4. Confocal microscopy studies of Itraconazole resistant C. albicans
11651 on NSS of Cicada wing. Each bar graph represents average of data collected
from 10 field of views.
*denotes a P < 0.05; ** denotes a P < 0.001
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3.3.2.3 Interaction of Caspofungin and Anidulafungin Resistant C. albicans
ATCC 76485 with NSS

Candida albicans mutants have developed resistance to echinocandin class of
antifungal drugs which acts by reducing the cell wall rigidity. When these yeast cells
were inoculated on the NSS of the Cicada wing and flat glass surface figure (3.5), a
reduced adhesion of these cells to all the surfaces was observed. Echinocandin resistant
cells at 16 hours of incubation showed a significant decrease in number of cells adhering

to the control and NSS of Cicada compared to the wild type C. albicans strain.
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Figure 3.5. Confocal microscopy studies of anidulafungin and caspofungin
drug resistant C. albicans on NSS of Cicada wing. Each bar graph represents
average of data collected from 10 field of views.
*denotes a P <0.05; ** denotes a P <0.001
With fewer cells adhering to the surface, the cell viability on the control and test

surface did not show any significant change in cell viability with increase in incubation

time of yeast on the surfaces. | predict that the echinocandin resistant mutant cells of C.
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albicans have a thicker cell wall compared to the wild type strains as a physiological
adaptation by which antifungal resistance is developed, which is responsible for the
anomalous behavior on these surfaces.

3.3.2.4 Interaction of Multidrug Resistant C. albicans ATCC 10231 with NSS

Candida albicans yeast 10231 are mutants that have developed resistant to
multiple azole and echinocandin class of drugs like fluconazole itraconazole,
voriconazole anidulafungin and caspofungin were inoculated on flat and NSS to study
their cell viability and adhesion behavior. From the confocal microscopy images, an
overall low adhesion tendency of mutants compared to wild type strains was observed.
The adhesion of these mutant cells was found to be significantly (P <0.001) low at 0-
hour and 8-hour incubation on NSS of Cicada wing when compared to the flat glass
surfaces. A slight increase in the percentage of cell death was observed on the NSS at all
time points compared to the controls but the cell rupture efficiency towards these mutants

is below par compared to the wild type C. albicans.
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3.3.2.5 Interaction of Flucytosine Resistant C. albicans ATCC 90029 with
NSS

Of all the C. albicans drug resistant mutants we worked on, flucytosine resistance
strains differ in the mechanism of development of resistance. Flucytosine drug is an
effective antifungal by affecting the nucleic acid of the fungi and these mutants develop
resistance by blocking the nucleic acid damage. Flucytosine resistant C. albicans strains
showed an increase in the number of cells adhering with an increase in incubation time
on the substrates but the adhesion of C. albicans cells on the flat glass surface versus
NSS of cicada wing showed no significant change. However, the cell viability assay of
these strains of fungi on the substrates confirmed an anti-microbial response of the NSS
with a significant number of cells showing cell damage compared to those on the control

glass surface.
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Figure 3.7. Confocal microscopy studies of 5-flucytosine drug resistant C. albicans
90029 on NSS of Cicada wing. Each bar graph represents average of data collected
from 10 field of views.
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3.3.3 Biofilm Formation of Drug Resistant Strains of C. albicans on

Nanostructured Surface of the Cicada Wing

Biofilm formation is a crucial step in the evolution of resistance to specific
antifungal drugs and for the virulence in Candida albicans. The first step for biofilm
formation is the adhesion of microbes to the surface. Change in adhesion of different
drug resistant strains of C. albicans ultimately affects the biofilm formed on the surface.
The biofilms formed by all the mutant yeast strains of C. albicans grown on the control
glass surface and NSS of Cicada are stained with crystal violet dye and absorbance at
550nm is measured. From the figure (3.8) | observe an inhibition in the biofilm formation

on native NSS Cicada wing by wild type and drug resistant strains of C. albicans.

Figure 3.8. Biofilm formation of various drug resistant and wild type strains of C.
albicans on flat glass surface and NSS of Cicada wing.
*denotes a P <0.05; ** denotes a P <0.001
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3.3.4 Effect of NSS on the Morphogenesis of Drug Resistant Strains C.
albicans

Candida albicans turns pathogenic by transforming from cellular yeast to tubular
hyphal form. This morphogenesis is modulated by many factors including a thigmotropic
response where the hyphal orientation and formation is dependent on the adhesion of
yeast to the substrate. The micro colony assay performed on these specific drug resistant
strains of C. albicans showed altered responses in the morphogenesis on the NSS and flat
surface (Table 3.6). The morphogenesis in resistant strain 96901 showed an inhibition of
morphogenesis when inoculated on Cicada wing but showed hyphal structure formation
on flat glass cover slip. A similar response was observed in C. albicans 11651 which has
developed resistance to an azole class drug itraconazole. The morphogenesis experiments
in anidulafungin and caspofungin resistant 76485 showed no effect of NSS on the
morphogenesis and formed hyphae. The multi drug resistant strain also showed similar
response on the NSS and control and formed hyphae. C. albicans 90029 had an influence
of the nano structured surface in the inhibition of hyphal formation but transformed into

hyphae on the flat surface.

Table 3.6. Effect of NSS on the morphogenesis of yeast to hyphae in drug resistant

strains of C. albicans. ¥ indicates the formation of hyphae and &) indicates the
inhibition of hyphal formation on the surface

Cundide albi C.a 96901 C.a 11651 C.a 76485 | C.a 10231 C.a 90029
/] - o, 1 .GRAIGA aipicans
Morphogenesis WT Fluconazole | Itraconazole Fungin Multi-Drug | Flucytosine

v v

Glass

v
Cicada Wing / ‘/
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Fluconazole Itraconazole Echinocandin Multi Drug 5-Flucytosine
resistant resistant resistant resistant resistant
C. albicans 96901 C. albicans 11651 C. albicans 76485 C. albicans 10231 C. albicans 90029

Control

Cicada wing

SEM on NSS

Figure 3.9. Confocal micrographs showing the effect of NSS on the morphogenesis
on drug resistant strains of C. albicans

3.4 Discussion

Drug resistance in microbes is a growing concern specially in commensal fungi
like Candida albicans which turn pathogenic and is a serious concern in implant
recipients and immunocompromised patients. In this proposed study of alternative
antifungal approach using nanostructured surfaces to tackle drug resistance, | focused on
three important phases of Candida life cycle i.e. adhesion, maturation (biofilm formation)
and virulence. The azole class of antifungal drug acts by inhibiting the 140-demethylase
involved in ergosterol, an important component of fungal cell. The anti-fungal resistance
developed in C. albicans mutants retain the ergosterol biosynthesis and maintain
homogeneity in the fungal cell wall. When Fluconazole, an azole class drug resistant

strain was exposed to NSS assault, | found similarity in cell rupture and adhesion
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behavior of these strains and the wildtype. However, when mutants exhibiting resistance
to another azole drug itraconazole was interacted with NSS, a dramatic inhibition in
adhesion to all the substrates compared to fluconazole resistant or the wild type strains
was observed, indicating the complexity in behavior of Candida albicans. Echinocandins
on the other hand owe their antimicrobial activity by decreasing the cell wall rigidity and
damaging cell integrity. I predict the mutants which exhibit a developed resistance in
echinocandins compensate the loss of cell wall thickness and have a thicker cell wall.
NSS interaction of the fungin drug C. albicans exhibited decreased adhesion on all the
substrates like the itraconazole resistant and no effect on the cell viability by the NSS
induced stress, demonstrating failure of these nanostructured surfaces to induce anti-
microbial effect to these thicker cell-walled pathogens. The behavior of multidrug
resistant strain of C. albicans was in coherence with the echinocandin resistant strain.
Flucytosine resistance is developed by blocking the nucleic acid damage caused by the
drug and there was no proven mechanism demonstrated that brings in changes to the cell
wall composition or structure in the evolution of fluconazole resistance. Rightfully so, the
flucytosine resistant strain exhibited similar response in cell adhesion and viability to the
wild type strains of C. albicans.

Biofilm formation is the key step in Candida albicans, protecting the cells from
external shocks, action of drug efflux pumps, adhesion to surface and proliferation of the
microbial community. The biofilms caused by drug resistance are an important health
concern as they are always mis diagnosed which can lead to systemic infections in host.

The drug resistance in biofilms formed by C. albicans on the implants and indwelling
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medical devices highlighted the need to control and tackle biofilms formed to reduce
infections. Nature of substrate plays a key role in the microbial adhesion and research
pertaining to the changes in adhesion and biofilm formation by different microbes on
various surfaces was well studied. The inhibition of biofilm formed by drug resistance
strains of C. albicans on the Cicada wing compared to the flat surface is accounted to
various responses of the yeast to surfaces like decreases adhesion to structured surfaces
compared to flat surface, rupture of cells leading to a decrease in number of cells capable
of secreting biofilm matrix.

Nanostructured surface of Cicada wing also proved to have an effect on the
morphogenesis on the drug resistant mutant strains of Candida albicans. The thickness
and composition of cell wall play a very important role as the echinocandin resistant
strains of C. albicans predicted to have a thicker cell wall as a drug resistant response,
this did not show any inhibition of morphogenesis on NSS of Cicada wing like the wild
type strain. Multidrug resistant mutant of C. albicans showed no effect of NSS in the
yeast to hyphae transformation. There are no confirmed mechanisms in flucytosine
antibiotic activity that involve any changes in cell wall biosynthesis pathways and C.
albicans resistant to flucytosine showed an inhibition in hyphal formation when
incubated on the NSS of Cicada wing. C. albicans mutants resistant to most azole class
of antifungal drugs when inoculated on the NSS showed inhibition in the morphogenesis

from yeast to hyphae yielding to decrease in virulence of the organism.

