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Preface

Candida albicans, as part of the microbiome, plays a role in maintaining the homeostatic
condition of the human body. However, C. albicans can become an opportunistic patho-
gen when homeostasis is disrupted. Both C. albicans and non-Candida albicans Candida
(NCAC) possess a variety of virulence and antifungal resistance genes, enabling them
to cause fungal infectious diseases [1, 2]. These clinical and pathological characteristics
make C. albicans and NCAC significant fungal opportunists in infectious diseases.

This book presents a comprehensive overview of C. albicans. It is organized into
three sections. Section 1 includes Chapter 1, “Introductory Chapter: Candidiasis and
Antifungal Drug Resistance Feature”.

Section 2, “Pathogenesis and Treatment”, includes three chapters: Chapter 2, “Candida
albicans: Pathogenesis and Secretory Pathways”; Chapter 3, “Invasive Candidiasis Due
to Candida albicans and Its Treatment”; and Chapter 4, “Environmental and Social
Determinants Related to Candidiasis™

Section 3, “Antifungal Drugs and Nanomaterials”, includes Chapter 5, “Antifungal
Resistance in Candida albicans” and Chapter 6, “Nanomaterial against Candida
albicans”.

I would like to thank the contributing authors for their excellent contributions. I am
also grateful to the staff at IntechOpen for their exceptional support and cooperation,
especially Publishing Process Manager Ms. Antonija Grge¢. Additionally, I extend
special thanks to my fantastic colleagues Dr. Pia Afzelius and Prof. Charalampos
Proestos for their brilliant collaboration on Chapter 2, “Candida albicans: Pathogenesis
and Secretory Pathways”.

Payam Behzadi

Assistant Professor,
Department of Microbiology,
Shahr-e-Qods Branch,
Islamic Azad University,
Tehran, Iran
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Chapter1

Introductory Chapter: Candidiasis
and Antifungal Drug Resistance
Feature

Payam Behzadi

1. Introduction

Although Candida species, including Candida albicans and Non-Albicans Candida
(NAC), form a portion of the human body’s normal flora and act as commensal
microorganisms, they can be activated as opportunistic pathogens in individuals
with weak immune systems, e.g., old people, immunosuppressed individuals, and
in in-patients. The natural habitats of these candidal microorganisms in human host
bodies are the oral cavity, gastrointestinal tract, genital tract, and the skin, for the
most [1-5]. The imbalanced overgrowth of Candida yeasts or their penetration into
the deep tissues and organs in human host body may lead to the occurrence of life-
threatening candidal infections in the bloodstream, heart, brain, kidneys, etc. [2, 6].
Candidiasis, as an invasive candidal infection, is considered the most common fungal
infectious disease around the world. In this regard, C. albicans and the NAC species
including Candida glabrata and Candida tropicalis, rank first, second, and third,
respectively, in association with global urinary tract infections (UTIs) [1, 3, 7].

In recent years, according to centers for disease control and prevention (CDC)
reports [6], candidiasis infections caused by Candida auris have considerably risen
up. Due to this knowledge, the results obtained from a study done by Meghan Lyman
etal. in the United States of America (USA) show a significant increase in clinical
cases in association with C. auris. They found a noticeable annual increase from 44 to
95% between 2019 and 2021 in the USA [8]. Totally, C. auris has been recognized as a
progressive multidrug-resistant (MDR) candidal pathotype that can easily be distrib-
uted in public health centers and may lead to cause severe candidiasis in individuals
[6]. The echinocandins-resistant strains of C. auris have been three-folded during
2 years from 2019 to 2021 [8].

In parallel with bacterial MDR features, the fungal MDR feature is a global public
health concern that is highly growing up [5, 9]. Due to this fact, investigation in
association with antifungal resistance molecular mechanisms in candidal infections
may be a good option to control this group of invasive fungal infections.

2. Genomic characteristics and antifungal resistance feature

Genomic plasticity in eukaryotic opportunistic pathogens of fungi, includ-
ing Candida spp., is known as a unique advantage that makes them adaptable to
their environmental factors. Acquiring antifungal drug resistance feature is a
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considerable item in the field. In this regard, chromosomal rearrangement, aneu-
ploidies, and the loss of heterozygosity, which are known as important genomic
alterations, affect a versatile of fungal structures e.g., overexpression of efflux
pumps and alterations in drug targets, that are involved in antifungal drug resis-
tance feature in fungal pathogens [4, 10, 11].

3. A general view on antifungal drug resistance mechanisms

As aforementioned, we are now aware of different types of antifungal drug
resistant mechanisms. Azoles, as fungistatic compounds, are one of the most common
antifungal drugs which are composed of five-membered heterocycles and are cat-
egorized into two main groups of imidazole and triazole. Tioconazole, ketoconazole,
clotrimazole, miconazole, econazole bear two nitrogen in their azole ring and due to
this fact, they belong to imidazole group. On the other hand, the azoles of posacon-
azole, itraconazole, isavuconazole, fluconazole, and voriconazole are members of
triazole group and bear three nitrogen in their azole ring. These antifungal drugs are
administered to treat candidal infections or to prevent them. The target molecule of
azole drugs is the 14a-demethylase enzyme, which plays a pivotal role in the fungal
ergosterol biosynthesis pathway [3, 12-14]. Allylamines, morpholines, and polyenes
are other classes of antifungal drugs that target other enzymes involved in the ergos-
terol biosynthesis pathway [3].

The fungicide antifungal drugs of echinocandins, such as, anidulafungin, caspo-
fungin, and micafungin, inhibit the fungal cell wall biosynthesis by targeting the
pivotal enzyme complex of f-1,3 glucan synthase [15-17].

Inhibition of the nucleic acid biosynthesis pathway is another target for some
antifungal drugs, such as 5-Flucytosine (SFC). This antifungal drug is capable of
inactivating the enzyme thymidylate synthase, which plays a pivotal role in the fungal
biosynthesis pathway [18].

In accordance with the importance of effective treating procedures and the pres-
ence of different antifungals and the rise of antifungal drug resistance feature, it is
necessary to apply new antifungal drugs or new strategies to replace current antifun-
gal drug therapeutics.
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Chapter?2

Candida albicans: Pathogenesis
and Secretory Pathways

Pia Afzelius, Charalampos Proestos and Payam Behzadi

Abstract

Candida albicans is a member of the human host’s microbiome composition;
therefore, it is recognized as a portion of the human host body’s normal florain a
homeostasis condition. However, when the host develops an abnormal condition,

e.g., immune deficiency, C. albicans acts as an opportunistic pathogen. C. albicans has
an effective arsenal of a wide range of virulence factors. Due to this knowledge, the
enzymes construct a significant portion of substantial fungal virulence factors, which
are made of proteins and play an essential role in fungal invasion, fungal-hyphal
growth, and biofilm formation. An active secreted protein should be processed via
the fungal secretion system, such as the endoplasmic reticulum (ER) and/or Golgi
apparatus (GA). In other words, an active protein that acts as a fungal virulence factor
should undergo several vital and pivotal maturation processes, including glycosyl-
ation and folding. In this chapter, we have a rigorous look at these processes, which
directly determine the pathogenesis of C. albicans.

Keywords: Candida albicans, pathogenesis, secretory pathways, glycosylation,
virulence factors

1. Introduction

Fungi, including Candida albicans (C. albicans), as significant members of
eukaryotes, can adapt to different environmental factors. Their flexible ability to
adapt to other conditions is associated with vast metabolic pathways, morphoge-
netic characteristics, and life cycle diversities detected in fungal populations, e.g.,
C. albicans. Based on the reported results from previous investigations, the eukary-
otic kingdom of fungi is estimated to possess 1.5 to 5 million species. The genome
size of fungal species amazingly differs between 2 and 180 million nucleotides, and
the proteome size of fungal species seems to range from 2 to 35 thousand [1, 2].
Although there is a wide range of fungal species, only a few fungi are known as
primary or opportunistic pathogens. Among these pathogenic fungi, Candida spp.,
e.g., C. albicans, C. auris, C. glabrata, and C. tropicalis are identified as important
fungal etiologic agents of human infectious diseases such as urogenital infections
(vulvovaginal candidiasis, candidal balanitis), Candida onychomycosis, oropha-
ryngeal candidiasis, skin candidiasis, and systemic candidiasis [2-8]. We know the
human host is armed with many antifungal immune responses and signaling path-
ways; however, C. albicans also recruits its virulence factors to effectively oppose
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the human host defense system. C. albicans, as a dimorphic fungus, can adapt to the
human host temperature, so it grows in its adhesive and invasive filamentous form.
The filamentous form of C. albicans is the fungal invasive form that makes it capable
of taking up nutrients from the human host body, charging its effective growth and
progression, and escaping the human host immune system. Furthermore, several
antifungal drug-resistant strains can easily resist antifungal therapeutics [2, 8]. Due
to this knowledge, we will closely examine C. albicans’ pathogenesis and secretory
pathways.

2. Pan-genome of Candida albicans

In comparative genomic analyses, both eukaryotes and prokaryotes possess
genomic pools composed of core- and accessory genomes. Usually, the core genome
comprises those genes (housekeeping genes) that contribute to essential life activi-
ties, including reproduction, metabolism, cell division, virulence, and pathogenesis
[9, 10]. On the other hand, the accessory (flexible, dispensable, and adaptive)
genome contains genes that participate in specific functions, e.g., antibiotic resis-
tance, specific metabolic pathways, and particular virulence, for the cell adaptation
to its environment [9, 10]. The accessory genes are not present in all genomes but are
usually detectable in >2 genomes. Hence, the genomic plasticity of the organisms is
directly associated with mobile genetic elements [9-13]. Evolutionary biology studies
depict two groups of genes, including analogous and homologous genes. The compa-
rable genes appear through an independent converged evolutionary process, while the
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homologous genes appear through an effective evolutionary process with identical
origination from a similar ancestor. Furthermore, homologous genes are classi-

fied into two groups: paralogous genes, the outcome of the mutation feature, and
orthologous genes — the outcome of evolutionary speciation [9, 10]. The results show
that C. albicans is usually a diploid-genome yeast with 6189 genes in its pan-genomic
pool. Six thousand sixty-nine genes constitute the core genomic pool. The 120 genes
left form the flexible genome. The genomic investigations depict a close similarity
(>80%) in nucleotide level among 5363 orthologous genes, which are shared between
C. albicans and C. dubliniensis (a non-Candida albicans Candida (NCAC)) [14]. In
this regard, it is estimated that >200 genes contribute to the trafficking of proteins
within a limited secretory pathway of C. albicans (between different interior sections
of the cell and the exterior cell surface). It does not include the proteins involved in
post-translational modifications, protein folding, quality control, and those situated
in the endoplasmic reticulum (ER) and Golgi apparatus (GA) (Figure1). According
to comparative genomic investigations, the secretory machinery constitution is
conserved in eukaryotic cells, e.g., C. albicans. Moreover, the introns are detectable in
only 8% of the genes in the secretory system [15-21].

3. Translocation

The secretory pathway fully mediates the virulence and the pathogenesis of
pathogenic fungi like C. albicans. The protein secretion system participates in super-
ficial adhesin secretion, immune system interacting proteins production, hydrolytic
enzymes expression, phenotypic switching proteins secretion, and yeast-hypha trans-
figurative protein expression determines the capability, functionality, and dynamics of
acell [8, 15, 21]. The expressed proteins are initially inactive and should be activated.
Hence, the biosynthesized ribosomal proteins should get the related modifications
(such as glycosylation) and folding within the ER and then get packaged in the GA
(Figure1) [21].