77



CHAPTER IV
NANO STRUCTURE MODIFICATIONS OF SILICONE CATHETER TO
IMPROVE THE ANTIMICROBIAL ACTIVITY AND TO TACKLE DRUG
RESISTANCE IN FUNGI

4.1 Introduction

Nosocomial infections caused by Candida albicans are very common causing
urinary tract infections like Candiduria[265]. 10 to 15% of nosocomial urinary tract
infections are reported in hospitalized patients with indwelling devices[266]. Indwelling
bladder catheters are implicated in ~90% of the 1 million episodes of urinary tract
infection that occur each year in US hospitals. The last decade has witnessed a rapid
growth in these infections primarily accounted to resistance developed in microbes to
commonly used drugs[267]. Candiduria prevalence is associated to immunosuppressive
therapy, aggressive use of antibiotics, prolonged hospital stays, poor sanitation and
conditions like diabetes[268].

Of the 30 million catheters implanted annually in the United States 10 to 30% are
affected by infections[269]. Candida albicans is responsible for 26% of the urinary tract
infection in implant recipients[270] and most of these are due to the biofilms formed on
the surface of catheters which encloses microcolonies of hyphae, pseudo hyphae
embedded in the protein and polysaccharide matrix yielding to resistance to drugs like
amphotericin-B and fluconazole rendering them ineffective during the treatment of

Candiduria[271]. The first step in biofilm formation on a urinary catheter is deposition of
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a conditioning film of host urinary components, including proteins, electrolytes, and other
organic molecules, which can transform the surface of the urinary catheter and neutralize
any antiadhesive properties. The chemical nature of the catheter surface is attributed to
the magnitude of biofilm formation[272]. The architecture of C. albicans biofilm
depends on the adhering surface indicating that it may depend on highly specific contact-
induced gene expression[273].

Encrustation of catheters is a major problem in patients undergoing long term
bladder catherization[274]. Encrustation is defined as formation of crystalline deposits
mainly calcium and magnesium phosphates cling to the internal lumen or exposed walls
of the catheter causing blockage and leading to failure of the implant[275]. Encrustation
occurs as the result of a 3-step process that incorporates colonization of the catheter with
bacteria, formation of a biofilm, and crystalline formation[276]. A number of strategies
have been evaluated but have proved to be ineffective in preventing encrustation.
Traditionally catheters we made using DEHP and DINP which were recently marked to
be carcinogenic. Many modern commercial catheter manufacturers like DOVER,
MEDLINE use silver ions and alloys as surface coating with proven resistant to bacterial
colonization of the urine this effect only last for the first few days.

Treatment of encrustation is a painful process which involves frequent catheter
replacement of acid irrigation through the catheters which digests the blocks[277].
Surfaces embedded silver nanoparticles used as coatings on catheters have shown to
resist bacterial infections but the antimicrobial effect disappeared after a week and is

predicted to be because of the biofouling of the surface by multiple species of
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microbes[278]. Silver nanoparticles have also been coated with dopamine on catheter
materials to create anti-microbial surfaces[279].

C. albicans wild type cells have shown to develop 100-fold increase in tolerance
to fluconazole exposure over that of logarithmic-phase planktonic cells[75]. Fluconazole
resistance in silicone adhered cells is partially related to surface-induced upregulation of
drug efflux pumps and is irrespective of biofilm formation[280]. The biofouling activity
of common fungal commensal Candida albicans involved in more than 50% of catheter
related urinary tract infection (CRUTI) and approaches to improve antifouling and
antimicrobial properties are studied.

Nanostructured surface on the wings of Cicada proved to show the antimicrobial
potential of NSS against Candida sps. These native nano cone structures were
biomimetically synthesized by Nowlin et al using polystyrene nanosphere employing a
nanosphere lithography process by an anisotropic etch using a plasma reactor. Most silver
nanoparticles synthesis techniques involves solution based processes involving complex
synthesis condition involving toxic precursor material and harsh biproducts as
experimental waste[281]. In this study | adopted a green synthesis method of silver
nanoparticles synthesis described by Chevva et al using a natural biopolymer
chitosan[282] and filter out the nano particles from formed mixture and use it as coating
on a commercially available catheter to test the anti-microbial and resistance developing

efficacy of pathogenic fungi C. albicans.
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4.2 Material and Methods

4.2.1 Synthesis of Nano Cone Structures Mimicking the NSS of Cicada Wing

Nanospheres of 400 nm (Polysciences) were resuspended in equal volume of
water and ethanol and is applied on to glass surface and transferred by inserting the glass
into a dish with deionized water at a shallow angle. The nanospheres were transferred on
to a polystyrene surface (petri dish-Fisher scientific) by reversing the previous process.
Polystyrene surfaces masked with nanospheres were etched using an anisotropic etch in
South Bay Technology Model PC-2000 Plasma Cleaners in the presence of oxygen at
100 W forward power and 200mT pressure.

4.2.2 Green Synthesis of Silver Nanoparticles

500mg of Chitosan (448869 Sigma-Aldrich) was dissolved in 10ml of deionized
water with 1% wt of pure glacial acetic acid in the presence of 0.2M sodium chloride in
5mL solution with continuous stirring on a magnetic stirrer. 5ml of Silver nitrate solution
in water at 109/l is added slowly and the mixture is ultra-sonicated overnight. The
mixture is then centrifuged in an ultra-centrifuge at 14000prm for 30 mins and the
supernatant with nanoparticles is extracted and used.

4.2.3 Modification of Catheters for Interaction with C. albicans

Urinary catheters obtained from Cure medical LLC, California (2024-03-28) were
used to study the behavior of C. albicans in the catheter environment. Silicone tubing
manufactured for aquarium use purchased from Walmart was sterilized and used as
controls. Polyethylene glycol 4000 (81240 Sigma-Aldrich) was sterilized and mixed with

10% v/v of AgNPs from chitosan mediated AgNP synthesis. The mixture was flowed
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through the catheters to coat the surface and immobilized by heat treatment at 60°C.
Scanning electron microscopy was performed to see the interaction of C. albicans on
nano cone surface.

4.2.4 Interaction of C. albicans on Modified Catheters

Development of fluconazole resistance in Candida albicans wild type was tested
by taking C. albicans WT cells from a fresh plate and growing to an OD~0.5 in SDB
media (dextrose, peptone) diluting them at 1:1 concentration with fresh media and
inoculating 100 pl of cells on a 10 cm? etched nano cone surface and 10 cm? silicone
surface of the catheter. After 8 hours of interaction on the silicone and synthetic nano
surface the cells were serial diluted and plated on to an SDB plate with fluconazole drug
at 0.25 pg/ml, 2 pg/ml,8 pg/ml, 25 pg/ml and 64 pg/ml. The plates were incubated at
30°C overnight and colony forming units were enumerated the next day.

The antimicrobial activity of the AQNP-PEG modified catheters was tested in
comparison to control untreated catheters by performing a flow assay of C. albicans wild
type cells at 10 pl/min through both the tubes of 40 cms length. A serial dilution series
was performed on the treated cells collected and incubated at 30°C overnight and colony
forming units were enumerated the next day.

4.3 Results and Discussion

4.3.1 Synthesis of Nano Cone Structures Mimicking the NSS of Cicada Wing

Nano structured surfaces created by nano sphere lithography and anisotropic
plasma etching process were similar in structure and aspect ratio as nano cones on Cicada

wing(Figure 4.1).
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Figure 4.1. Scanning electron microscopy images of nano cones etched on
polystyrene substrate
4.3.2 Interaction of WT C. albicans Cells on Bioinspired Nano Cone Surfaces
Nano cone surfaces on the polystyrene showed a decreased in cell adhesion
compared to the bulk flat surface polystyrene. The imperfections in the nano sphere

lithography facilitated the study of adhesion behavior of yeast. Scanning electron
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micrographs (Figure 4.2) show the adherence and colonization of C. albicans on flat
patches than zones with nano cones etched on them. Though there | found a few ruptured

cells we predict as it is not significant and not uniform all through the surface.

= 5N . P FA
10 um EHT = 3.00 kv Signal A = InLens Date :1 Mar 2020
WD = 7.9mm Photo No. = 62064 Time :19:09:22
Mag= 1.00KX Tilt Angle= 0.0 ° VENKY

Figure 4.2. Scanning electron microscopy image of adhesion behavior of WT C.
albicans
Silicone surfaces developed fluconazole resistance in wild type Candida albicans
when the cells adhered to the surface and this effect can be confirmed from the spot plate
serial dilution studies (figure 4.3)where there was significant growth of C. albicans on
SBD plate at all dilutions from 10 to 10 concentrations whereas cells grown on nano
cone surfaces displayed an inhibition in the growth of cells indicating no drug resistance

was developed on these surfaces.
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Figure 4.3. Development of fluconazole resistance in Candida albicans wild type.
Plate 1 shows cells inoculated on silicone tubing Plate 2 cells inoculated on nano
cone surface. Development of fluconazole resistance can be observed by growth of
WT C. albicans on 64 pg/ml fluconazole

4.3.3 Interaction of C. albicans on Modified Catheters.
AgNP-chitosan mixture was centrifuged, and the supernatant was aspirated, and

further analysis was done. DLS analysis from Figure (4.4) of AgNP in ag/chitosan was

quantified and the average size of nanoparticles synthesized was confirmed as 180 nm.
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Size (d.nm): % Intensity: St Dev (d.nm):

Z-Average (d.nm): 180.1 Peak 1: 183.8 95.1 76.41
Pdi: 0.342 Peak 2: 5104 49 546.7
Intercept: 0.800 Peak 3: 0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

Intensity (Percent)

Size (d.nm)

Record 37: Ag C5 cl1 Record 38: Ag C5cl2

Record 39: Ag C5 cl 3|

Figure 4.4. DLS Analysis of AgNPs in Ag/Chitosan Solution

The results from flow assay showing the anti-microbial efficacy of these catheters
modified with AgNPs can be read as colony forming units W.T. C. albicans on
fluconazole plate were enumerated. The acceptable CFU was found at 10 concentration
and number of colonies forming unites were enumerated and tabulated. A significant
difference in CFU in the cells flown through modified and unmodified catheters can be

observed.
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Table 4.1. CFU of C. albicans flowed through modified and unmodified silicone

catheters
Concentrat_lon of CFU of C. albicans flowed CFU of C. albicans
fluconazole in SDB flowed through
through control catheter tube -

plate modified catheter
64 pg/ml 87 13

25 pg/ml 92 11

8 ug/ml 96 12

2 pg/ml 102 16

Figure 4.5. CFU of serial diluted cells flowed through silicone tubing and AgNP
modified catheter. Acceptable CFU was observed at 102 dilution and number of
cells flown through modified catheter were significantly lower than cells on control.
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4.4 Discussion

The use of indwelling urinary catheters is becoming more common specially to
treat organ failure, surgical process and rate of CRUTI is also increasing considerably
leading to 8% of nosocomial infections. With intensive research in past few years new
age catheters coated with silver alloys were developed to combat raising infections.
Silver-coated catheters significantly reduce clinically significant infections such as blood
steam and kidney infections arising from a UTI1[283] by changing the microenvironment
to prevent biofilm formation[284]. Encrustation of ammonium and phosphate salts and
their interaction with coated metallic alloys has made encrustation severe causing
blockage of catheters.

In this study, | have established PEG-AgNP coatings to urinary catheters which
had a significant effect on the survival of Candida albicans a major cause for the biofilm
related infections in medical implants and catheters. The use of silver nanoparticles with
hydrophilic compounds like polyethylene glycol ensures prevention of encrustation by
reduced the accumulation of phosphate salts and cumulatively provide antimicrobial
effect against infectious pathogens[285].

The evolution of commonly used fluconazole in C. albicans adhering to silicone
was demonstrated earlier[75]. To tackle this problem, I study bio inspired nano cone
structures of the cicada wing created by nanosphere lithography to use as coating on
medical devices, implants and hospital equipment to reduce the biofouling and also
provide antimicrobial characteristics to surfaces. Nanosphere lithography gives the

flexibility to mast any surface with nanostructures without any limitations of size shape
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and roughness of the material. Nanostructured surfaces are an excellent alternative to
existing anti-microbial antibiotics and techniques specially proven ability to combat not
just gram positive and negative bacteria but also fungal species like Saccharomyces and

pathogenic Candida albicans.
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CHAPTER V
CONCLUSION

Candida albicans is a common commensal fungus assisting in digestion, nutrient
absorption and also to maintain the microbial balance in human gut. C. albicans have a
dimorphic nature and its ability to cause virulence when in the microbiome is disturbed or
in immunocompromised patients, causes systemic infections with a high mortality rate.
Though many drugs are available for the treatment of candidiasis, drug resistance in C.
albicans is a growing concern. In chapter 2, we have established the antimicrobial
efficacy and antifouling capabilities of nanostructured surface of the Cicada wing
towards wild type Candida albicans. Timing of rupture of Candida albicans on Cicada
wing was confirmed at 8 hours. NSS of Cicada have shown to resist microbial adhesion
creating a model to develop synthetic nano structured surfaces with excellent anti
biofouling characteristics owing to the surface topology to inhibit biofilm formation.
These surfaces can have many applications including coatings on catheters and
indwelling medical devices, dentures and in the areas of sanitation.

With the increasing resistance in the microbes since the last century and with the
emergence of super bugs like Candida auris, which is resistant to most available

antifungal drugs and also has the ability to proliferate outside the human body, the need
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for alternate antimicrobial agents to existing therapies is needed. In chapter 3, I have
studied the susceptibility of NSS of the Cicada wing on the drug resistant strains of
Candida albicans and also studied their interactions in terms of adhesion, biofilm
formation and morphogenesis. Studies confirmed that NSS have a definite effect on the
adhesion of C. albicans mutants compared to flat surfaces. The mechanism of
development of resistance to certain drugs also proved to play a role on the fate of C.
albicans on NSS. Azole resistant C. albicans mutant showed a decrease in cell viability
on the NSS and also showed the stress induced by these NSS can inhibit the
morphogenesis from yeast to hyphae. Echinocandin resistant strains which have
developed resistance by making modification in cell wall against drugs that weakens cell
wall rigidity showed no significant cell rupture on the NSS and this is predicted to be
because of a thick cell wall of the mutant strain which protect the cell from NSS assault.
There was no effect of NSS of Cicada wing on the morphogenesis of these nano cone
surfaces on the morphogenesis of mutant Candida from yeast to hyphae. These
experiments confirmed the role of cell wall thickness and rigidity in relation to the
mechanical strength and stress induced by the nano cone structures. We propose a further
AFM force spectroscopy study to measure the mechanical modulus of cell wall of various
mutant strains of Candida albicans to create surfaces of desired aspect ratio and strength
to use as coatings for various biomedical applications.

Biofilms associated to Candida species are a great health concern and are
responsible for about 60% of nosocomial infections. Biofilms produced by drug resistant

strains are difficult to treat and exponentially increase health hazards in implant recipients
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by housing other deadly microbes like MRSA. We have observed significant decrease in
biofilm formation in all the three stages i.e., early, matured and late phases on the NSS of
Cicada wing compared to the flat surfaces. This is primarily attributed to a decreased
adhesion, cell rupture on NSS and also inhibition of hyphal formation which binds the
biofilm colony together. This effect boosts the idea of using nanostructured coatings in
the areas of sanitation specially to reduce bacterial and fungal infections.

Use of catheters is becoming more common in modern day medicine in people
suffering from cardiac diseases, organ removal due to cancer, paralysis of organ systems
and in most indwelling medical devices. Urinary catheters traditionally are simple sterile
silicone tubing which are used mostly in paralyzed or mentally/physically challenged
patients. Candida albicans is related to 50% of CRUTI and a need to tackle this is
increasing rapidly. Though many commercial companies have used metal ions and alloys
to coat catheters with silver to use its innate antimicrobial property for microbial growth
inhibition, the problem of encrustation where the catheters are blocked by deposited salts
is persistent. We demonstrate an AgNP dispersed in PEG as coatings to commercially
available urinary catheters to solve the problem of biofouling and also encrustation. A
decrease in cell viability on fluconazole-SDB plate was observed confirming the action of
AgNP-PEG coating as an effective antifouling and antimicrobial agent.

Fluconazole is the most commonly used over the counter drug for fungal
infections and increase in resistance will make it ineffective. While most catheters are
made of silicone, the evolution of silicone adhered Candida cells by 100-fold to

fluconazole was demonstrated earlier. In chapter 3 we demonstrate the effect of
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synthetically created nano cone surfaces by using nano sphere lithography to inhibit the

resistance developed in silicone adhered C. albicans to fluconazole drug.

93



10.

11.

12.

13.

14.

15.

16.

17.

18.

REFERENCES

Mora, C., et al., How Many Species Are There on Earth and in the Ocean? PLOS Biology,
2011. 9(8): p. €1001127.

Brown, G.D., D.W. Denning, and S.M. Levitz, Tackling Human Fungal Infections. Science,
2012.336(6082): p. 647.

Barnett, J.A., A history of research on yeasts 8: taxonomy. Yeast, 2004. 21(14): p. 1141-
93.

Pfaller, M.A. and D.J. Diekema, Epidemiology of invasive candidiasis: a persistent public
health problem. Clinical microbiology reviews, 2007. 20(1): p. 133-163.

Pfaller, M.A. and D.J. Diekema, Epidemiology of Invasive Mycoses in North America.
Critical Reviews in Microbiology, 2010. 36(1): p. 1-53.

Stelzner, A., F. C. Odds, Candida and Candidosis, A Review and Bibliography (Second
Edition). X + 468 S., 97 Abb., 92 Tab. u. 22 Farbtafeln. London—Philadelphia—Toronto—
Sydney—Tokyo 1988. Bailliére Tindall (W. B. Saunders). £ 35.00. ISBN: 0—-7020-1265-3.
Journal of Basic Microbiology, 1990. 30(5): p. 382-383.

Calderone, R.A. and W.A. Fonzi, Virulence factors of Candida albicans. Trends in
Microbiology, 2001. 9(7): p. 327-335.

Calderone, R.A. and C.J. Clancy, Candida and candidiasis. 2nd ed. ed. 2012, Washington,
DC: ASM Press.

Perlroth, J., B. Choi, and B. Spellberg, Nosocomial fungal infections: epidemiology,
diagnosis, and treatment. Medical Mycology, 2007. 45(4): p. 321-346.

Koh, A.Y., et al., Mucosal damage and neutropenia are required for Candida albicans
dissemination. PLoS Pathog, 2008. 4(2): p. e35.

Bradford, L.L. and J. Ravel, The vaginal mycobiome: A contemporary perspective on fungi
in women's health and diseases. Virulence, 2017. 8(3): p. 342-351.

Foxman, B., et al., Frequency and response to vaginal symptoms among white and
African American women: results of a random digit dialing survey. ) Womens Health,
1998.7(9): p. 1167-74.

Sobel, J.D., Vulvovaginal candidosis. Lancet, 2007. 369(9577): p. 1961-71.

Nobile, C.J. and A.D. Johnson, Candida albicans Biofilms and Human Disease. Annu Rev
Microbiol, 2015. 69: p. 71-92.

Tsui, C., E.F. Kong, and M.A. Jabra-Rizk, Pathogenesis of Candida albicans biofilm. Pathog
Dis, 2016. 74(4): p. ftw018.

Klotz, S.A,, et al., Candida albicans Als proteins mediate aggregation with bacteria and
yeasts. Med Mycol, 2007. 45(4): p. 363-70.

Jacobsen, I.D., et al., Candida albicans dimorphism as a therapeutic target. Expert Rev
Anti Infect Ther, 2012. 10(1): p. 85-93.

Petersen, R.H. and K.W. Hughes, Species and Speciation in Mushrooms: Development of
a species concept poses difficulties. BioScience, 1999. 49(6): p. 440-452

94



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Lu, Y., C. Su, and H. Liu, Candida albicans hyphal initiation and elongation. Trends in
microbiology, 2014. 22(12): p. 707-714.

Soll, D.R., Mating-type locus homozygosis, phenotypic switching and mating: a unique
sequence of dependencies in Candida albicans. Bioessays, 2004. 26(1): p. 10-20.
Navarathna, D.H.M.L.P,, et al., Candida albicans ISW2 Regulates Chlamydospore
Suspensor Cell Formation and Virulence In Vivo in a Mouse Model of Disseminated
Candidiasis. PloS one, 2016. 11(10): p. e0164449-e0164449.

Sudbery, P., N. Gow, and J. Berman, The distinct morphogenic states of Candida
albicans. Trends Microbiol, 2004. 12(7): p. 317-24.