4. Glycosylation

The glycosylation process begins with the quality control of a protein within the
ER, which is the first section of the secretory pathway to check and mature the related
proteins that are supposed to be glycosylated. On the other hand, the GA has been
recognized as the leading center for glycosylation [22]. Indeed, the GA, recognized as
the central hub of the cellular secretory machinery system, is made of different cisternae
comprising the cis-Golgi network, cis, medial, trans, and trans-Golgi network with their
topological characteristics and structures (Figure 1). Protein molecules get post-trans-
lational modifications within the GA cisternae and then depart to their final destination.
The GA trafficking and homeostasis are directly associated with the vesicular trafficking
machinery system (VTMS). The VTMS comprises tethers, small GTPase enzymes,
soluble N-ethylmaleimide sensitive factor attachment protein receptors (SNAREs), and
vesicular coats [23, 24]. The secreted and cell-surface proteins contribute to continuous
and coordinated signaling between the cells within a multicellular organism. These
proteins undergo post-translational modifications or glycosylation for the most to bear
branched sugar polymers of the glycans with covalent bonds. The reported records show
that glycome is involved in various biological activities, e.g., adhesion, protein folding,
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migration, cell stability, intracellular communication, and host-pathogen interactions.
Depending on glycans’ attachment to amino acids’ hydroxyl group or amide group, two
main types of glycoproteins including O-linked (attached glycans to threonines, serines,
or hydroxylysines subsets)- and N-linked (attached glycans to asparagine residues; e.g.,
Asn-X(X is any amino acid excluding proline)-Ser/Thr) glycoproteins are recognized
[25-28]. In addition, the attachment of glycosylphosphatidylinositol (GPI) to the cell
wall and cell membrane proteins is known as post-translational modification, too. In
other words, the GPI molecules anchor the cell wall and cell membrane proteins through
covalent bonds. The biosynthetic pathway of GPI is a conserved metabolic pathway

that occurs through several phases [28]. The GPI-anchored proteins support eukary-
otes’ growth and viability and are simultaneously critical factors of pathogenicity and
virulence in eukaryotic pathogens like C. albicans. The central portion of the plasma
membrane and dynamic structure of the cell wall in fungi such as C. albicans is formed
by glycoproteins. Hence, the permeability, flexibility, plasticity, and suitable molecular
scaffold in strong and impenetrable fungal cell walls are directly associated with glycans
in the form of glycoproteins. According to previous studies, we now know that glyco-
proteins are pivotal biomolecules that contribute to different biological activities and
functionalities. This feature results in effective morphogenesis, viability, and cell stabil-
ity [27-30]. The structure and composition of the dynamic organelle of the fungal cell
wall continuously interact and interchange with environmental factors and stresses [30].
That is why the fungal cell wall in pathogenic fungi can trigger the human host immune
system and make the fungal cell capable of escaping from both innate and adaptive
immune responses [31]. As previous investigations show, 20% (1200/6000 genes) of
the genomic pool in Saccharomyces cerevisiae participates in the cell wall biosynthesis
pathway [32]. In toto, the cell wall in fungi has a similar structure and composition
because of its role and function. As mentioned earlier, the cell wall interacts with various
peripheral factors, such as immune biomolecules in the human host. This layered organ-
elle is supported by a conserved skeletal structure composed of a core section formed

by glucan (branched $8-(1,3) with covalent linkages), interchain (3-4%), and chitin.
Moreover, interchain hydrogen bonds between chitin and glucan result in microfila-
ments that cover the cell [30]. The branched glucan is linked to different biomolecules of
proteins and or polysaccharides. The composition of proteins and polysaccharides may
differ from one species to another among fungal populations [30]. £8-(1,3) and £2-(1,6)
glycosidic bonds are identifiable within the linear molecules of D-glucose. The 8-(1,3)
glucan contributes to the helical backbone, and the 8-(1,6) glucan is involved in branch-
ing structures through cross-linking with molecules of mannoproteins and chitins. This
feature is supported by the GPI anchor attached to 3-(1,3) glucan [33].

Although glucan (a-(1,3)) is a practical construction in fungal cell wall structure
and is associated with human fungal pathogens, it is absent in the cell wall structure of
C. albicans and S. cerevisiae yeasts [30]. Because of fewer cell wall layers in the bud scar
position, the yeast cell wall organelle encompasses a thinner diameter from the outside.
Therefore, the inner side of the cell wall has been constructed by glucan (8-(1,3)) and
chitin composition [34, 35]. The fungal outer skeletal layers are very varied compared
with the cell wall’s inner layers. In both C. albicans and S. cerevisiae, the inner cell wall
is entirely covered by a solid outer cell wall. A significant amount of mannosylated
glycoproteins enriches the outer cell wall. The mannosylation process (recruitment of
guanosine diphosphate (GDP)-mannose to create a- and £2-linked oligo mannosyl) is
achieved via mannosyltransferase enzymes in C. albicans and S. cerevisiae [30, 36].

By recorded reports, a portion of the cell wall dry weight in C. albicans belongs to
chitin molecules (up to ~2%), $3-(1,6) glucan (up to ~20%), and £3-(1,3) glucan [37, 38].
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5. Protein glycosylation pathways

As aforementioned, the cell wall biosynthetic pathways in C. albicans are effective
points of view in human-pathogen interactions because the glycosylated proteins and
other fungal cell wall compositions (Figure 2), including structural polysaccharides
such as chitin, chitosan, glucans, and O-, N-, and GPI-linked glycoproteins interact
directly or indirectly with human host immune system. These fungal molecules are
significant targets in producing new antifungal agents and immunotherapy method-
ologies [28, 39-42].

The biosynthetic pathway of O-linked glycosylation may produce and assemble lin-
ear oligosaccharides made of up to seven a-1,2-linked mannose residues. Although the
feature of O-glycosylation is achieved within the GA [43], the ER lumen is where the
attachment of a-linked mannose residues to threonine/serine residues takes place [44].
This process begins within the ER through the contribution of Dolichol (Dol)-P-Man,
which acts as a sugar resource (Figure 3). The presence of protein mannosyltransfer-
ases achieves the sugar donation by Dol-P-Man. Protein mannosyltransferase enzymes
are encoded by the gene family of PMT1, PMT3, PMT4, PMT5, and PMT6 [45-47].

Indeed, Dolichol, composed of isoprene units, contributes to protein glycosyl-
ation modifications as a lipidic portion of the intermediates. The oligosaccharide of
Dol-PP-GlcNAc,Mans is produced by a combination of the sugar of mannose (Man)
and N-acetyl-D-glucosamine (GlcNAc). In this biosynthetic pathway, GDP-Man and
UDP-GIcNAc act as donor substrates or sugar donors [48-50].

The glycosylated proteins within the ER lumen move to GA to complete the glyco-
sylation process. In this regard, the newly arrived glycoproteins into the Golgi complex
undergo a new glycosylation process in which further mannose residues are linked. To
catalyze this process, the Golgi-related a-1,2-mannosyltransferase enzymes -known as
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Figure 2.
The cell wall composition, structure, and the virulence factors associated with the pathogenesis in C. albicans.
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Figure 3.
Protein glycosylation in the endoplasmic reticulum (biorender.com).

GDP-mannose-dependent mannosyltransferases — contribute to this catalytic reaction.
The genes of MNT1 and MNT2 encode the Golgi-located a-1,2-mannosyltransferase
enzymes. The product of the MNT1 gene (Mntl) is involved in adding the second
mannose residue, while the product of the MNT2 gene (Mnt2) participates in the
attachment of the third mannose residue to the O-linked glycan molecules. Both Mnt1
and Mnt?2 are recognized as fungal virulence elements. The phosphomannosylation of
O-linked glycans may be occurred by the Mnt3 and Mnt5 enzymes [46, 51, 52].

The fungal N-linked glycosylation pathway in C. albicans is known as an effective
process because the initial phases of N-linked protein glycosylation are recognized
as conserved eukaryotic processes that are observed in different eukaryotic cells
from fungi to plants and from mammals to protozoa. The biosynthesis of N-linked
glycans contains a collection of enzymatic reactions and modifications that should
occur in ER and GA. In this regard, the essential enzymes of glycosyltransferases and
glycosidases have pivotal keys in this biosynthetic pathway. In the first step, the ER
(rough ER (RER))-located glycosyltransferase enzymes contribute to an assemblage
of an oligosaccharide molecule upon a targeted isoprenoid lipid. In the second step,
the ER-located glycosidase enzymes and Golgi-located glycosyltransferase enzymes
catalyze additional modifications relating to N-linked glycan molecules [28, 53].
Glycosidase enzymes are glycoside hydrolyses that contribute to glycosidic bond
hydrolysis in glycosides. These glycoside molecules are detectable in various sub-
stances, such as glycoproteins, fungi, and other organisms. The Carbohydrate-Active
EnZyme database http://www.cazy.org/) (December 4, 2023) present 187 families of
glycoside hydrolase enzymes (http://www.cazy.org/Glycoside-Hydrolases.html), 117
families relating to glycosyltransferases (http://www.cazy.org/GlycosylTransferases.
html), 43 families in association with polysaccharide lyase enzymes (http://www.
cazy.org/Polysaccharide-Lyases.html), 20 families regarding carbohydrate esterases
(http://www.cazy.org/Carbohydrate-Esterases.html), and 17 families associated with
auxiliary activities (http://www.cazy.org/Auxiliary-Activities.html) [54, 55].

6. Conclusion

The secretory system of C. albicans involves many fungal cell structures and
functions. In this regard, many structural compositions and activities are identified
as a double-edged sword. However, the cell wall compositions are recognized as a
pathogenic arsenal and virulence factor in medical mycology. For instance, glucans
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participate in C. albicans biofilm formation, and the production of these cell wall
materials may be promoted during this feature. Formation of biofilm may increase the
feature of antifungal drug resistance, and this unfavored occurrence is known as a big
challenge in the public healthcare system and medicine.
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Abstract

Invasive candidiasis secondary to Candida albicans should be highly suspected
in patients exposed to the various risk factors that contribute to the affectation of
this fungus, in order to provide early management of sepsis, through the use of
antifungals in a timely manner, and to avoid the development of multiorgan failure.
Diagnosis is fundamental and is based on laboratory studies, cultures, and risk scales;
however, there are still limitations due to the fact that they do not have 100% sensitiv-
ity or specificity. Echinocandins remain the first line of treatment for patients with
invasive candidiasis associated with C. albicans. Invasive candidiasis can affect any
organ and increase mortality in adult and neonatal intensive care unit patients.

Keywords: invasive fungal infections, Candida albicans, diagnosis, treatment,
candidiasis, invasive

1. Introduction

The importance of the chapter is justified by the need to know the current
perspective on the epidemiology, diagnosis, and treatment of invasive candidiasis,
caused by Candida albicans, to be able to recognize and treat severe complications
such as fungal sepsis, which represents a high mortality, mainly in immunocompro-
mised patients.

Invasive candidiasis is a serious infection, most frequently caused by the genus
Candida albicans, and can manifest as sepsis, with multiorgan dysfunction and septic
shock. C. Albicans accounts for 50% of all causes of fungal sepsis in the intensive care
unit, with a mortality rate of between 40 and 70%, so its diagnosis and treatment
are relevant. C. albicans belongs to the eumycetes and is an opportunistic pathogen,
which is characterized by having a unicellular body, being a pseudomycelium [1].
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C. albicans infection is pathogenic when there is a deterioration in immunity,
with previous colonization, changes in the normal flora, bacterial translocation, or
other factors associated with the deterioration of cellular immunity. After invading
the mucous membranes, Candida proliferates; adheres, forming plaques; and then
spreads through the vascular system, causing candidemia, which is defined as the
presence of Candida in the blood [2, 3]. Candidemia causes T cell depletion and
infects any organ, causing invasive candidiasis [4]. About 80% of C. albicans infec-
tions are associated with the formation of biofilms in different medical devices; the
development of biofilms represents a greater systemic invasion and therefore a greater
inflammatory response and resistance to antifungals [5].