Sudbery, P.E., Growth of Candida albicans hyphae. Nat Rev Microbiol, 2011. 9(10): p.
737-48.

Hornby, J.M., et al., Quorum sensing in the dimorphic fungus Candida albicans is
mediated by farnesol. Appl Environ Microbiol, 2001. 67(7): p. 2982-92.

Chen, H., et al., Tyrosol is a quorum-sensing molecule in Candida albicans. Proc Natl
Acad Sci U S A, 2004. 101(14): p. 5048-52.

Hall, R.A., et al., The quorum-sensing molecules farnesol/homoserine lactone and
dodecanol operate via distinct modes of action in Candida albicans. Eukaryot Cell, 2011.
10(8): p. 1034-42.

Enjalbert, B. and M. Whiteway, Release from quorum-sensing molecules triggers hyphal
formation during Candida albicans resumption of growth. Eukaryotic cell, 2005. 4(7): p.
1203-1210.

Cottier, F. and F.A. Mihlschlegel, Sensing the environment: Response of Candida
albicans to the X factor. FEMS Microbiology Letters, 2009. 295(1): p. 1-9.

Galocha, M., et al., Divergent Approaches to Virulence in C. albicans and C. glabrata:
Two Sides of the Same Coin. International journal of molecular sciences, 2019. 20(9): p.
2345.

Phan, Q.T., et al., Als3 is a Candida albicans invasin that binds to cadherins and induces
endocytosis by host cells. PLoS Biol, 2007. 5(3): p. e64.

Phan, Q.T., et al., N-cadherin mediates endocytosis of Candida albicans by endothelial
cells. ) Biol Chem, 2005. 280(11): p. 10455-61.

Kornitzer, D., Regulation of Candida albicans Hyphal Morphogenesis by Endogenous
Signals. Journal of fungi (Basel, Switzerland), 2019. 5(1): p. 21.

Cohen, A.J. and F.J.C. Roe, Review of lead toxicology relevant to the safety assessment of
lead acetate as a hair colouring. Food and Chemical Toxicology, 1991. 29(7): p. 485-507.
Zheng, X., Y. Wang, and Y. Wang, Hgcl, a novel hypha-specific G1 cyclin-related protein
regulates Candida albicans hyphal morphogenesis. Embo j, 2004. 23(8): p. 1845-56.
Honarvar, B., et al., Biomarker-guided antifungal stewardship policies for patients with
invasive candidiasis. Current medical mycology, 2018. 4(4): p. 37-44.

Alam, M.Z., et al., Candida identification: a journey from conventional to molecular
methods in medical mycology. World J Microbiol Biotechnol, 2014. 30(5): p. 1437-51.
Vahidnia, A., et al., High throughput multiplex-PCR for direct detection and diagnosis of
dermatophyte species, Candida albicans and Candida parapsilosis in clinical specimen. )
Microbiol Methods, 2015. 113: p. 38-40.

liang, X., et al., Rapid Detection of Candida albicans by Polymerase Spiral Reaction Assay
in Clinical Blood Samples. Frontiers in Microbiology, 2016. 7(916).

95



39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Gunasekera, M., et al., Development of a Dual Path Platform (DPP(R)) immunoassay for
rapid detection of Candida albicans in human whole blood and serum. J Immunol
Methods, 2015. 424: p. 7-13.

Ramani, R., et al., Efficacy of API 20C and ID 32C systems for identification of common
and rare clinical yeast isolates. ) Clin Microbiol, 1998. 36(11): p. 3396-8.

Rigby, S., et al., Fluorescence in situ hybridization with peptide nucleic acid probes for
rapid identification of Candida albicans directly from blood culture bottles. J Clin
Microbiol, 2002. 40(6): p. 2182-6.

Donlan, R.M., Biofilms: microbial life on surfaces. Emerg Infect Dis, 2002. 8(9): p. 881-90.
Khardori, N. and M. Yassien, Biofilms in device-related infections. Journal of Industrial
Microbiology, 1995. 15(3): p. 141-147.

Fox, E.P. and C.J. Nobile, A sticky situation: untangling the transcriptional network
controlling biofilm development in Candida albicans. Transcription, 2012. 3(6): p. 315-
22.

Flemming, H.C. and J. Wingender, The biofilm matrix. Nat Rev Microbiol, 2010. 8(9): p.
623-33.

Sadovskaya, ., Exopolysaccharide Quantification, in Pseudomonas Methods and
Protocols, A. Filloux and J.-L. Ramos, Editors. 2014, Springer New York: New York, NY. p.
347-357.

Tuson, H.H. and D.B. Weibel, Bacteria—surface interactions. Soft Matter, 2013. 9(17): p.
4368-4380.

Mazza, M.G., The physics of biofilms—an introduction. Journal of Physics D: Applied
Physics, 2016. 49(20): p. 203001.

Arul Selvaraj, R.C., M. Rajendran, and H.P. Nagaiah, Re-Potentiation of 8-Lactam
Antibiotic by Synergistic Combination with Biogenic Copper Oxide Nanocubes against
Biofilm Forming Multidrug-Resistant Bacteria. Molecules (Basel, Switzerland), 2019.
24(17): p. 3055.

Xiao, Y., et al., Extracellular polymeric substances are transient media for microbial
extracellular electron transfer. Science Advances, 2017. 3(7): p. e1700623.

Ramage, G., B.L. Wickes, and J.L. Lopez-Ribot, Biofilms of Candida albicans and their
associated resistance to antifungal agents. Am Clin Lab, 2001. 20(7): p. 42-4.

Scorzoni, L., et al., Antifungal Therapy: New Advances in the Understanding and
Treatment of Mycosis. Frontiers in microbiology, 2017. 8: p. 36-36.

Mathé, L. and P. Van Dijck, Recent insights into Candida albicans biofilm resistance
mechanisms. Current genetics, 2013. 59(4): p. 251-264.

Kucharikova, S., et al., In Vivo Efficacy of Anidulafungin against Mature Candida albicans
Biofilms in a Novel Rat Model of Catheter-Associated Candidiasis. Antimicrobial agents
and chemotherapy, 2010. 54: p. 4474-5.

Kojic, E.M. and R.O. Darouiche, Candida infections of medical devices. Clinical
microbiology reviews, 2004. 17(2): p. 255-267.

Chen, H.-F. and C.-Y. Lan, Role of SFP1 in the Regulation of Candida albicans Biofilm
Formation. PloS one, 2015. 10(6): p. €0129903-e0129903.

Nobile, C.J., et al., Biofilm Matrix Regulation by Candida albicans Zap1. PLOS Biology,
2009. 7(6): p. €1000133.

96



58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

Baillie, G.S. and L.J. Douglas, Matrix polymers of Candida biofilms and their possible role
in biofilm resistance to antifungal agents. Journal of Antimicrobial Chemotherapy, 2000.
46(3): p. 397-403.

Nobile, C.J. and A.D. Johnson, Candida albicans Biofilms and Human Disease. Annual
review of microbiology, 2015. 69: p. 71-92.

Gulati, M. and C.J. Nobile, Candida albicans biofilms: development, regulation, and
molecular mechanisms. Microbes and infection, 2016. 18(5): p. 310-321.

Cavalheiro, M. and M.C. Teixeira, Candida Biofilms: Threats, Challenges, and Promising
Strategies. Frontiers in medicine, 2018. 5: p. 28-28.

BAILLIE, G.S. and L.J. DOUGLAS, Role of dimorphism in the development of Candida
albicans biofilms. Journal of Medical Microbiology, 1999. 48(7): p. 671-679.

Norice, C.T., et al., Requirement for Candida albicans Sun41 in biofilm formation and
virulence. Eukaryotic cell, 2007. 6(11): p. 2046-2055.

Li, Y.-H. and X. Tian, Quorum sensing and bacterial social interactions in biofilms. Sensors
(Basel, Switzerland), 2012. 12(3): p. 2519-2538.

Dos Santos Ramos, M.A., et al., Nanotechnology-based drug delivery systems for control
of microbial biofilms: a review. International journal of nanomedicine, 2018. 13: p. 1179-
1213.

Hawser, S.P. and L.J. Douglas, Resistance of Candida albicans biofilms to antifungal
agents in vitro. Antimicrob Agents Chemother, 1995. 39(9): p. 2128-31.

Hawser, S.P., G.S. Baillie, and L.J. Douglas, Production of extracellular matrix by Candida
albicans biofilms. } Med Microbiol, 1998. 47(3): p. 253-6.

Kuhn, D.M,, et al., Antifungal susceptibility of Candida biofilms: unique efficacy of
amphotericin B lipid formulations and echinocandins. Antimicrobial agents and
chemotherapy, 2002. 46(6): p. 1773-1780.

Lewis, K., Riddle of biofilm resistance. Antimicrob Agents Chemother, 2001. 45(4): p.
999-1007.

Baillie, G.S. and L.J. Douglas, Effect of growth rate on resistance of Candida albicans
biofilms to antifungal agents. Antimicrob Agents Chemother, 1998. 42(8): p. 1900-5.
Paragioudaki, M., et al., Intravenous catheter infections associated with bacteraemia: a
2-year study in a University Hospital. Clinical Microbiology and Infection, 2004. 10(5): p.
431-435.

Harris, A.D., et al., Risk factors for nosocomial candiduria due to Candida glabrata and
Candida albicans. Clin Infect Dis, 1999. 29(4): p. 926-8.

Foxman, B., Epidemiology of urinary tract infections: incidence, morbidity, and economic
costs. Dis Mon, 2003. 49(2): p. 53-70.

Lundstrom, T. and J. Sobel, Nosocomial candiduria: a review. Clin Infect Dis, 2001.
32(11): p. 1602-7.

Mateus, C., S.A. Crow, Jr., and D.G. Ahearn, Adherence of Candida albicans to silicone
induces immediate enhanced tolerance to fluconazole. Antimicrobial agents and
chemotherapy, 2004. 48(9): p. 3358-3366.

Phelan, D.M., et al., Delayed reimplantation arthroplasty for candidal prosthetic joint
infection: a report of 4 cases and review of the literature. Clin Infect Dis, 2002. 34(7): p.
930-8.

97



77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Sanchez-Portocarrero, J., et al., Candida cerebrospinal fluid shunt infection. Report of
two new cases and review of the literature. Diagn Microbiol Infect Dis, 1994. 20(1): p.
33-40.

Nguyen, M.H., V.L. Yu, and A.). Morris, Candida infection of the arteriovenous fistula
used for hemodialysis. Am J Kidney Dis, 1996. 27(4): p. 596-8.

Saray, A., et al., Fungal growth inside saline-filled implants and the role of injection ports
in fungal translocation: in vitro study. Plast Reconstr Surg, 2004. 114(5): p. 1170-8.
Achkar, J.M. and B.C. Fries, Candida infections of the genitourinary tract. Clinical
microbiology reviews, 2010. 23(2): p. 253-273.

Jacobs, L.G., et al., Oral fluconazole compared with bladder irrigation with amphotericin
B for treatment of fungal urinary tract infections in elderly patients. Clin Infect Dis, 1996.
22(1): p. 30-5.

Treadwell, T.L., Principles and practice of infectious diseases. Ed. 4. Edited by Gerald L.
Mandell, John E. Bennett, and Raphael Dolin, 2,803 Pp. New York: Churchill Livingstone,
1995. $295. Hepatology, 1995. 22(6): p. 1894-1894.

Current World Literature. Current Opinion in Anesthesiology, 1999. 12(1): p. 59-109.
Baradkar, V.P., et al., Candidal infections of ventriculoperitoneal shunts. Journal of
pediatric neurosciences, 2009. 4(2): p. 73-75.

Serefko, A.D., E.J. Poleszak, and A. Malm, Candida albicans Denture Biofilm and its
Clinical Significance. Pol ) Microbiol, 2012. 61(3): p. 161-167.

Talpaert, M.J,, et al., Candida biofilm formation on voice prostheses. ) Med Microbiol,
2015. 64(Pt 3): p. 199-208.

Kriger, W., et al., Fungal-Bacterial Interactions in Health and Disease. Pathogens (Basel,
Switzerland), 2019. 8(2): p. 70.

Deveau, A,, et al., Bacterial-fungal interactions: ecology, mechanisms and challenges.
FEMS Microbiology Reviews, 2018. 42(3): p. 335-352.

De Sordi, L. and F.A. Muhlschlegel, Quorum sensing and fungal-bacterial interactions in
Candida albicans: a communicative network regulating microbial coexistence and
virulence. FEMS Yeast Res, 2009. 9(7): p. 990-9.

Whiteley, M., S.P. Diggle, and E.P. Greenberg, Progress in and promise of bacterial
quorum sensing research. Nature, 2017. 551(7680): p. 313-320.

Pammi, M., et al., Biofilm extracellular DNA enhances mixed species biofilms of
Staphylococcus epidermidis and Candida albicans. BMC Microbiol, 2013. 13: p. 257.
Mear, J.B., et al., Candida albicans and Pseudomonas aeruginosa interactions: more
than an opportunistic criminal association? Med Mal Infect, 2013. 43(4): p. 146-51.
Bergeron, A.C., et al., Candida albicans and Pseudomonas aeruginosa Interact To
Enhance Virulence of Mucosal Infection in Transparent Zebrafish. Infect Immun, 2017.
85(11).

Leclair, LW. and D.A. Hogan, Mixed bacterial-fungal infections in the CF respiratory
tract. Med Mycol, 2010. 48 Suppl 1: p. S125-32.

Hogan, D.A. and R. Kolter, Pseudomonas-Candida interactions: an ecological role for
virulence factors. Science, 2002. 296(5576): p. 2229-32.

Peleg, A.Y., D.A. Hogan, and E. Mylonakis, Medically important bacterial-fungal
interactions. Nat Rev Microbiol, 2010. 8(5): p. 340-9.

98



97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Cavalcanti, I.M., et al., Interactions between Streptococcus oralis, Actinomyces oris, and
Candida albicans in the development of multispecies oral microbial biofilms on salivary
pellicle. Mol Oral Microbiol, 2017. 32(1): p. 60-73.

Ikeda, T., et al., Efficacy of antibacterial drugs in mice with complex infection by Candida
albicans and Escherichia coli. J Antibiot (Tokyo), 1999. 52(6): p. 552-8.

Levy, S.B. and B. Marshall, Antibacterial resistance worldwide: causes, challenges and
responses. Nature Medicine, 2004. 10: p. S122.

Boucher, H.W., et al., Bad Bugs, No Drugs: No ESKAPE! An Update from the Infectious
Diseases Society of America. Clinical Infectious Diseases, 2009. 48(1): p. 1-12.

Sardi, J.C., et al., Candida species: current epidemiology, pathogenicity, biofilm
formation, natural antifungal products and new therapeutic options.  Med Microbiol,
2013. 62(Pt 1): p. 10-24.

Spellberg, B., et al., The epidemic of antibiotic-resistant infections: a call to action for the
medical community from the Infectious Diseases Society of America. Clin Infect Dis,
2008. 46(2): p. 155-64.

Bush, K., et al., Tackling antibiotic resistance. Nat Rev Microbiol, 2011. 9(12): p. 894-6.
Control, C.f.D. and Prevention, Antibiotic resistance threats in the United States, 2013.
2013: Centres for Disease Control and Prevention, US Department of Health and ....
Ngo, H.X., S. Garneau-Tsodikova, and K.D. Green, A complex game of hide and seek: the
search for new antifungals. MedChemComm, 2016. 7(7): p. 1285-1306.

Kathiravan, M.K., et al., The biology and chemistry of antifungal agents: a review. Bioorg
Med Chem, 2012. 20(19): p. 5678-98.

Kanafani, Z.A. and J.R. Perfect, Antimicrobial resistance: resistance to antifungal agents:
mechanisms and clinical impact. Clin Infect Dis, 2008. 46(1): p. 120-8.

Bowman, S.M. and S.J. Free, The structure and synthesis of the fungal cell wall.
Bioessays, 2006. 28(8): p. 799-808.

Ghannoum, M.A. and L.B. Rice, Antifungal agents: mode of action, mechanisms of
resistance, and correlation of these mechanisms with bacterial resistance. Clinical
microbiology reviews, 1999. 12(4): p. 501-517.

Kumamoto, C.A., Niche-specific gene expression during C. albicans infection. Current
opinion in microbiology, 2008. 11(4): p. 325-330.

Brown, A.J., F.C. Odds, and N.A. Gow, Infection-related gene expression in Candida
albicans. Curr Opin Microbiol, 2007. 10(4): p. 307-13.

Cheng, S., et al., Uncoupling of oxidative phosphorylation enables Candida albicans to
resist killing by phagocytes and persist in tissue. Cell Microbiol, 2007. 9(2): p. 492-501.
Ford, C.B., et al., The evolution of drug resistance in clinical isolates of Candida albicans.
Elife, 2015. 4: p. e00662.

Selmecki, A., A. Forche, and J. Berman, Genomic plasticity of the human fungal pathogen
Candida albicans. Eukaryot Cell, 2010. 9(7): p. 991-1008.

Scorzoni, L., et al., Antifungal Therapy: New Advances in the Understanding and
Treatment of Mycosis. Frontiers in Microbiology, 2017. 8(36).

Morio, F., et al., Screening for amino acid substitutions in the Candida albicans Erg11
protein of azole-susceptible and azole-resistant clinical isolates: new substitutions and a
review of the literature. Diagn Microbiol Infect Dis, 2010. 66(4): p. 373-84.

99



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Perlin, D.S., Echinocandin Resistance in Candida. Clin Infect Dis, 2015. 61 Suppl 6: p.
S612-7.

Puri, S. and M. Edgerton, How does it kill?: understanding the candidacidal mechanism
of salivary histatin 5. Eukaryot Cell, 2014. 13(8): p. 958-64.

Puri, S., et al., Candida albicans Shed Msb2 and Host Mucins Affect the Candidacidal
Activity of Salivary Hst 5. Pathogens (Basel, Switzerland), 2015. 4(4): p. 752-763.
Ksiezopolska, E. and T. Gabalddn, Evolutionary Emergence of Drug Resistance in Candida
Opportunistic Pathogens. Genes, 2018. 9(9): p. 461.

Odds, F.C., A.J. Brown, and N.A. Gow, Antifungal agents: mechanisms of action. Trends
Microbiol, 2003. 11(6): p. 272-9.

Song, J.C. and D.A. Stevens, Caspofungin: Pharmacodynamics, pharmacokinetics, clinical
uses and treatment outcomes. Crit Rev Microbiol, 2016. 42(5): p. 813-46.

Campoccia, D., L. Montanaro, and C.R. Arciola, A review of the biomaterials technologies
for infection-resistant surfaces. Biomaterials, 2013. 34(34): p. 8533-8554.

Hasan, J., R.J. Crawford, and E.P. lvanova, Antibacterial surfaces: the quest for a new
generation of biomaterials. Trends in Biotechnology, 2013. 31(5): p. 295-304.

Francolini, I., et al., Antimicrobial polymers for anti-biofilm medical devices: state-of-art
and perspectives. Adv Exp Med Biol, 2015. 831: p. 93-117.

Campoccia, D., et al., The presence of both bone sialoprotein-binding protein gene and
collagen adhesin gene as a typical virulence trait of the major epidemic cluster in isolates
from orthopedic implant infections. Biomaterials, 2009. 30(34): p. 6621-6628.

Speziale, P., et al., Structural and functional role of Staphylococcus aureus surface
components recognizing adhesive matrix molecules of the host. Future Microbiol, 2009.
4(10): p. 1337-52.

Roosjen, A, et al., Inhibition of adhesion of yeasts and bacteria by poly(ethylene oxide)-
brushes on glass in a parallel plate flow chamber. Microbiology, 2003. 149(Pt 11): p.
3239-3246.

Yoshijima, Y., et al., Effect of substrate surface hydrophobicity on the adherence of yeast
and hyphal Candida. Mycoses, 2010. 53(3): p. 221-6.

Geng, H., et al., Biotransformation of Silver Released from Nanoparticle Coated Titanium
Implants Revealed in Regenerating Bone. ACS Applied Materials & Interfaces, 2017.
9(25): p. 21169-21180.