C. albicans is the most frequently isolated germ in invasive candidiasis, associ-
ated with various risk factors, such as: the use of permanent medical devices, a
prolonged hospital stay, and the use of antibiotics [6, 7]. It is classified into invasive
candidiasis with candidemia, invasive candidiasis without candidemia, and candi-
demia alone [8].

The main risk factors for invasive candidiasis by C. albicans are age, mainly in
preterm infants; HIV infection with CD4 < 200; use of corticosteroids, total paren-
teral nutrition; deep candidiasis; septic shock with multiorgan failure; invasive fungal
infection in newborns [9]; central venous catheter transfusions [10]; previous colo-
nization [10]; hematologic malignancies, chemotherapy [11]; and hospital-acquired
intravascular infections.

There are differences in the predominance of germs in both patients admitted to
adult and pediatric critical care units, so much so that there is a growing predomi-
nance of C. no albicans in pediatric ICUs, such as C. parapsilosis (43%) [12].

Invasive candidiasis can affect any organ or system, due to exposure to various
factors such as: alterations of the intestinal mucosa, virulence factors of the fungus,
and predisposition to biofilm formation [13].

Cerebral candidiasis is common in patients with primary or secondary immunode-
ficiencies; it is observed in the form of C. albicans meningoencephalitis [14].

Respiratory candidiasis presents in the form of bronchopulmonary candidiasis,
represents a rare cause of pneumonia, and is associated with states of severe immu-
nosuppression; if this is suspected, a fibrobronchoscopy with bronchoalveolar lavage
can be performed for its diagnosis [15].

Renal candidiasis, can cause kidney damage in kidney transplant recipients; in
these cases, it is observed in the isolates: Candida no albicans, C. famata, C. tropicalis,
C. parapsilosis, C. glabrata, and C. lusitaniae; however, Candida albicans continues to
be the most frequent cause of renal candidiasis [16, 17].

Severe urogenital candidiasis and vulvovaginal candidiasis can present in the form
of abscesses, pelviperitonitis, emphysematous cystitis, emphysematous pyelonephri-
tis in polymicrobial infections; are more frequent in patients with poorly controlled
diabetes mellitus who are pregnant; and can transform into invasive candidiasis if
adequate treatment is not carried out.

Fungemia in patients with hematological malignancies, chemotherapy, and
neutropenia are the important risk factors for high mortality.

Blood cultures play an important role in the first hour of sepsis, although the sen-
sitivity and specificity proven ranges between 21 and 71%. Other supportive diagnos-
tic methods are beta-D-glucan and procalcitonin biomarkers, with favorable results in
the exclusion of invasive candidiasis with a sensitivity of 98% and negative predictive
value of 95%. Since 50% of cultures for invasive candidiasis are negative, they have
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suggested diagnostic tests such as mannan/antimannan, germ tube antibody para-C.
albicans, 1,3-p-d-glucan, polymerase chain reaction, and T2Candida panel, which aid
early diagnosis before blood culture results and are of great importance. They should
be performed on all patients with suspected invasive candidiasis due to C. albicans, as
they improve treatment performance [18, 19].

Other recommended studies are the echocardiogram, when candidiasis of cardiac
origin is suspected with the presence of vegetation in the valves or hemodialysis cath-
eters; ophthalmoscopy can also be performed to visualize ocular infection in patients
with invasive candidiasis.

Once the diagnosis has been made with a positive culture, it is necessary to follow
the blood cultures until they are negative, and it is recommended to continue the
treatment for 14 days after the negative result [20], another score used is the Candida
Score due to multifocal colonization by Candida; admission to the ICU for surgery,
sepsis, and parenteral nutrition allow a diagnostic approach to be made and a risk
score assigned in patients with suspected invasive candidiasis, which can be started
early according to high, medium, or low risk.

Echinocandins are the first-line antifungals for the treatment of invasive candi-
diasis [21]. In recent years, an increase in resistance to fluconazole and echinocandins
by C. albicans has been observed, which has generated an epidemiological change to
multidrug-resistant germs or other types of non-albicans Candida; the de-escalation
from an echinocandin to fluconazole can be performed when the germ is susceptible
[22, 23].

Caspofungin is a fungicide against C. albicans, which belongs to the lipopeptides;
its mechanism of action is inhibition of the synthesis of 1,3-beta-d-glucan of the cell
wall; the loading dose is 70 mg followed by 50 mg daily or 70 mg each day. In patients
with chronic kidney disease or hemodialysis, the same dose is considered; in patients
with hepatic impairment, a decrease in its effect is observed.

Anidulafungin is an echinocandin used for the management of invasive candidia-
sis, with a loading dose of 200 mg and maintenance dose 100 mg daily; its effect is not
affected by chronic kidney disease, and it is not necessary to adjust the dose in kidney
disease, nor is it affected by liver failure; in the pediatric population, the dose (3 mg/
kg on day 1, 1.5 mg/kg maintenance dose) has obtained good results, with success
rates of 68.8% response to treatment in pediatric candidemia [24].

Micafungin is also effective for the management of invasive candidiasis at doses of
100 mg intravenously passed in 1 hour each day, with good penetration to the central
nervous system for cerebral candidiasis [25, 26].

Another management that we fear to take into consideration in the event of
invasive candidiasis is to remove all medical devices such as catheters, central venous
catheters, and hemodialysis catheters [27].

The main objective of the chapter is to determine the current therapeutics of
invasive candidiasis caused by C. albicans.

2. Methodology

A search was carried out in databases and medical journals of high prestige such
as PubMed, Mendeley, IntechOpen, LILACS, and Latindex; as a search pattern, the
research question was used; clear, precise, and concise articles that addressed the
topic, published in the last 5 years, were included.
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3. Invasive candidiasis from different aspects

Observational studies, randomized trials, clinical cases, guidelines, systematic
reviews, meta-analyses, and consensus documents on the epidemiology, risk factors,
and diagnosis of invasive candidiasis due to Candida albicans and its current treat-
ment were obtained.

C. albicans is a frequent cause of hospital infection at the level of adult and neo-
natal intensive care. Table 1 represents the types of locations such as esophageal and
ophthalmic that can generate or be a consequence of candidemia or invasive candi-
diasis, risk factors for invasive candidiasis, and also as a frequent cause of sepsis and
multiorgan failure. Table 2 discusses studies with the percentage of isolation for

Author Type of Candidiasis C. albicans Risk factor for Candida albicans
Robertson, Esophageal 889% of esophagitis are Age, HIV infection, and
etal. 2023 candidiasis secondary to C. albicans corticosteroid use correlate with
candidal esophagitis.
Phongkhun, Ocular Candidiasis The presence of C. Total parenteral nutrition has
etal. 2023 and Candida albicans was associated been associated with C. albicans
Endophthalmitis in with Candida candidiasis and causes ocular
candidemia Patients endophthalmitis candidiasis
McCarty, Candidemia and 85% of cases presented Hospital-acquired bloodstream
etal. 2023 invasive candidiasis with candidemia and infections in patients admitted to
15% presented without critical care units
candidemia
Gonzalez- Invasive candidiasis The most common Profound candidiasis and septic
Lara, etal. causative agent is C. shock with multiorgan failure.
2020. albicans
Ferrando, Neonatal invasive Candida albicans is the Invasive fungal infection in
etal. 2023 candidiasis most common cause of newborns

invasive fungal disease in
preterm and/or low-birth
weight infants

Author: Javier Aquiles, Hidalgo Acosta.

Table 1.

Risk factors for invasive candidiasis caused by C. albicans.

Author Invasive candidiasis by study region Diagnosis

Okoye, Invasive candidiasis in Africa C. albicans 32.6% of cases

etal. 2022

Wang, Invasive candidiasis in critically ill patients C. albicans 41.49% of reports

etal. 2022 in Anhui, China

Franco, Invasive candidiasis in Mexico and Spain In the Spanish pediatrics population C. albicans
2021 36%, Mexican pediatric patients C. albicans

infections predominate (64%). In Spanish adult
patients C. albicans (40-75%). In Mexican adult
patients, C. albicans 62%.

Author: Javier Aquiles, Hidalgo Acosta.

Table 2.

Invasive candidiasis due to C. albicans according to the study region and the percentage of C. albicans diagnoses.

26



Invasive Candidiasis Due to Candida albicans and Its Treatment

DOI: http://dx.doi.org/10.5772/intechopen.1004148

Figure 1.

Image of the tracheal lumen observed during a flexible diagnostic fibrobronchoscopy in a patient with invasive
candidiasis of pulmonary focus; an exophytic white image inside the bronchus with a whitish tracheal mucosa
with a tendency to bleed can be evidenced. Source: Dr. Javier Aquiles Hidalgo Acosta.

C. albicans in patients with invasive candidiasis according to the region of study, which
presents different results due to different epidemiological aspects; Africa reported
the lowest percentages of isolates, followed by Anhui in China, unlike Mexico and
Spain with higher percentages of cultures for C. albicans. Figure 1 shows an infec-
tion by an invasive candidiasis of pulmonary origin with changes in the appearance

Author Intervention Population Dose Results Conclusions
Thompson, Rezafungin >18 years Weekly (59%) of Rezafungin was
etal. 2023 versus with systemic intravenous patients in the not inferior to
caspofungin for signs and rezafungin rezafungin caspofungin for
the treatment mycological (400 mg group and overall cure at
of candidemia confirmation atweek 1, (61%) of day 14 and all-
and invasive of candidemia  followed by patients in the cause mortality
(ReSTORE) or invasive 200 mgweekly,  caspofungin at 30 days.
candidiasis foratotalof two  group had
to four doses) an overall
or intravenous cure on day
caspofungin 14. Mortality
(loading dose (24%) in the
of 70 mgonday  rezafungin
1). followed by group and
50 mg daily) for (21%) in
no more than caspofungin
4 weeks. patients
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Author Intervention Population Dose Results Conclusions
Roilides, Safety, Children2 to 3 mg/kg on day All-cause Anidulafungin
etal. 2019 Tolerability, <18 years of 1, 1.5 mg/kg mortality asatreatment
and Efficacy of age daily ranged from option for
Anidulafungin 8.2% t0 14.3% invasive
in the Treatment candidiasis in
of Invasive children aged 2
Candidiasis to <18 years
Kim, etal. Caspofungin Neonates and 2mg/kg The survival Ampbhotericin
2020 versus infants under caspofungin rate at had more
amphotericin B 3 months of intravenously 2 weeks after adverse effects
deoxycholate in age once daily treatment was with similar
the treatment or 1 mg/kg 71.0% in the mortality
of invasive amphotericin B caspofungin
candidiasis in deoxycholate group and
neonates 68.8% in the
amphotericin
group
Auriti, et al. High-dose neonates and micafungin at Resolution Micafungin
2021 micafungin in young infants doses of 8 mg/ of infection at a dose of
neonates and with invasive kg was achieved 8 mg/kg daily
young infants candidiasis in 86.7% of is effective and
with invasive treated patients  well tolerated
candidiasis in neonates and
young infants
Kullberg, Isavuconazole Adult Isavuconazole A successful Caspofungin was
etal. 2019 versus patients with (200 mg overall superior as an
caspofungin in candidemia intravenously response was initial empirical
the treatment of or invasive [IV] three observed treatment
candidemiaand  candidiasis. times daily for in 60.3% of
other invasive 2 days, followed  patientsin the
Candida by 200 mg IV isavuconazole
infections once daily or group and
caspofungin 71.1% in the
70 mg IV on caspofungin
day 1, followed group
by 50 mg
IV [70 mg
in patients
>80 kg])
Spec, etal. Oral Non- Ibrexafungerp Similar The estimated
2019 Ibrexafungerp neutropenic 750 mg versus favorable oral dose of
After Initial patients with standard of care  response rates ibrexafungerp
Echinocandin- invasive across all to reach target
Based Therapy candidiasis ibrexafungerp exposure
groups: 86% in subjects
with invasive
candidiasis is
750 mg daily.