Roe, D., et al., Antimicrobial surface functionalization of plastic catheters by silver
nanoparticles. ) Antimicrob Chemother, 2008. 61(4): p. 869-76.

Colon, G., B.C. Ward, and T.J. Webster, Increased osteoblast and decreased
Staphylococcus epidermidis functions on nanophase ZnO and TiO2. ) Biomed Mater Res
A, 2006. 78(3): p. 595-604.

El-Sharif, A.A. and M.H. Hussain, Chitosan-EDTA new combination is a promising
candidate for treatment of bacterial and fungal infections. Curr Microbiol, 2011. 62(3):
p. 739-45.

Mohamed, N.A. and N.A. Abd EI-Ghany, Preparation and antimicrobial activity of some
carboxymethyl chitosan acyl thiourea derivatives. Int J Biol Macromol, 2012. 50(5): p.
1280-5.

Xu, T., et al., Synthesis, characterization, and antibacterial activity of N,O-quaternary
ammonium chitosan. Carbohydr Res, 2011. 346(15): p. 2445-50.

100



136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

Tahtat, D., et al., Influence of some factors affecting antibacterial activity of
PVA/Chitosan based hydrogels synthesized by gamma irradiation. ) Mater Sci Mater
Med, 2011. 22(11): p. 2505-12.

Tsao, C.T., et al., Antibacterial activity and biocompatibility of a chitosan-gamma-
poly(glutamic acid) polyelectrolyte complex hydrogel. Carbohydr Res, 2010. 345(12): p.
1774-80.

Girardot, M. and C. Imbert, Natural Sources as Innovative Solutions Against Fungal
Biofilms. Adv Exp Med Biol, 2016. 931: p. 105-25.

Darouiche, R.0., G. Green, and M.D. Mansouri, Antimicrobial activity of antiseptic-
coated orthopaedic devices. Int J Antimicrob Agents, 1998. 10(1): p. 83-6.

Darouiche, R.0., M.D. Mansouri, and E.M. Kojic, Antifungal activity of antimicrobial-
impregnated devices. Clin Microbiol Infect, 2006. 12(4): p. 397-9.

Giles, C., et al., The importance of fungal pathogens and antifungal coatings in medical
device infections. Biotechnol Adv, 2018. 36(1): p. 264-280.

Tambe, S.M., L. Sampath, and S.M. Modak, In vitro evaluation of the risk of developing
bacterial resistance to antiseptics and antibiotics used in medical devices. Journal of
Antimicrobial Chemotherapy, 2001. 47(5): p. 589-598.

Allison, D.L., et al., Candida—Bacteria Interactions: Their Impact on Human Disease.
Microbiology Spectrum, 2016. 4(3).

Wei, T., et al., Smart Antibacterial Surfaces with Switchable Bacteria-Killing and
Bacteria-Releasing Capabilities. ACS Appl Mater Interfaces, 2017. 9(43): p. 37511-37523.
Cleophas, R.T.C,, et al., Characterization and Activity of an Immobilized Antimicrobial
Peptide Containing Bactericidal PEG-Hydrogel. Biomacromolecules, 2014. 15(9): p. 3390-
3395.

Tiller, J.C., et al., Designing surfaces that kill bacteria on contact. Proc Natl Acad Sci U S
A, 2001. 98(11): p. 5981-5.

da Silva Domingues, J.F., et al., Macrophage phagocytic activity toward adhering
staphylococci on cationic and patterned hydrogel coatings versus common biomaterials.
Acta Biomater, 2015. 18: p. 1-8.

Schaer, T.P., et al., Hydrophobic polycationic coatings that inhibit biofilms and support
bone healing during infection. Biomaterials, 2012. 33(5): p. 1245-54.

Watson, G.S., J.A. Watson, and B.W. Cribb, Diversity of Cuticular Micro- and
Nanostructures on Insects: Properties, Functions, and Potential Applications. Annual
Review of Entomology, 2017. 62(1): p. 185-205.

Liu, K. and L. Jiang, Bio-inspired design of multiscale structures for function integration.
Nano Today, 2011. 6(2): p. 155-175.

Webb, H.K., R.J. Crawford, and E.P. lvanova, Wettability of natural superhydrophobic
surfaces. Adv Colloid Interface Sci, 2014. 210: p. 58-64.

Ivanova, E.P., et al., Natural Bactericidal Surfaces: Mechanical Rupture of Pseudomonas
aeruginosa Cells by Cicada Wings. Small, 2012. 8(16): p. 2489-2494.

Pogodin, S., et al., Biophysical model of bacterial cell interactions with nanopatterned
cicada wing surfaces. Biophys J, 2013. 104(4): p. 835-40.

Xue, F., et al., Theoretical study on the bactericidal nature of nanopatterned surfaces.
Journal of Theoretical Biology, 2015. 385: p. 1-7.

101



155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

Kelleher, S.M., et al., Cicada Wing Surface Topography: An Investigation into the
Bactericidal Properties of Nanostructural Features. ACS Appl Mater Interfaces, 2016.
8(24): p. 14966-74.

Hasan, J., et al., Spatial Variations and Temporal Metastability of the Self-Cleaning and
Superhydrophobic Properties of Damselfly Wings. Langmuir, 2012. 28(50): p. 17404-
17409.

Bandara, C.D., et al., Bactericidal Effects of Natural Nanotopography of Dragonfly Wing
on Escherichia coli. ACS Applied Materials & Interfaces, 2017. 9(8): p. 6746-6760.
Bhadra, C.M., et al., Antibacterial titanium nano-patterned arrays inspired by dragonfly
wings. Scientific Reports, 2015. 5: p. 16817.

Chung, K.K., et al., Impact of engineered surface microtopography on biofilm formation
of Staphylococcus aureus. Biointerphases, 2007. 2(2): p. 89-94.

Magin, C.M., S.P. Cooper, and A.B. Brennan, Non-toxic antifouling strategies. Materials
Today, 2010. 13(4): p. 36-44.

Sakamoto, A., et al., Antibacterial effects of protruding and recessed shark skin
micropatterned surfaces of polyacrylate plate with a shallow groove. FEMS Microbiology
Letters, 2014. 361(1): p. 10-16.

Watson, G.S., et al., A gecko skin micro/nano structure — A low adhesion,
superhydrophobic, anti-wetting, self-cleaning, biocompatible, antibacterial surface. Acta
Biomaterialia, 2015. 21: p. 109-122.

Green, D.W., et al., High Quality Bioreplication of Intricate Nanostructures from a Fragile
Gecko Skin Surface with Bactericidal Properties. Scientific reports, 2017. 7: p. 41023-
41023.

Li, X., et al., The nanotipped hairs of gecko skin and biotemplated replicas impair and/or
kill pathogenic bacteria with high efficiency. Vol. 8. 2016.

Solga, A, et al., The dream of staying clean: Lotus and biomimetic surfaces.
Bioinspiration & Biomimetics, 2007. 2(4): p. $126-5134.

Diu, T., et al., Cicada-inspired cell-instructive nanopatterned arrays. Scientific Reports,
2014. 4(1): p. 7122.

Singh, A.V., et al., Quantitative Characterization of the Influence of the Nanoscale
Morphology of Nanostructured Surfaces on Bacterial Adhesion and Biofilm Formation.
PLOS ONE, 2011. 6(9): p. €25029.

Agudo-Canalejo, J. and D.E. Discher, Biomembrane Adhesion to Substrates
Topographically Patterned with Nanopits. Biophysical journal, 2018. 115(7): p. 1292-
1306.

Zhang, N., et al., Do Dental Resin Composites Accumulate More Oral Biofilms and Plaque
than Amalgam and Glass lonomer Materials? Materials (Basel, Switzerland), 2016.
9(11): p. 888.

Parham, P.L., Jr., et al., Effects of an air-powder abrasive system on plasma-sprayed
titanium implant surfaces: an in vitro evaluation. J Oral Implantol, 1989. 15(2): p. 78-86.
Howell, D. and B. Behrends, A review of surface roughness in antifouling coatings
illustrating the importance of cutoff length. Biofouling, 2006. 22(5-6): p. 401-10.
Scardino, A.J., E. Harvey, and R. De Nys, Testing attachment point theory: diatom
attachment on microtextured polyimide biomimics. Biofouling, 2006. 22(1-2): p. 55-60.

102



173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

Mitik-Dineva, N., et al., Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus
aureus Attachment Patterns on Glass Surfaces with Nanoscale Roughness. Current
Microbiology, 2009. 58(3): p. 268-273.

Hochbaum, A.l. and J. Aizenberg, Bacteria pattern spontaneously on periodic
nanostructure arrays. Nano Lett, 2010. 10(9): p. 3717-21.

Zhang, X., L. Wang, and E. Levanen, Superhydrophobic surfaces for the reduction of
bacterial adhesion. RSC Advances, 2013. 3(30): p. 12003-12020.

Ma, J., et al., Nanostructure on taro leaves resists fouling by colloids and bacteria under
submerged conditions. Langmuir, 2011. 27(16): p. 10035-40.

Fadeeva, E., et al., Bacterial Retention on Superhydrophobic Titanium Surfaces
Fabricated by Femtosecond Laser Ablation. Langmuir, 2011. 27(6): p. 3012-3019.
Verran, J. and C.J. Maryan, Retention of Candida albicans on acrylic resin and silicone of
different surface topography. ) Prosthet Dent, 1997. 77(5): p. 535-9.

Whitehead, K.A., J. Colligon, and J. Verran, Retention of microbial cells in substratum
surface features of micrometer and sub-micrometer dimensions. Colloids Surf B
Biointerfaces, 2005. 41(2-3): p. 129-38.

Perera-Costa, D., et al., Studying the Influence of Surface Topography on Bacterial
Adhesion using Spatially Organized Microtopographic Surface Patterns. Langmuir, 2014.
30(16): p. 4633-4641.

Chidambaranathan, A.S., K. Mohandoss, and M.K. Balasubramaniam, Comparative
Evaluation of Antifungal Effect of Titanium, Zirconium and Aluminium Nanoparticles
Coated Titanium Plates Against C. albicans. Journal of clinical and diagnostic research :
JCDR, 2016. 10(1): p. ZC56-ZC59.