This dose was
well tolerated
and achieved a
similar favorable
overall response
rate
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Author Intervention Population Dose Results Conclusions
Pappas, etal.  Fosmanogepix, Non- 1000 mg IV Treatment Fosmanogepix
2023 for the neutropenic twice daily on success was may be a safe,
treatment of adults. day 1, followed 80% and well-tolerated,
candidemia Participants by 600 mg IV survival at day and effective
with maintenance 30 was 85% treatment for
candidemia, once daily and non-neutropenic
defined asa optional switch patients with
positive blood to 700 mg candidemia
culture for orally once daily
Candida spp. starting on day 4

Author: Javier Aquiles, Hidalgo Acosta.

Table 3.
A curvent treatment of invasive candidiasis from randomized phase 2 and 3 clinical studies on the safety and
efficacy of the different treatments.

of the tracheal mucosa; the mucosa is shown with a tendency to bleed and a white
exophytic image with a result of pulmonary candidiasis, which proves that invasive
candidiasis due to Candida can affect any organ or system when it occurs invasively. In
some cases, invasive procedures are necessary for early diagnosis and treatment, and
patients with risk factors must be highly suspicious.

Table 3 shows the current therapeutics from randomized trials on the treatment
of invasive candidiasis. Echinocandins (caspofungin, anidulafungin, rezafungin,
micafungin) are the most widely used first-line treatment with better results. New
drugs (Fosmanogepix, ibrexafungerp) improve the possibility of administering oral
doses, and other drugs already used such as amphotericin have also demonstrated
their efficacy. As therapeutic options for the management of invasive candidiasis,
new molecules have emerged for the treatment of this fungal sepsis [28-33].

4, Conclusions

Blood cultures do not have a specificity and sensitivity of 100% to predict the
decision to start or withdraw antifungal treatment in the face of suspected invasive
fungal infection, worse if it is an immunosuppressed patient whose clinical debut is
atypical, so it is necessary to take advantage of the golden hour and use more effective
diagnostic tests and the appropriate time, hand in hand, with the analysis of the risk
and epidemiological factors corresponding to Candida albicans.

Previous colonization is one of the most important factors found for invasive
candidiasis; among others, HIV, parenteral nutrition, bloodstream infections, sepsis,
septic shock, multiorgan failure, and neonatal infection are very important factors
to initiate empirical antifungal therapy and thus improve survival in patients with
invasive candidiasis caused by C. albicans.

Obtaining blood culture samples in the golden 1st hour of sepsis in patients with
risk factors for invasive candidiasis will allow early treatment to be initiated in popu-
lations with increased risk of invasive candidiasis. It is necessary to investigate the
reason for the marked epidemiological changes that may be associated with various
factors. Mexico presented the highest percentages of C. albicans followed by Spain,
China, and Africa in patients with invasive candidiasis.
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Appendices and nomenclature

C Candida

HIV human immunodeficiency virus

CD4 CD4 T lymphocytes

ICU intensive care unit

EQUAL quality of clinical candidemia management
v intravenous
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Abstract

Environmental, social, and economic factors are decisive for susceptibility to
infectious diseases caused by opportunistic pathogens, such as Candida. Their inci-
dence has increased significantly in recent years, mainly due to a greater number of
immunocompromised people, the social and economic environment in which they
develop and the current environmental crisis, climate change, which exacerbates
health inequalities. Therefore, a literature review was conducted on the main social
and environmental determinants of health and virulence factors as determinants of
Candida spp. infection. Several studies provide valuable insights into the main
predisposing determinants of Candida colonization and infection in relation to the
health status of people and the virulence factors of the aetiological pathogen itself.
Although there are some studies on the prevalence of Candida in different social
classes, there are still few criteria to derive or claim an objective opinion on the social
conditions under which this opportunistic pathogen occurs. Therefore, an overall
picture that takes into account not only the intrinsic factors of the individual (human
biology, health status, etc.) but also the social determinants of health, which may be
related to differences in colonization and infection by different Candida species, is
still lacking.

Keywords: candidiasis, Candida, predisposing factors, socioeconomic factors, social
determinants of health

1. Introduction

Lifestyle, human biology, health care, and natural and socioeconomic environment
are factors that determine a person health status and are collectively referred to as
social determinants of health (SDH) [1]. Different circumstances, in which people are
born and develop, are crucial for the emergence and spread of emerging diseases as a
result of environmental changes [2], lifestyle, human biology, and the distribution of
economic resources [1, 3, 4]. Emerging diseases caused by emerging pathogens

35 IntechOpen



Candida albicans — Epidemiology and Treatment

include opportunistic fungal infections, which are a major cause of morbidity and
mortality and are responsible for approximately 1.5 million deaths per year worldwide
[5]. The fourth most common cause of all nosocomial fungal infections associated with
increased risk factors is mainly due to Candida species [6].

Candidjiasis is a disease caused by various species of the genus Candida. These are
yeast fungi that are part of the human microbiome and can be the most common
opportunistic fungal pathogens in various infections of the skin, mucous membranes,
deep structures, and internal organs [7]. Candida albicans is the main cause of nosoco-
mial infections in the bloodstream, known as candidemia [8]. Factors responsible for
variations in the prevalence of Candida include the clinical setting, nutritional factors,
geographic location, pharmacological therapies, invasive devices, immunosuppressive
and chronic degenerative diseases, and hygienic conditions [9-13]. Due to the above
factors, the emergence of non-albicans Candida species as opportunistic pathogens has
been observed in recent years, particularly in underdeveloped countries, especially in
vulnerable patients [11]. There is evidence that their emergence is due to the probably
indiscriminate use of prophylactic and therapeutic antifungal agents [14], with a clear
tendency toward more resistance [15, 16]; on the other hand, adaptation to climate
change has had a strong impact on the pathogenicity of fungi. Candida spp. can also
form biofilms and possess other virulence factors that protect them from the action of
various antifungal agents. The aim of this literature review is, therefore, to outline the
determinants that favor the development of Candida spp. with social determinants
being of particular interest, and to examine the influence that the environment, partic-
ularly climate change, has on the pathogenicity of emerging species.

2. Candida and candidiasis, an overview

Candida belongs to Kingdom: Fungi, Phylum: Ascomycota, Subphylum:
Ascomycotina, Class: Ascomycetes, Order: Saccharomycetales, Family: Saccharomy-
cetaceae, and Genus: Candida. It is a dimorphic yeast that exhibits different morpho-
logical forms under different environmental conditions. For example, C. albicans and
C. dubliniensis can form germ tubes and thick-walled chlamydoconidia in addition to
yeast-like cells, whereas C. glabrata only has yeast-like cells. Candida yeasts are about
2-6 X 3-9 pm in size, depending on the species [7, 17, 18]. C. albicans use glucose as a
carbon source and amino acids as nitrogen sources [19]. The cell wall of Candida
spp. consists of mannan (20%), B-(1,3)-d-glucan (50 to 70%), chitin (10 to 20%),
proteins (3 to 6%), lipids (1 to 5%), and pigments (melanin). Electron microscopic
studies show differences in the organization and composition of the cell wall in
the two different morphogenetic forms of this yeast [20]. The cell wall is
important for the control of cell permeability and protection against osmotic and
mechanical stress. It mediates interaction with the environment via adhesins and a
large number of receptors that, when activated, trigger a complex signaling cascade
within the cell [21]. Ergosterol is the most abundant sterol and is characteristic of
the cell membrane. It provides stability, rigidity, and resistance to physical stress
factors [21, 22].

Many species of the genus Candida are part of the normal biota of the skin, mucous
membranes, and gastrointestinal tract of animals and humans; others have been
isolated from soil, food, and hospital environments. Between 30 and 70% of healthy
people carry at least one Candida species [23]. This genus comprises about 200
identified species, 20 of which have caused candidiasis. Ten species (C. albicans,
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C. glabrata, C. pavapsilosis, C. tropicalis, C. guilliermondii, C. famata, C. kefyr, C. krusei,
C. lusitaniae and C. dubliniensis) are most frequently associated with the various
clinical forms of this mycosis [7] and can affect both healthy and immunocompro-
mised patients. An important finding is the identification of the species Candida auris,
which has emerged as a global public health threat in recent years. C. auris poses a
major challenge in hospitals as it is difficult to detect, resistance to multiple drugs,
changes in its virulence factors, has a high patient mortality rate in patients, and is
able to survive on surfaces for long periods of time [6, 24].

Candida is a common inhabitant of the skin and mucous membranes and is part of
the natural microbiota of the human body. When its nature changes or the host
organism’s resistance to Candida decreases, it can multiply excessively and cause local,
disseminated, or systemic infections of the skin, mucous membranes, deeper struc-
tures, and internal organs, which is known as candidiasis [2]. The severity of the
infection depends mainly on the primary alterations of the host and less on the
pathogenic properties of the fungus. Most infections are endogenous, that is, they are
caused by yeasts that are part of the patient’s indigenous microbiota [25]. However,
infection can also originate from exogenous sources, such as intravenous catheters or
cardiac prostheses, especially when these are used in immunodeficient patients [20].
There are also reports of Candida infections in immunocompetent patients without
corresponding signs or symptoms [26]. The most common forms of candidiasis are
those with superficial involvement, including vulvovaginitis and skin and nail
infections [27].

Predisposing factors for candidiasis include extreme age (childhood or old age),
increased concentrations of sex hormones such as estrogen in pregnancy (increased
vaginal glycogen) creating a carbon-rich environment [28], occlusion of epithelial
surfaces (by dentures or occlusive dressings), immune dysfunction (secondary: E.g.
HIV/AIDS, leukemia, corticosteroid therapy), chemotherapy (immunosuppressants,
antibiotics), endocrine diseases (diabetes mellitus), carcinomas, damaged nail folds,
and others [29]. The fourth most common cause of all nosocomial infections associ-
ated with increased risk factors is mainly due to Candida species [6].

According to various epidemiological studies, about 90% of infections caused by
Candida are due to five species, including C. albicans, and non-albicans such as
C. tropicalis, C. parapsilosis, C. glabrata, and C. krusei [14, 30]. However, C. albicans is
still the main culprit for invasive infections [18, 31, 32]. Today, the list of reported
species continues to grow as molecular diagnostics are used to identify them at the
species level, which, given the differences in virulence and drug sensitivity, helps to
optimize the treatment of infections caused by species other than C. albicans 33, 34].

3. Superficial candidiasis

In superficial mycoses, fungi colonize the outermost keratinized layers of the skin,
hair, and nails [35]. They are associated with changes in the hydration and pH of the
skin, mouth, throat, and other superficial tissues [7]. Superficial candidiasis is divided
into cutaneous and mucocutaneous. The former can manifest as intertrigo in folds,
diaper dermatitis, paronychia, and candida onychomycosis, which can be acute or
chronic. Superficial candidiasis is one of the most common clinical forms and is
typically chronic and recurrent; it can also be the onset of systemic infection [29].
Mucocutaneous candidiasis includes oral candidiasis, digestive tract candidiasis
(which can be superficial if invasion is limited to the mucosa and submucosa) [36],
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vaginitis, balanitis, bronchial, and pulmonary candidiasis. Chronic mucocutaneous
candidiasis and Candida granuloma are forms of disseminated and deep
candidiasis [20].

4. Systemic candidiasis

Over 90% of deaths from mycoses or invasive fungal infections (IFI) are due
to candidiasis, aspergillosis, cryptococcosis, and pneumocystosis. Invasive
candidiasis, the most widespread of these, leads to severe illness and death, especially in
critically ill patients and people with weakened immune systems [15, 16]. With
the increasing number of invasive medical procedures and the growing number of
immunocompromised patients, an increased incidence of invasive candidiasis caused by
non-albicans Candida species, including C. auris, a yeast with potential for nosocomial
transmission that has spread rapidly worldwide, has been observed [37, 38].