Pessoa, R.S., et al., TiO2 coatings via atomic layer deposition on polyurethane and
polydimethylsiloxane substrates: Properties and effects on C. albicans growth and
inactivation process. Applied Surface Science, 2017. 422: p. 73-84.

Wan, Q., et al., The wetting behavior of three different types of aqueous surfactant
solutions on housefly (Musca domestica) surfaces. Pest Management Science, 2020.
76(3): p. 1085-1093.

Sun, M., et al., Wetting properties on nanostructured surfaces of cicada wings. ) Exp Biol,
2009. 212(19): p. 3148-55.

Gorb, S., A. Kesel, and J. Berger, Microsculpture of the wing surface in Odonata: evidence
for cuticular wax covering. 2019.

Vincent, J.F. and U.G. Wegst, Design and mechanical properties of insect cuticle.
Arthropod Struct Dev, 2004. 33(3): p. 187-99.

Jeevahan, J,, et al., Superhydrophobic surfaces: a review on fundamentals, applications,
and challenges. Journal of Coatings Technology and Research, 2018. 15(2): p. 231-250.
Pogodin, S., et al., Biophysical model of bacterial cell interactions with nanopatterned
cicada wing surfaces. Biophysical journal, 2013. 104(4): p. 835-840.

Booth, J.A., et al., Statistical properties of defect-dependent detachment strength in
bioinspired dry adhesives. Journal of The Royal Society Interface, 2019. 16(156): p.
20190239.

Erdogan, A. and S.S. Rao, Small intestinal fungal overgrowth. Curr Gastroenterol Rep,
2015. 17(4): p. 16.

103



191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Kullberg, B.J. and M.C. Arendrup, Invasive Candidiasis. New England Journal of Medicine,
2015. 373(15): p. 1445-1456.

Pérez, J.C., C.A. Kumamoto, and A.D. Johnson, Candida albicans Commensalism and
Pathogenicity Are Intertwined Traits Directed by a Tightly Knit Transcriptional Regulatory
Circuit. PLOS Biology, 2013. 11(3): p. e1001510.

Chandra, J., et al., Biofilm formation by the fungal pathogen Candida albicans:
development, architecture, and drug resistance. Journal of bacteriology, 2001. 183(18):
p. 5385-5394.

Singh, S., et al., Understanding the Mechanism of Bacterial Biofilms Resistance to
Antimicrobial Agents. The open microbiology journal, 2017. 11: p. 53-62.

Cheung, A.H. and L.M. Wong, Surgical infections in patients with chronic renal failure.
Infect Dis Clin North Am, 2001. 15(3): p. 775-96.

Tokars, J.l., Infections Due to Antimicrobial-Resistant Pathogens in the Dialysis Unit.
Blood Purification, 2000. 18(4): p. 355-360.

Campitelli, M., et al., Combination Antifungal Therapy: A Review of Current Data. Journal
of clinical medicine research, 2017. 9(6): p. 451-456.

Kohnen, W. and B. Jansen, Polymer materials for the prevention of catheter-related
infections. Zentralbl Bakteriol, 1995. 283(2): p. 175-86.

Dale, A.P., et al., Percutaneous breast implant herniation: a rare complication of miliary
TB. BMJ case reports, 2015. 2015: p. bcr2014207546.

Ooi, A. and D.H. Song, Reducing infection risk in implant-based breast-reconstruction
surgery: challenges and solutions. Breast Cancer (Dove Med Press), 2016. 8: p. 161-72.
Khatoon, Z., et al., Bacterial biofilm formation on implantable devices and approaches to
its treatment and prevention. Heliyon, 2018. 4(12): p. e01067-e01067.

Baptista, P.V., et al., Nano-Strategies to Fight Multidrug Resistant Bacteria-"A Battle of
the Titans". Frontiers in microbiology, 2018. 9: p. 1441-1441.

Shaikh, S., et al., Antibiotic resistance and extended spectrum beta-lactamases: Types,
epidemiology and treatment. Saudi J Biol Sci, 2015. 22(1): p. 90-101.

Gupta, R. and H. Xie, Nanoparticles in Daily Life: Applications, Toxicity and Regulations.
Journal of environmental pathology, toxicology and oncology : official organ of the
International Society for Environmental Toxicology and Cancer, 2018. 37(3): p. 209-230.
Crijns, F.R.L., M.M. Keinanen-Toivola, and C.P. Dunne, Antimicrobial coating innovations
to prevent healthcare-associated infection. Journal of Hospital Infection, 2017. 95(3): p.
243-244,

Page, K., M. Wilson, and I.P. Parkin, Antimicrobial surfaces and their potential in
reducing the role of the inanimate environment in the incidence of hospital-acquired
infections. Journal of Materials Chemistry, 2009. 19(23): p. 3819-3831.

Dizaj, S.M., et al., Antimicrobial activity of the metals and metal oxide nanoparticles.
Materials Science and Engineering: C, 2014. 44: p. 278-284.

Jaggessar, A., et al., Bio-mimicking nano and micro-structured surface fabrication for
antibacterial properties in medical implants. Journal of Nanobiotechnology, 2017. 15.
Jaggessar, A., et al., Bio-mimicking nano and micro-structured surface fabrication for
antibacterial properties in medical implants. Journal of nanobiotechnology, 2017. 15(1):
p. 64-64.

104



210.

211.

212.

213.

214.

215.

216.

217.

218.
219.

220.

221.

222,

223.

224,

225.

226.

227.

Chandran, R., K. Nowlin, and D.R. Laleunesse, Nanosphere Lithography of Chitin and
Chitosan with Colloidal and Self-Masking Patterning. Polymers, 2018. 10(2): p. 218.
Rigo, S., et al., Nanoscience-Based Strategies to Engineer Antimicrobial Surfaces.
Advanced science (Weinheim, Baden-Wurttemberg, Germany), 2018. 5(5): p. 1700892-
1700892.

Hasan, J., et al., Selective bactericidal activity of nanopatterned superhydrophobic cicada
Psaltoda claripennis wing surfaces. Appl Microbiol Biotechnol, 2013. 97(20): p. 9257-62.
Shanks, R.M.Q., et al., Saccharomyces cerevisiae-based molecular tool kit for
manipulation of genes from gram-negative bacteria. Applied and environmental
microbiology, 2006. 72(7): p. 5027-5036.

Hofte, H., The Yin and Yang of Cell Wall Integrity Control: Brassinosteroid and FERONIA
Signaling. Plant and Cell Physiology, 2015. 56(2): p. 224-231.

Weerasekera, M.M.,, et al., Culture media profoundly affect Candida albicans and
Candida tropicalis growth, adhesion and biofilm development. Memorias do Instituto
Oswaldo Cruz, 2016. 111(11): p. 697-702.

Langford, M.L., et al., Activity and Toxicity of Farnesol towards &It;em&gt;Candida
albicans&It;/em&gt; Are Dependent on Growth Conditions. Antimicrobial Agents and
Chemotherapy, 2010. 54(2): p. 940.

O'Connor, L., et al., Differential filamentation of Candida albicans and Candida
dubliniensis Is governed by nutrient regulation of UMEG6 expression. Eukaryotic cell,
2010. 9(9): p. 1383-1397.

O'Toole, G.A., Microtiter dish biofilm formation assay. ) Vis Exp, 2011(47).

Nowlin, K., et al., Adhesion-dependent rupturing of <i>Saccharomyces cerevisiae</i> on
biological antimicrobial nanostructured surfaces. Journal of The Royal Society Interface,
2015. 12(102): p. 20140999.

Wassmann, T., et al., The influence of surface texture and wettability on initial bacterial
adhesion on titanium and zirconium oxide dental implants. International journal of
implant dentistry, 2017. 3(1): p. 32-32.

Batista, A.C.d.L., F.E.d. Souza Neto, and W.d.S. Paiva, Review of fungal chitosan: past,
present and perspectives in Brazil. Polimeros, 2018. 28: p. 275-283.

Abo Elsoud, M.M. and E.M. El Kady, Current trends in fungal biosynthesis of chitin and
chitosan. Bulletin of the National Research Centre, 2019. 43(1): p. 59.

Essary, B.D. and P.A. Marshall, Assessment of FUN-1 vital dye staining: Yeast with a block
in the vacuolar sorting pathway have impaired ability to form CIVS when stained with
FUN-1 fluorescent dye. ) Microbiol Methods, 2009. 78(2): p. 208-12.

Nowlin, K., et al., Adhesion-dependent rupturing of Saccharomyces cerevisiae on
biological antimicrobial nanostructured surfaces. Journal of the Royal Society, Interface,
2015. 12(102): p. 20140999-20140999.

Westman, J., et al., Candida albicans Hyphal Expansion Causes Phagosomal Membrane
Damage and Luminal Alkalinization. mBio, 2018. 9(5): p. e01226-18.

Gulati, M., et al., In Vitro Culturing and Screening of Candida albicans Biofilms. Current
protocols in microbiology, 2018. 50(1): p. e60-e60.

Mayer, F.L., D. Wilson, and B. Hube, Candida albicans pathogenicity mechanisms.
Virulence, 2013. 4(2): p. 119-128.

105



228.

229.

230.

231.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

242,

243,

244,

245,

246.

Whiteway, M. and C. Bachewich, Morphogenesis in Candida albicans. Annual review of
microbiology, 2007. 61: p. 529-553.

Whiteway, M. and C. Bachewich, Morphogenesis in Candida albicans. Annual Review of
Microbiology, 2007. 61(1): p. 529-553.

Zaltsman, N., et al., Surface-modified nanoparticles as anti-biofilm filler for dental
polymers. PLoS One, 2017. 12(12): p. e0189397.

Li, F., et al., Anti-biofilm effect of dental adhesive with cationic monomer. ) Dent Res,
2009. 88(4): p. 372-6.

van Duin, D. and D.L. Paterson, Multidrug-Resistant Bacteria in the Community: Trends
and Lessons Learned. Infectious disease clinics of North America, 2016. 30(2): p. 377-
390.

Singhai, M., et al., A study on device-related infections with special reference to biofilm
production and antibiotic resistance. Journal of global infectious diseases, 2012. 4(4): p.
193-198.

Catto, C,, F. Villa, and F. Cappitelli, Recent progress in bio-inspired biofilm-resistant
polymeric surfaces. Crit Rev Microbiol, 2018. 44(5): p. 633-652.

Luppens, S.B., et al., Development of a standard test to assess the resistance of
Staphylococcus aureus biofilm cells to disinfectants. Appl Environ Microbiol, 2002. 68(9):
p. 4194-200.

Verderosa, A.D., M. Totsika, and K.E. Fairfull-Smith, Bacterial Biofilm Eradication Agents:
A Current Review. Frontiers in Chemistry, 2019. 7(824).

Cortegiani, A, et al., Epidemiology, clinical characteristics, resistance, and treatment of
infections by Candida auris. Journal of intensive care, 2018. 6: p. 69-69.

Rossato, L. and A.L. Colombo, Candida auris: What Have We Learned About Its
Mechanisms of Pathogenicity? Frontiers in microbiology, 2018. 9: p. 3081-3081.
Maertens, J.A., History of the development of azole derivatives. Clinical Microbiology and
Infection, 2004. 10: p. 1-10.

French, G.L., The continuing crisis in antibiotic resistance. Int J Antimicrob Agents, 2010.
36 Suppl 3: p. S3-7.

Magill, S.S., et al., Multistate point-prevalence survey of health care-associated
infections. N Engl J Med, 2014. 370(13): p. 1198-208.

Arendrup, M.C., Update on antifungal resistance in Aspergillus and Candida. Clin
Microbiol Infect, 2014. 20 Suppl 6: p. 42-8.

Ghannoum, M.A. and L.B. Rice, Antifungal Agents: Mode of Action, Mechanisms of
Resistance, and Correlation of These Mechanisms with Bacterial Resistance. Clinical
Microbiology Reviews, 1999. 12(4): p. 501.

Rex, J.H., M.G. Rinaldi, and M.A. Pfaller, Resistance of Candida species to fluconazole.
Antimicrobial Agents and Chemotherapy, 1995. 39(1): p. 1.

Sanati, H., et al., A new triazole, voriconazole (UK-109,496), blocks sterol biosynthesis in
Candida albicans and Candida krusei. Antimicrob Agents Chemother, 1997. 41(11): p.
2492-6.

Wasylnka, J.A. and M.M. Moore, Uptake of Aspergillus fumigatus Conidia by phagocytic
and nonphagocytic cells in vitro: quantitation using strains expressing green fluorescent
protein. Infection and immunity, 2002. 70(6): p. 3156-3163.

106



247.

248.

249,

250.

251.

252.

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

Smith, K.J., et al., Azole resistance in Candida albicans. ) Med Vet Mycol, 1986. 24(2): p.
133-44.

Barchiesi, F., et al., Variation in fluconazole efficacy for Candida albicans strains
sequentially isolated from oral cavities of patients with AIDS in an experimental murine
candidiasis model. Antimicrob Agents Chemother, 1996. 40(5): p. 1317-20.

Pristov, K.E. and M.A. Ghannoum, Resistance of Candida to azoles and echinocandins
worldwide. Clin Microbiol Infect, 2019. 25(7): p. 792-798.

Chong, P.P., et al., Transcriptomic and Genomic Approaches for Unravelling Candida
albicans Biofilm Formation and Drug Resistance-An Update. Genes (Basel), 2018. 9(11).
Spampinato, C. and D. Leonardi, Candida infections, causes, targets, and resistance
mechanismes: traditional and alternative antifungal agents. BioMed research
international, 2013. 2013: p. 204237-204237.

Sanguinetti, M., B. Posteraro, and C. Lass-Florl, Antifungal drug resistance among
Candida species: mechanisms and clinical impact. Mycoses, 2015. 58 Suppl 2: p. 2-13.
Nami, S., et al., Fungal vaccines, mechanism of actions and immunology: A
comprehensive review. Biomed Pharmacother, 2019. 109: p. 333-344.

Lee, K.K., et al., Yeast species-specific, differential inhibition of beta-1,3-glucan synthesis
by poacic acid and caspofungin. Cell Surf, 2018. 3: p. 12-25.

Douglas, C.M,, et al., Identification of the FKS1 gene of Candida albicans as the essential
target of 1,3-beta-D-glucan synthase inhibitors. Antimicrob Agents Chemother, 1997.
41(11): p. 2471-9.

Pappas, P.G., et al., Clinical Practice Guideline for the Management of Candidiasis: 2016
Update by the Infectious Diseases Society of America. Clin Infect Dis, 2016. 62(4): p. el-
50.

Cornely, O.A,, et al., ESCMID* guideline for the diagnosis and management of Candida
diseases 2012: non-neutropenic adult patients. Clin Microbiol Infect, 2012. 18 Suppl 7: p.
19-37.

Marak, M. and D. B, Antifungal Susceptibility and Biofilm Production of Candida spp.
Isolated from Clinical Samples. International Journal of Microbiology, 2018. 2018: p. 1-5.
Thompson, G.R., 3rd, et al., Development of caspofungin resistance following prolonged
therapy for invasive candidiasis secondary to Candida glabrata infection. Antimicrobial
agents and chemotherapy, 2008. 52(10): p. 3783-3785.

Wisplinghoff, H., et al., Nosocomial bloodstream infections in US hospitals: analysis of
24,179 cases from a prospective nationwide surveillance study. Clin Infect Dis, 2004.
39(3): p. 309-17.

Eyre, D.W.,, et al., A Candida auris Outbreak and Its Control in an Intensive Care Setting.
N EnglJ Med, 2018. 379(14): p. 1322-1331.

Salgado, C.D,, et al., Copper Surfaces Reduce the Rate of Healthcare-Acquired Infections
in the Intensive Care Unit. Infection Control & Hospital Epidemiology, 2015. 34(5): p.
479-486.

Yafiez-Macias, R., et al., Combinations of Antimicrobial Polymers with Nanomaterials
and Bioactives to Improve Biocidal Therapies. Polymers, 2019. 11(11): p. 1789.
Fothergill, AW., et al., Impact of new antifungal breakpoints on antifungal resistance in
Candida species. Journal of clinical microbiology, 2014. 52(3): p. 994-997.

107



265.

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

281.

282.

283.

Warren, J.W., Catheter-associated urinary tract infections. Infect Dis Clin North Am,
1987. 1(4): p. 823-54.

Kauffman, C.A., Candiduria. Clin Infect Dis, 2005. 41 Suppl 6: p. S371-6.

Gubbins, P.O., S.C. Piscitelli, and L.H. Danziger, Candidal urinary tract infections: a
comprehensive review of their diagnosis and management. Pharmacotherapy, 1993.
13(2): p. 110-27.

Kauffman, C.A., et al., Prospective multicenter surveillance study of funguria in
hospitalized patients. The National Institute for Allergy and Infectious Diseases (NIAID)
Mlycoses Study Group. Clin Infect Dis, 2000. 30(1): p. 14-8.

Darouiche, R.0., Device-associated infections: a macroproblem that starts with
microadherence. Clin Infect Dis, 2001. 33(9): p. 1567-72.

Rishpana, M.S. and J.S. Kabbin, Candiduria in Catheter Associated Urinary Tract Infection
with Special Reference to Biofilm Production. Journal of clinical and diagnostic research :
JCDR, 2015. 9(10): p. DC11-DC13.

Tumbarello, M., et al., Biofilm production by Candida species and inadequate antifungal
therapy as predictors of mortality for patients with candidemia. ) Clin Microbiol, 2007.
45(6): p. 1843-50.

Hawser, S.P. and L.J. Douglas, Biofilm formation by Candida species on the surface of
catheter materials in vitro. Infect Immun, 1994. 62(3): p. 915-21.

Baillie, G.S. and L.J. Douglas, Role of dimorphism in the development of Candida albicans
biofilms. ) Med Microbiol, 1999. 48(7): p. 671-9.

Stickler, D.J. and R.C.L. Feneley, The encrustation and blockage of long-term indwelling
bladder catheters: a way forward in prevention and control. Spinal Cord, 2010. 48(11): p.
784-790.

Getliffe, K.A., The use of bladder wash-outs to reduce urinary catheter encrustation. Br
Urol, 1994. 73(6): p. 696-700.

Gray, M., Managing Urinary Encrustation in the Indwelling Catheter. Journal of Wound
Ostomy & Continence Nursing, 2001. 28(5): p. 226-229.

Jacobsen, S.M., et al., Complicated catheter-associated urinary tract infections due to
Escherichia coli and Proteus mirabilis. Clinical microbiology reviews, 2008. 21(1): p. 26-
59.

Mesa-Arango, A.C., et al., Cell Wall Changes in Amphotericin B-Resistant Strains from
Candida tropicalis and Relationship with the Immune Responses Elicited by the Host.
Antimicrob Agents Chemother, 2016. 60(4): p. 2326-35.

Rani, S.A., et al., Irrigation with N,N-dichloro-2,2-dimethyltaurine (NVC-422) in a citrate
buffer maintains urinary catheter patency in vitro and prevents encrustation by Proteus
mirabilis. Urolithiasis, 2016. 44(3): p. 247-56.

Jabra-Rizk, M.A., W.A. Falkler, and T.F. Meiller, Fungal biofilms and drug resistance.
Emerg Infect Dis, 2004. 10(1): p. 14-9.

Roy, A, et al., Green synthesis of silver nanoparticles: biomolecule-nanoparticle
organizations targeting antimicrobial activity. RSC Advances, 2019. 9(5): p. 2673-2702.
Chandran, R., et al., Solid-state synthesis of silver nanowires using biopolymer thin films.
Materials Today Nano, 2018. 1: p. 22-28.

Caudill, T., Reduction in catheter-associated urinary tract infection (CAUTI) using a silver-
coated all-silicone Foley catheter versus a silver-impregnated latex Foley catheter in a

108



Southeastern U.S. long-term acute care facility. American Journal of Infection Control,
2005. 33(5): p. e60.

284. Rodrigues, L., et al., Strategies for the prevention of microbial biofilm formation on
silicone rubber voice prostheses. ) Biomed Mater Res B Appl Biomater, 2007. 81(2): p.
358-70.

285.  Singha, P., J. Locklin, and H. Handa, A review of the recent advances in antimicrobial
coatings for urinary catheters. Acta biomaterialia, 2017. 50: p. 20-40.

109