Primary risk factors for IFI include neutropenia with less than 500 neutrophils/ml
lasting longer than 10 days, blood-related cancers, bone marrow transplants,
prolonged corticosteroid treatment of more than 4 weeks, long-term ICU stays of
more than 7 days, chemotherapy, HIV infection, invasive medical procedures, and
recently administered immunosuppressive drugs. Other risk factors include malnutri-
tion, solid organ transplants, severe burns, major surgery, patients receiving paren-
teral nutrition, and the use of intravascular catheters [26].

Invasive candidiasis, which is often associated with hospitalization, involves blood
infections (candidemia) and serious infections such as intra-abdominal abscesses,
peritonitis and osteomyelitis [39], pneumonia [40], ocular candidiasis [26], endocar-
ditis [41], candiduria [42], and fungal infection in the central nervous system [43].
Almost all organs can become secondarily infected after hematogenous dissemination
of the fungus [19].

5. Virulence factors and resistance

Virulence factors allow Candida spp. to rapidly adapt to different host niches and
cause infections in patients with risk factors. The strategies used to combat the host’s
natural defense mechanisms are strongly influenced by the environment [38]. Viru-
lence factors include: (a) the expression of surface molecules to achieve attachment of
the microorganism to host cells using adhesion proteins; (b) the formation of biofilms
is clinically important as their spatial arrangement facilitates the penetration of nutri-
ents, and excretion of waste products [44], they are more resistant to antifungal drugs
and provide protection from host’s immune defenses [45, 46]; therefore, Candida
spp. can colonize long-term medical devices, such as intravascular catheters, and the
cells can separate and lead to widespread infection [38, 47]; (c) secretion of hydrolytic
enzymes that promote penetration and destruction of surrounding tissue, thereby
releasing nutrients from host cells [48] and toxins such as candidalysin, a cytolytic
peptide toxin that is essential for systemic and mucosal infections and enables epithe-
lial damage [49]; (d) the ability to change its morphology (dimorphism), character-
ized by the morphological transition from blastoconidia to hyphae, and the form of
transition between these are pseudohyphae [35]; (e) tigmotropism, a mechanism that
allows invasion of invaginations [48]; (f) its metabolic adaptability due to a pheno-
typic change and response to stress mediated by heat shock proteins (HSP) [38, 50].
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Several studies have shown that, unlike other Candida species, C. auris has adapted to
hostile environments as it can grow at high temperatures (> 40°C) and tolerates high
salt concentrations (> 10% NaCl, wt/vol) [51].

5.1 Resistance

Years of use of antifungal and antibacterial substances in agriculture and
healthcare have altered the global microbiome, leading to an increase in fungal infec-
tions that are resistant to drugs in plants, animals, and humans [37, 52].

The sensitivity to antifungal agents can differ among various Candida species and
even among strains of the same species. Resistance to microbes can develop with any
type of antifungal agents, making the treatment of candidemia more complex [30].
While resistance to multiple drugs is uncommon, there is a growing number of reports
on inherent and developed resistance to several drugs (azoles, echinocandins, and
polyenes) in various Candida species, particularly in C. glabrata and more recently in
C. auris. In general, non-albicans species are associated with increased resistance and
high mortality rates [53, 54]. First-line drugs, including echinocandins and azoles,
have been effective, but resistance has increased in Candida species due to indiscrim-
inate prophylactic and therapeutic use [52, 55]. Other factors responsible for increased
resistance include subtherapeutic drug concentrations at infection/colonization sites,
sequestration of the drug in the biofilm matrix [56], overexpression of the drug target
(e.g. efflux pumps), development of compensatory pathways for ergosterol produc-
tion, and activation of cellular stress responses [57, 58]. Recent research suggests that
mutations of DNA repair genes for mating defects may facilitate the acquisition of
resistance genes, which has been observed in C. glabrata [53].

Studies, in the USA, have reported a low incidence of fluconazole resistance in
C. albicans, approximately 0.5 to 2%. In contrast, higher rates of resistance have been
reported in C. tropicalis, C. parapsilosis, and C. glabrata: 4 to 9%, 2 to 6%, and 11 to
13%, respectively. The emerging yeast C. auris can have a resistance rate up to 93% to
fluconazole, 35% to amphotericin B, and 7% to echinocandins [58]. On the other hand,
several studies have observed that strains of C. glabrata exhibited reduced suscepti-
bility to one or more echinocandins in addition to resistance to fluconazole [57, 59].

6. Environmental determinants conducive to the development of
candidiasis

6.1 Adaptability to different environmental conditions and climate change

Clinically important Candida species have been isolated from different environ-
mental sources whose substrates could be their main reservoirs or environmental
niches. Therefore, it is important and necessary to conduct more studies that consider
the ecological triad: Pathogen-Host-Environment. Environmental conditions, such as
global warming and climate change, are a favorable scenario for the change and
adaptability of different microorganisms.

There are several papers of great importance reporting the presence of C. auris in
clinical settings and its potential to spread rapidly among patients. Arora et al. [59]
found C. auris in samples of beach sand and wetlands in the Andaman Islands, India.
Casadevall et al. [60] hypothesized that C. auris acts as an environmental fungus that
may have existed as a saprophytic plant in specialized ecosystems, such as wetlands.
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The emergence of C. auris could be due to the rise in global temperatures due to
anthropogenic climate change, which led to the selection of thermotolerant strains
and their combined tolerance to salinity, resulting in its emergence as a pathogenic
fungus in humans that has a wide geographic range. According to Casadevall et al.
[61], the discovery of C. auris at two locations on the remote Andaman Islands
confirms its status as an environmental organism, a necessary prerequisite for the
hypothesis.

On the other hand, C. albicans is not only a commensal yeast of humans and
animals but also has been detected in soils, freshwater, seawater, vegetables, and
wetlands [62]. Studies by Nunn et al. [63] showed the presence of C. dubliniensis in
ticks associated with seabirds in Ireland. C. tropicalis has been detected in
agricultural fields, forest soils, oil, and mud contaminated soils, fresh and seawater,
beach sand, rivers and lakes, sugar cane bagasse, and coconut water [64].

C. parapsilosis, a ubiquitous microorganism, is part of the human microbiota and
colonizes mucous membranes, skin, and nails. C. auris is widely distributed in nature
and is often found in various nonhuman sources such as domestic animals, insects,
soil, seawater, and plants [65, 66]. C. glabrata is a species commonly found in the
environment, especially from various sources such as water, soil, surfaces, and
plants [67]. In another study, the presence of C. glabrata was detected in the gut
microbiota of yellow-legged gulls [68]. Randhawa et al. [69] isolated C. krusei from
the decaying wood of Ficus religiosa, and it has also been isolated from mammals,
birds, springs, and fruits [70]. Another unusual Candida species that rarely infects
humans is C. melibiosica, which is often isolated from rivers and oceans, but there are
also studies reporting its presence in some traditional beers. However, in 2010, the
first case of nosocomial fungemia in an 82-year-old patient caused by C. melibiosica
was described [71].

Global warming and climate change have a significant impact on the pathogenicity
and survival of fungi, as well as on the environmental reservoir of the pathogen.
Adaptation to higher temperatures increases its ability to multiply in the human body,
which has a high basal temperature. This leads to an increased potential for disease,
even in species previously considered nonpathogenic. This affects the spread of fungi
as the increase in heat-resistant species facilitates interaction with humans, infection
and transmission through skin contact, inhalation, and/or ingestion [2, 72].

7. Contamination of the clinical environment and the hands of healthcare
personnel

One of the risk factors for invasive fungal infection (IFI) in immunocompromised
patients is prolonged hospitalization. IFIs with Candida spp. associated with hospital-
izations are associated with 20 to 40% of all deaths, with a mortality rate of 15 to 35%
in adults and 10 to 15% in newborns. Nearly 50% of candidemia episodes occur in
intensive care units, contributing to prolonged hospitalization and significant
healthcare costs [14, 34], with mortality ranging from 40 to 60% [33, 73, 74].

In healthcare settings, contaminated surfaces in the environment contribute
significantly to the spread of infectious diseases. Despite regular cleaning, some
microorganisms can form biofilms that lead to permanent contamination. In addition
to reducing susceptibility to antimicrobials and biocides, biofilms also protect micro-
organisms from a hostile environment, including desiccation over extended periods
of time [75].
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In a study by Welsh et al. [76], the ability of C. auris and C. parapsilosis to persist
on common plastic surfaces in healthcare settings was investigated. The results
showed that C. auris remained viable for at least 14 days and C. parapsilosis for at least
28 days. In addition, Kramer et al. [77] reported that C. albicans survived on surfaces
for up to 4 months. In another study, persistence of various Candida species in the
hospital environment was reported on both dry and mostly moist surfaces,
indicating a potential route of spread for emerging multidrug-resistant fungal patho-
gens, such as C. auris [78] and colonization or infection of hospital patients and
healthcare workers [75].

Although most Candida infections originate from endogenous sources, it is
increasingly reported that the hands of healthcare workers serve as carriers for
pathogen transmission. Sakita et al. [79] investigated the susceptibility of five yeasts
(C. albicans, C. parapsilosis, C. glabrata, C. tropicalis, and C. krusei) isolated from the
hands of healthcare workers (physicians, nurses, and assistants) to different antifun-
gal agents. Their results showed that the hand isolates had high resistance rates, with
C. glabrata being the most resistant and C. parapsilosis the most common. In another
study conducted in a neonatal intensive care unit in Brazil, Candida species were
isolated from the hands of healthcare workers, including isolates of Candida spp.,

C. parapsilosis sensu stricto, C. parapsilosis sensu, C. metapsilosis, C. orthopsilosis,

C. famata, C. albicans, C. lusitaniae, C. kefyr, C. krusei, C. glabrata, C. tropicalis, and
C. guilliermondii [80]. Delfino, Scordino [81], reported the presence of yeasts on the
hands of nurses, orderlies, residents, and physicians in three intensive care units of a
hospital in Milan, Italy. Approximately, 39% of the healthcare staff tested positive for
yeast. C. parapsilosis was the most frequently isolated species followed by C. albicans,
C. glabrata, C. tropicalis, C. lambica, C. lusitaniae, and C. krusei.

A study conducted by Kordecka et al. [82] in a hospital in Poland revealed a high
prevalence of Candida, with C. albicans, C. glabrata, and C. krusei being the predom-
inant species in samples collected from cell phones and especially on the hands of
medical staff. Community data show that the frequency of colonization of the hands
of hospital staff with yeasts of the genus Candida is about 20% for medical staff and
80% for nursing staff and paramedical assistants. This shows how environmental
factors, such as the hospital environment, directly influence the colonization of indi-
viduals with the genus Candida [83, 84].

7.1 HIV/aids

Both acquired and congenital immunodeficiencies can be associated with an
increased susceptibility to systemic infections [26]. Immunocompromised patients
have an increased risk of candidemia and deep infections with visceral disease [33].

HIV/AIDS is the most common factor associated with oropharyngeal candidiasis in
children and adolescents. It is directly related to low peripheral blood CD4+ T lym-
phocyte counts, below 200 cells/uL, so its presence has been used as a clinical marker
for infection, prior antifungal use, and changes in the oral environment [85]. In
contrast to oropharyngeal candidiasis, it has been observed that patients with
HIV/AIDS who develop esophageal candidiasis have lower CD4+ T lymphocyte
counts [86]. The presence of oropharyngeal or esophageal candidiasis is considered an
indicator of inmunosuppression [87].

C. dubliniensis has a high prevalence in the oral cavities of people infected with the
human immunodeficiency virus [57], and other associated species in both HIV-
infected children and adults are C. albicans and C. glabrata [85]. In a study conducted
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in Kerman, Iran, to compare the demographic characteristics and frequency of
Candida species causing oropharyngeal infection between patients with HIV/AIDS
and individuals without HIV, it was found that both groups differed significantly in
terms of species prevalence. According to the results, C. albicans was the most com-
mon species isolated from patients with HIV/AIDS, followed by C. glabrata, and other
species isolated were included C. parapsilosis, C. krusei, and C. kefyr [87].

7.2 Nutritional factors

The root causes of child malnutrition include lack of access to food, lack of health
care, use of unsafe water and sanitation systems, and poor care and feeding practices.
These underlying problems are caused by conflict, inadequate education, poverty,
gender inequality, inadequate infrastructure, and other fundamental problems [88].
Globally, malnutrition is the leading of immunodeficiency and is considered a risk
factor for infant death. Malnutrition has been found to increase the risk of oral
colonization with Candida by 4.5 to 5.3 times compared to apparently healthy infants.
In this study, the Candida species found in children aged 6 to 13 years with malnutri-
tion were C. albicans, C. tropicalis, C. krusei, and C. glabrata [10]. Lu [89] reported a
high prevalence of oral Candida spp. infections in patients (males and females aged
16 to 76 years) from a hospital in Kaohsiung, Taiwan, who had iron deficiency anemia.
A high incidence of oral Candida infections was found in 85% of patients with iron
deficiency. Another study reported that malnourished infants and low birth weight
infants were at increased risk of C. parapsilosis infection due to the administration of
parenteral nutrition to ICU patients [90]. In a study of 18 of 54 patients (older adults)
in two geriatric hospitals who had oral candidiasis, it was associated with protein-
calorie malnutrition, in addition to other conditions, most notably poor dental hygiene
[91]. Another study in France, conducted in hospitalized older adults, found a positive
correlation between oral condition, dysphagia, and malnutrition with Candida
spp. infections [92].

7.3 Chronic degenerative diseases

In the last decade, the increase in the immunocompromised population has led to a
high incidence of invasive Candida infections [93]. Diabetes mellitus (DM) is one of
the most common endocrine diseases, affecting the immune system. Patients with DM
are susceptible to opportunistic infections due to elevated serum glucose levels and a
weakened cellular immune system [94]. Type 2 diabetes mellitus (DM2), which
affects ninety percent of people, is primarily associated with personal lifestyle,
including a high-calorie diet, lack of physical activity, and smoking [93]. Several
studies have shown that patients with DM are more likely to be oral Candida carriers
and have an increased risk of candidiasis, which is related to poor metabolic control,
neutrophil dysfunction, decreased salivary flow, increased blood and salivary
glucose concentrations, and poor immune response. It is well known that patients
with diabetes mellitus are more susceptible to fungal infections, especially C. albicans
[95, 96]. In a study by Aitken et al. [95] in Chile, five Candida species were identified,
with C. albicans being the most common followed by C. glabrata, C. tropicalis and
C. guilliermondii in saliva samples from people with DM2.

In Shiraz, Iran, Zomorodian et al. [94] conducted a study on the prevalence of oral
Candida colonization in patients with DM1 and DM2. The results showed different
Candida species of the oral mucosa, with C. albicans being the predominant species,
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followed by C. dubliniensis, C. glabrata, C. parapsilosis, C. guilliermondii, C. krusei,

C. kefyr, and C. tropicalis. One population at potential risk for candidemia is patients
with cancer. Both hematologic and solid neoplasms have been reported to be pre-
dictors of this infection. In addition, this infection could worsen the prognosis of
malignant diseases (30-day mortality is up to 56%). According to the results of a study
on the epidemiology and risk factors of candidemia in cancer patients in a cancer
center in China, mortality was significantly higher than that of bacterial bloodstream
infections, with C. albicans being the leading pathogen, followed by C. parapsilosis,
C. tropicalis, C. glabrata, C. lusitaniae, and C. famata. In addition to hematologic and
solid neoplasms, total parenteral nutrition, urinary catheters, cancer metastases in
distant organs, and gastrointestinal cancers were shown to be predictors of
candidemia [97].

Clinical data on candidemia in adult cancer patients reported that C. albicans was
the most common species in both hematologic and oncologic patients. In hematologic
patients, C. albicans was the most common species, followed by C. parapsilosis,

C. krusei, and C. glabrata, while in oncologic patients, the second most common
species was C. glabrata, followed by C. parapsilosis and only one case of candidemia
due to C. krusei in an oncologic patient. Other isolated species were C. tropicalis,

C. guilliermondii, C. kefyr, C. lusitanae, C. famata, C. rugosa, and C. sake [98].

The increased susceptibility of cancer patients to Candida infections is largely due
to the weakening of innate immune cells and epithelial barriers caused by chemother-
apy. These are the body’s main defense mechanisms against fungal infections. In
addition, conventional chemotherapeutic agents have a negative effect on the compo-
nents of the adaptive immune system that play a crucial role in the antifungal
response [99].

7.4 Extreme age

According to the literature, the prevalence of oral candidiasis in newborns varies
between 4 and 15%, with C. albicans most commonly associated with thrush. The
prevalence of invasive candidiasis correlates with low birth weight [100] and
prolonged hospitalization, affecting 2 to 20% of newborns. It accounts for 10% of all
cases of sepsis in low birth weight neonates (<1500 g) and is the second most
common cause of death due to opportunistic infections [101]. Several surveillance
studies have shown that most cases of invasive candidiasis in infants and neonates are
due to C. parapsilosis as a first or second cause, both in Europe and North America
[90]. In particular, CNS candidiasis in neonates is largely due to the immaturity of the
physical (blood-brain) barrier to Candida spp. [102].

Candida colonization increases with age because older adults have several
metabolic disorders, including decreased liver and kidney function, use of
multiple medications, and malnutrition. As the immune system deteriorates with
age, this leads to increased susceptibility to infectious diseases, reduced response to
vaccines, higher incidence of cancer, and an increase in autoimmune and other
chronic diseases. Both the innate and adaptive immune responses are impaired by the
aging process [103]. Studies based on oral cavity cultures in middle-aged and older
adults have identified C. albicans, C. glabrata, C. parapsilosis, and C. tropicalis [104].
It has been observed that C. glabrata in particular is more common in adults than
in children and neonates [57]. In the geriatric population, oral candidiasis is one of
the three main reasons for consultation due to stomatitis caused by the use of
dentures [105].
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7.5 Hygienic conditions

Candida grows on surfaces and often colonizes dentures, leading to denture sto-
matitis or subplate stomatitis. The diagnosis of denture stomatitis is important.
According to Ibafiez et al. [105], about 50% of the people in their study population
with an average age of 65 to 74 years and 70% from 75 to 84 years used removable
dentures. Regarding the factors associated with the development of subplaque
candidiasis, in the studies conducted in different populations, the colonization of
the surface of removable dentures by Candida species is mainly attributed to the
poor or absent hygiene that patients perform both in the oral cavity and on their
dentures.

Another condition that is particularly common in young children and the elderly
who live in poor hygienic conditions is intertrigo caused by Candida, which is favored
by the following factors: Moisture, heat, friction, and maceration [106].

7.6 Occupational exposure

There are different types of occupational hazards that can cause various clinical
manifestations, most of which are superficial and cause high morbidity in the working
population. A link has been observed between working conditions and dermatological
diseases. An example of this is intertrigo and onychomycosis of the hands, which is not
only related to the humid environment but also to contact with highly sugary foods
processed by bakers, cooks, manual strawberry pickers, fruit packers, food handlers, or
food shippers, in which case it is an occupational disease [20]. Leal et al. [107] investi-
gated superficial mycoses in 21 workers of a metal smelting company, 81% of whom were
infected [17] with some type of dermatomycosis. Five cases belonged to intertriginous
candidiasis caused by C. albicans. The authors concluded that the high incidence of
superficial mycosis (including candidiasis) among the workers was due to the environ-
mental conditions in the workplace such as humidity, high temperature, personal hygiene
in a communal bathroom, and occlusive footwear for long working hours.

Silias et al. [108] carried out a study on 109 female workers (seamstresses) in a lingerie
factory in Puebla, Mexico, 56 of whom had athlete’s foot. The laboratory data showed that
Candida spp. grew in 15 patients, with women being the most affected, as well as patients
with diabetes mellitus, carriers of systemic lupus erythematosus, and the only patient
with leukemia. The authors conclude that the following factors predispose to the devel-
opment of an athlete’s foot: the heat generated by the machines, the duration of exposure,
the wrapping of the foot by synthetic footwear, and poor personal hygiene. Occupational
mycoses can seriously harm the working population.

8. Epidemiology

The epidemiology of candidemia and the distribution of Candida species varies over
time, between geographic regions and hospitals, and under the considerable influence of
patient characteristics, antifungal drug administration, and clinical practices [109].
Although C. albicans is considered the most common and virulent cause of candidemia
worldwide, currently, more than half of candidemia cases are attributed to non-albicans
Candida species, mainly C. parapsilosis, C. glabrata, C. krusei, and C. tropicalis, as well as
other emerging pathogens such as C. auris, probably as a consequence of the increasing
use of azoles, echinocandins or other prophylactic/therapeutic antifungals [14, 32]. This is
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consistent with the 20-year surveillance study of the SENTRY antifungal surveillance
program 1997-2016, which observed that the overall proportion of infections attributable
to C. albicans decreased from 57.4 to 46.4% [110]. In the USA, more than 30% of
candidemia cases are now caused by C. glabrata, with other commonly isolated species
being C. tropicalis and C. parapsilosis a worrying trend given the higher rates of antifungal
resistance in associated with this species [37, 111]. In northwestern Europe, as in the USA,
the second most common species is generally C. glabrata. In Latin America, southern
Europe, India, and Pakistan, C. parapsilosis and C. tropicalis are found more frequently
than C. glabrata [111].

Determinants Main effects References
Virulence factors Surface molecules [35, 44—
Biofilm 50, 116]
Secretion of hydrolytic enzymes and toxins
Dimorphism
Metabolic adaptability
Tigmotropism
Antifungal resistance Intrinsic and acquired resistance [30, 53-58]

Indiscriminate use of antifungals
(Varies according to each Candida species and even within
strains of the same species)

Adaptation to different Beach sand, wetlands, soils (agricultural, forestry, [59-71]
environmental conditions  contaminated with oil and mud), fresh water, seawater, rivers,

springs, decomposing plants and vegetables, domestic and wild

animals, insects

Adaptation to climate Acclimatization to higher temperatures enhances human [2, 60,
change / global warming interaction 61, 72]
Contamination of different Clinical environment (hospitalization) [75-78]
environments Healthcare personnel’s hands [79-82]
HIV/AIDS Oropharyngeal Candidiasis [57, 85,
87,117]
Esophageal candidiasis [86]
Candidemia [26, 33]
Nutrition Malnutrition [10, 90-92]
Iron deficiency anemia [89]
Chronic degenerative DM1 [94]
diseases DM2 (94, 95]
Hematologic and solid neoplasms [97, 98]
Age extremes Newborns (immature immune system) [90, 100,
102]
Older adults (immune system weakened by aging) [57,103-
105]
Hygiene Lack of hygiene (stomatitis and intertrigo) [105, 118]
Occupational exposure Superficial candidiasis (Intertrigo, onychomycosis) [20, 107,
108]
Table 1.

Main determinants associated with candidiasis.
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The rapid emergence and spread resistant C. auris [39] have significantly altered
the epidemiology of candidemia in different geographical locations and healthcare
facilities as it has become a major cause of invasive infections [112]. As of February
2021, C. auris has been reported in 47 countries [113]. The first isolate was reported in
late May 2020 from the bloodstream of a patient with severe endometriosis and
multiple gastrointestinal complications; the infection subsequently spread to 12
patients in the ICU [114, 115].

Table 1 shows a summary of the main determinants of Candida colonization
infection, which include intrinsic factors of the etiological agent (virulence factors,
resistance to fungi, adaptation to different environments and climate change) and
risk factors related to the host (immunosuppression, habits, occupation, and
hospitalization).

9. Social determinants of health in the context Candida infection
9.1 Social determinants of health (SDH)

The World Health Organization (WHO) defines health as a state of complete
physical, mental, and social well-being and not merely the absence of disease. This
definition makes it possible to consider different perspectives such as the social
aspects of health as social determinants of health [119].

SDH are the social, economic, and environmental conditions that influence an
individual’s state of health. According to the World Health Organization (WHO),
SDH such as education, housing, nutrition, work environment, access to services,
unemployment, and health care are essential for equitable health. In recent years, it
has also become widely accepted that the socioeconomic conditions in which people
live strongly influence their chances of good health. Health and illness follow a social
gradient: The lower a person’s socioeconomic position, the lower their chances of good
health [120].

Poor environmental, social, and economic conditions have a negative impact on
health, increase susceptibility to infectious diseases caused by emerging pathogens;
these factors contribute to health inequalities that can span multiple generations.
Technological advances, increasing unplanned urbanization, and climate change are
new and emerging trends that may exacerbate existing inequalities and further
increase inequalities in health opportunities and outcomes [121].

9.2 State of the art in DSS associated with candidiasis

One of the populations that are particularly vulnerable to opportunistic infections
is those living in poverty, who suffer from precarious health conditions and have
limited or no access to health facilities [122]. For example, dermatophytosis is more
common in people living in crowded or promiscuous conditions such as in barracks,
prisons, or nursing homes, where confined spaces favor contact with infectious mate-
rial. Subcutaneous mycoses, such as mycetoma, sporotrichosis, and chromoblas-
tomyecosis, are common in underdeveloped countries, due to the fact that agricultural
activities are performed manually, while in highly developed countries, they do not
occur and the cases observed are imported [123]. Therefore, below are several some
articles describing some social factors that favor the development of Candida spp. The
available published research articles on socioeconomic factors were retrieved and
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reviewed from three reliable databases: PubMed, Google Scholar, and Scopus, with a
total of 31 articles. The search was performed using the keywords: “Candida,” “can-
didiasis,” and “socioeconomic,” in both English and Spanish and without limiting the
date of publication as there is little information on this topic. The selection of articles
was based on the title, abstract, and in some cases, related documents.

Of the publications found describing sociodemographic characteristics or socio-
economic factors of patients colonized or infected with Candida, 29 articles referred to
superficial infections and/or colonization, of which the most common clinical form
was vulvovaginal with 20 (65%) publications followed by oral colonization and/or
candidiasis (7; 23%) and 2 (6%) onychomycoses. Only 2 (6%) published articles on
systemic candidiasis or candidemia were found (Table 2). The prevalence of Candida
colonization/infection was estimated based on the total number of patients with
Candida and the total population.

Regarding vulvovaginal candidiasis, only 12 out of 20 studies showed any kind of
positive association between socioeconomic factors and clinical manifestations. In
addition, Table 1 lists these factors or determinants observed in the different
populations studied. Lépez Martinez et al. [124] conducted a study of 600 obstetric-
gynecology patients to investigate opportunistic factors in vaginal candidiasis. In
relation to the total population and the number of patients with a positive test for
Candida, the prevalence was 43.5% (261), of which 134 (22.3%) had this yeast as a
part of the microbiota and in 127 (21.2%) it was considered a pathogen more fre-
quently observed in patients of middle socioeconomic level. It was also found that
pregnancy, followed by an association between pregnancy, malnutrition, and anemia,
were the most common opportunistic factors for the development of vaginal candidi-
asis. C. albicans was the most common species (67.7%) followed by C. tropicalis
(18.8%), C. stellatoidea (8.7%), C. pseudotropicalis (2.4%), C. parakrusei (1.6%), and
C. guillermondi (0.8%). Studies by Spinillo et al. [125], in an obstetrics and gynecol-
ogy clinic at the University of Pavia, Italy, found that patients with vaginal infections
caused by C. glabrata compared to C. albicans had lower educational and socioeco-
nomic levels, were associated with recurrent vaginal candidiasis, and were more
common in women over 38 years of age. The prevalence of Candida infection was
33.1% (786/2374) in the population, with C. albicans being the most common species
(79.5%) followed by C. glabrata (10.9%) and to a lesser extent other species such as
C. tropicalis, C. kefyr, and C. parapsilosis.

In another study conducted in Paraguay by Laspina et al. [126] between 1995 and
1996 in 196 girls with a clinical diagnosis of vulvovaginitis, it was that the prevalence
of this infection caused by Candida spp. was 21.5%. The characteristics of the popula-
tion studied showed that the girls generally came from families with a medium to low
socioeconomic level, 50% of the mothers had secondary education, and 44.4% had
only primary education. Lassey et al. [127] determined the transmission rates of
potential lower genital tract pathogens and factors associated with colonization in 200
women with incomplete abortion treated at a hospital in Accra, Ghana. As a result,
they found a combination of bacterial vaginosis and C. albicans in 17.2% (34 patients)
of the study population and a significant association with the presence of potential
pathogens and people living in an urban slum, malnutrition, and anemia, factors
characteristic of low socioeconomic status.

In a population-based study of women in Goa, India, Patel et al. [128] investigated
the burden and determinants of reproductive tract infections in 2432 patients. The
results showed a population-wide prevalence of Candida of 8.5% (206 cases). Analysis
of socioeconomic risk factors for candidiasis showed that this infection was
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significantly associated with younger age, non-Muslim origin, fewer children in the
household, and lack of tap water in the home. The latter could have an impact on poor
personal hygiene and social inequality, as factors Torondel et al. [129] found in a
hospital in Odisha, India, to determine whether poor hygiene practices during
menstruation were associated with three common lower reproductive tract infections.
The data showed that C. albicans infection was the second most common (34%; 190)
among the three types of infections. Women with this disease rarely practiced
personal hygiene. In addition, socioeconomic studies showed that the prevalence of
candidiasis was inversely proportional to a higher level of education.

In 2013, Na et al. [130] conducted a study in two tropical regions of China (Hainan
and Sanya) in which they investigated the risk factors associated with genital tract
infection caused by Candida spp. in 689 infected gynecological patients. The
prevalence of Candida was 51.37% (689/1341). Age, low education, marriage, and
vaginal douching were significant risk factors for Candida infection. Patients with
higher levels of education were unlikely to be infected with Candida species and the
incidence increased with age, which differs from the situation described by Wang
et al. [135], where candidiasis decreased with age. Disha et al. [131] conducted a
review study in which they investigated the prevalence and risk factors for
vulvovaginal candidiasis (VVC) in pregnant women worldwide. The data collected
indicate a high prevalence of CVV in pregnant women worldwide, particularly in
Asian and African countries, with Kenya, Nigeria, and Yemen having rates of 90.38%,
62.2%, and 61.5%, respectively. However, the prevalence of CVV in pregnant women
worldwide ranged from the lowest 17% (Selangor, Malaysia) to the highest 90%
(Kenya). They also found that the prevalence of CVV during pregnancy varied with
age (25-29 years), gestational period (last trimester), parity (multiple births), and low
educational and socioeconomic level. The differences in prevalence rates worldwide
may be due to geographical, ethnic, and socioeconomic factors, as well as differences
in sampling and culture techniques.

In 2022, Duran Caiiarte et al. [132] investigated the most common risk factors for
vaginal infections in women of childbearing age in Latin America. The results showed
that the main pathogens associated with vaginal infections in women aged 15 to
40 years were Gardnerella vaginalis, Trichomonas vaginalis, and C. albicans. In addition,
the study found that C. albicans was the most common pathogen in countries such as
Argentina 2018 (25%), Colombia 2018 (20.3%), Ecuador 2018 (50%), Peru 2019
(22.3%), Cuba 2019 (20-25%), and Mexico 2017 (20%). It was concluded that the
most predisposing risk factors for acquiring vaginal infections include early sexual
life, socioeconomic inequality, the use of contraceptive methods, multiple partners,
and unprotected sexual activity. In contrast, a study by Marchaim et al. [133],
conducted between 2000 and 2010, examined the incidence of vulvovaginitis due to
fluconazole-resistant C. albicans and risk factors in female patients at a hospital in
Detroit, MI. They found 25 cases of women with recurrent vaginitis over an 11-year
period. Most patients were primarily married insured white women with more than
12 years of formal education and average or above average socioeconomic status.

Tavares Rodrigues et al. [134] conducted a study to investigate the epidemiologic
profile of patients with vulvovaginal candidiasis (VVC) in Juiz de Fora, Brazil. Of the
patients studied, aged 15 to 52 years, 79.7% were white women, 58% had higher
education, 56.5% were married, and 97.1% were sexually active. The study showed
that the most prevalent species were C. albicans (98.1%), followed by C. glabrata
(5.4%) and only 3 with C. lusitaniae. Although sociodemographic characteristics such
as age, marital status, and education were not significantly related to vulvovaginal
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candidiasis, this study showed a predominance of the disease in participants who were
considered white, college educated, and married.

Wang et al. [135] investigated the epidemiological differences between candidiasis
and trichomonads in cytological smears from 17,047 patients attending health centers
and clinics in Taipei, Taiwan. The overall prevalence of Candida infection was 3.4%.
Infection was higher in adolescents and decreased with age, especially in over 60 years
of age. Adolescence showed a positive correlation with candidiasis as an independent
risk factor, with indices of socioeconomic status and education (higher education or
higher compared to illiterate women). There was no clear association between eth-
nicity and hygiene and candidiasis. On the other hand, eight publications were found
in which sociodemographic factors of patients with vulvovaginal candidiasis such as
socioeconomic and educational level, age, place of residence, occupation, behavior/
habits, marital status, health services, and ethnicity were investigated or described,
but no associations were found or were present as determinants for the development
of candidiasis [145-152].

Regarding socioeconomic factors in oral Candida infection/colonization, effects
have been reported in the elderly, pregnant women, especially in the pediatric popu-
lation. A study by Atalaya et al. [136] examined the prevalence of oral candidiasis in 75
elderly patients attending a medical consultation in a hospital in Bolivia. Candida was
observed in 61.3% [46] of the study population. The predominant factors for the
prevalence of oral candidiasis include physiological changes, age-related low defenses,
poor oral hygiene habits, poor eating habits, low income, and low education, which
favor infection with C. albicans. Gaitan Cepeda et al. [122] investigated the presence
of Candida in the oral cavity of children susceptible to opportunistic infections and
whether there is an association between this oral colonization and three types of at-
risk populations. The results in the HIV/AIDS (n = 60) and malnutrition (n = 60)
groups showed the highest frequency of Candida (51.7% and 38.2%, respectively),
with the highest frequency of C. albicans isolates followed by C. tropicalis in HIV/
AIDS patients; the malnutrition group showed the highest diversity, where C. albicans
was most common, followed by C. krusei and only one isolate of C. tropicalis,

C. glabrata and Candida spp. In the third group, Tarahumara children (n = 57), one of
the poorest ethnic populations in Mexico, the frequency was similar to the control
group (n =29) (17.5% and. 10.3% respectively), with the most frequent species being
C. albicans with eight isolates, two of C. krusei and one Candida spp. Isolate.

Domaneschi et al. [137] investigated the prevalence of factors associated with oral
colonization by Candida spp. in pediatric AIDS patients in Sdo Paulo, Brazil. The
prevalence of oral Candida colonization was 62% (86/117). Only seven children had a
clinical manifestation of oral candidiasis. Of the 86 yeast isolates, C. albicans was the
most prevalent (69 of 86), followed by C. tropicalis (5 of 86), C. kefyr (4 of 86),

C. krusei (3 of 86), C. glabrata (2 of 86), and C. guilliermondii (1 of 86). In the study, a
positive correlation was observed between Candida colonization and
sociodemographic characteristics in children. A higher incidence was found in
children who did not live in their own home and in children with more than two
siblings. These results indicate that people in unfavorable socioeconomic circum-
stances are more susceptible to Candida infections.

In 2022, Alkhars et al. [138] examined Candida colonization in the oral cavity of
101 young children from low income and racial minorities in the USA. The results
showed that Candida colonization and carriage in infants was positively associated
with maternal factors such as oral carriage of C. albicans, low education, socioeco-
nomic disadvantage, and more than three decayed teeth. In addition, 48% of infants
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were found to have Candida colonization at 6 months of age, which remained at the
same level until 12 months of age. The most frequently detected species included

C. albicans and C. krusei followed by C. glabrata. In contrast, Moreira et al. [139]
studied Candida colonization in 239 Brazilian children divided into five different
socioeconomic categories (A to E), with D and E being the least favored. The results
showed the presence of Candida spp. in 47.3% of the samples. C. albicans was the most
frequently isolated species in all socioeconomic categories, followed by C. krusei,

C. tropicalis, and C. parapsilosis. Furthermore, the prevalence of Candida did not differ
significantly between the groups. However, a significant correlation was found
between caries rates and socioeconomic categories. Nevertheless, it is important to
note that recent studies have associated the presence of Candida spp. with a higher
prevalence of caries [153].

In a study conducted in the USA by Xiao et al. [140] on oral health and Candida
colonization in socioeconomically disadvantaged pregnant women, it was found that
24 out of 48 patients had positive Candida detection; moreover, a higher frequency of
Candida colonization in women was positively associated with hypertension.

C. glabrata, C. krusei, C. tropicalis, and C. dubliniensis were also detected in the study
participants. This suggests that more than 10% of socioeconomically disadvantaged
pregnant women received only emergency dental treatment to relieve orofacial pain,
inflammation, and advanced infections instead of routine prenatal oral health care.
The oral health of these patients represents a major health inequality. In addition,
Elangovan et al. [141] reported on 249,092 patient visits to the emergency
department with a diagnosis of oral candidiasis. The following was found: the per-
centage of women (55%) with oral candidiasis was slightly higher than the percentage
of men; a significantly higher proportion of young people under 19 years of age
(32.2%), and many people living in geographical areas with low socioeconomic strata
(64%). In addition, nearly all ED visits were found to be associated with >1 comorbid
condition predisposing to or related to oral candidiasis such as fluid disorders, HIV
infection, esophageal disease, nutritional deficiencies, and secondary malignant
neoplasms.

In relation to the different dermatophytoses caused either by Candida or by other
dermatophytes, it is believed that occupation and socioeconomic status are determin-
ing factors for these manifestations since patients with low socioeconomic status have
a greater physiological impact due to the work they perform (laborers, farmers,
artisans, among others) [154]. Méndez Tovar et al. [142] reported in 3749 cases from
five Mexican rural communities with a high degree of marginalization that aimed to
perform medical consultations with specialists in dermatology and mycology. The
overall percentage of dermatoses caused by fungi was high at 13.75% (498); however,
only 98 fungi were identified in three municipalities. The study showed that the
inhabitants of these municipalities had a high morbidity associated with fungi. A total
of 22 isolates (0.58%) belonged to Candida causing nail, skin, and mucosal candidiasis,
with C. parapsilosis being the most frequent, followed by C. albicans, and others such
as C. guilliermondii, C. tropicalis, C. humicola, C. famata, Pichia ohmeri, and Candida
spp. Probably, the difficult living conditions in which these patients live lead to little
attention being paid to these infections. Other pathologies indicative of underdevel-
opment, such as scabies, acarosis, pediculosis, and malnutrition of varying degrees,
were found with great frequency.

De Oliveira et al. [143] examined 394 patients with clinically suspected superficial
mycosis, 256 of whom were positive. They concluded that onychomycosis and pityri-
asis versicolor are the most common mycoses in the Amazon region and that Candida
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spp. (72; 31.57%) and Malassezia spp. (77; 33.77%) are the most common pathogens.
The prevalence of Candida was 18.3%. Superficial mycoses were present in all social
classes, but cases were more frequent in people of social class C (97; 37.89%), which is
classified as moderate according to the Brazilian classification system.

Siopi et al. [74] reported on a 10-year (2009-2018) retrospective surveillance
study in a tertiary hospital in Greece that collected information on the epidemiology
of candidemia, especially during severe socioeconomic events (financial crisis). The
number of hospitalized patients was 522,197, among whom a total of 429 candidemia
attacks were recorded. C. albicans was the most common species (41%), followed by
C. parapsilosis (37%), C. glabrata (11%), C. tropicalis (7%), C. krusei (1%), and Can-
dida spp. (3%). They found that incidence of candidemia on internal medicine wards
and of C. parapsilosis infections increased significantly during this period. It was
suggested that the current economic crisis affecting the country may have contributed
to candidemia. So limited resources for medical care difficulties in diagnosis. The
reduction in specialized hospital staff and the increase in the number of patients in
public clinics could have a negative impact on basic infection control measures, rather
than being associated with critical differences in the characteristics of the population
studied.

Durkin et al. [144] conducted a descriptive observational study of 225 patients
discharged with home parenteral nutrition from a hospital in St. Louis, Missouri, USA,
between 2007 and 2009. Among the catheter-related complications, infections were
identified in 68 patients, of which 14 (20%) involved Candida. Predictive factors that
were more common in patients who developed a catheter-related bloodstream infec-
tion included age, ulcers or open wounds, anticoagulation, and public insurance. This
could be because publicly insured patients are generally older and/or have a lower
socio-economic status, as stipulated by the admission criteria.

10. Conclusions

Several studies have been reported that provide valuable insights into the major
predisposing determinants of Candida colonization and infections in relation to the
health status of the individual and the virulence factors of Candida itself. Although
there is some work examining the prevalence of Candida in different social classes, as
well as a sociodemographic description, there are still few criteria to derive or assert
an objective opinion on the social conditions in which this opportunistic pathogen
occurs. In this sense, it remains only a poorly documented diagnosis of what might be
happening. It is still inaccurate to claim that a particular species is prevalent in certain
socioeconomic strata.

So, there is still a lack of a global overview that takes into account the social
determinant of health in addition to the intrinsic factors of individuals (human biol-
ogy, health status, etc.) that could be related to variations in colonization and infec-
tion by the different Candida species. Research is needed to assess the relationship
between socioeconomic characteristics of people (social development, marginaliza-
tion, the environment in which people live and develop, etc.) and variations in colo-
nization and infection by different Candida species, applying a methodology and data
analysis with tools such as descriptive and predictive mathematical models that allow
understanding the impact of DSS on the development of the disease. This is done with
the intention of identifying the social parameters that are more influential (in
multispecies candidiasis) and can be controlled.
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Abstract

Candidiasis can present as an infection in the skin, mucous membranes, or
deep-seated organs, caused by various types of Candida spp. C. albicans is one of
the most prevalent Candida spp. causing diseases. These yeasts typically inhabit the
normal human microbiota. High-risk individuals include those with cancer, diabetes,
HIV/AIDS, and organ transplants. Due to the similarity between fungi and their
human hosts as eukaryotes, the potential molecular targets for developing antifungal
treatments are limited. This poses a significant health concern as drug resistance
becomes increasingly prevalent. Currently, only four main classes of approved
antifungal agents are used for treating invasive fungal infections: azoles, echinocandins,
polyenes, and 5-fluorocytosine (5-FC). These antifungals inhibit different biosyn-
thetic pathways in various pathogenic fungi. For instance, echinocandins focus on cell
wall biosynthesis, while azoles, together with allylamines, inhibit ergosterol biosyn-
thesis, and 5-flucytosine (5-FC) targets DNA, RNA, and protein synthesis. Azole
antifungal agents are widely used as therapeutic options for the treatment of fungal
infections, but their fungistatic nature leads to the evolution of C. albicans resistance
to azole. In addition to azoles, C. albicans also develop resistance to polyenes, echino-
candins, and 5-FC. This chapter provides a detailed discussion on the mechanisms of
action and mechanisms involved in Candida albicans antifungal drug resistance.

Keywords: antifungal, Candida albicans, resistance, azoles, polyenes, echinocandins,
5-flucytosine, biofilm

1. Introduction

Candida spp. are typically harmless and normally live on human skin,
gastrointestinal, and genital tracts. However, in certain individuals such as the
elderly, hospitalized patients, or those with weakened immune systems, Candida
is capable of inducing a range of infections. Indeed, Candida fungal infections are
the most prevalent human fungal disease globally [1]. The most frequently isolated
species in clinical cases are C. albicans (37%) and C. glabrata (27%). Other species
commonly found in bloodstream infections include C. krusei, C. dubliniensis, C.
parapsilosis, C. lusitaniae, C. tropicalis, and the more recently emerging C. auris. C.
auris is particularly concerning as it is resistant to multiple drugs, often misidenti-
fied, and poses a significant threat in healthcare settings [2]. According to the CDC
(Centers for Disease Control and Prevention) reports, approximately 34,000 cases of
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candidiasis were observed among patients admitted to a hospital in 2017, resulting

in about 1700 deaths [3]. Candidiasis encompasses a wide range of clinical presenta-
tions, from relatively mild mucocutaneous infections to severe invasive diseases such
as candidemia, with mortality rates ranging from 30% to 47% [4]. Medical device-
associated infections such as vascular catheters, cardiovascular devices, central venous
catheter; and urinary catheters are commonly associated with Candida infections [5].
Candidemia, in particular, can lead to the dissemination of the infection to various
organs [6]. Due to the lack of rapid and sensitive diagnostic tests for invasive Candida
infections, the majority of cases are detected using routine culture-based methods.
The sensitivity of this method may be restricted and can sometimes produce false-
positive results due to contamination during the process [7]. In the intensive care
unit, febrile or septic patients with a central venous catheter (CVC) who have recently
undergone abdominal surgery or chemotherapy often receive empiric antifungal
therapy when antimicrobial therapy fails to respond [8]. However, this approach can
lead to the inappropriate use of antifungal drugs and the development of resistance in
people without infections, or it can lead to the postponement of effective treatment
for people who are truly infected [2]. The treatment approach for invasive Candida
infections depends on various factors, including the host’s immune response, as well
as the severity and location of the infection [9]. Besides implementing appropriate
source control measures, removal of contaminated medical devices and administering
antifungal drugs have proven to be crucial therapeutic approaches in the management
of Candida infections [10].

Currently, the most commonly used antifungals that are effective against Candida
spp., are azoles, polyenes, 5-flucytosine, and echinocandins [11]. Compared to the
emergence of antimicrobial resistance in infections caused by bacteria, the develop-
ment of antifungal resistance in Candida spp. is a global public health threat. The
main objective of this chapter is to provide a detailed explanation of the mechanisms
through which these antifungals exert their effects, in addition to outlining the
strategies employed by Candida spp. to acquire resistance to these drugs.

2. The targets of antifungals

Candidiasis can be effectively managed through the use of antifungal medications
from various drug classes that act on distinct cellular processes, resulting in either
growth inhibition (fungistatic) or cell death (fungicidal) of the yeast pathogens.
These cellular processes encompass the synthesis of the plasma membrane, cell wall,
and RNA. Every one of these processes encompasses a series of enzymatic reactions
[2]. The subsequent section provides an overview of the targets and mode of action
of antifungals utilized for candidiasis treatment.

2.1 Antifungals that target ergosterol and ergosterol biosynthesis

Antifungal medications that specifically target ergosterol and its biosynthesis
play a crucial role in the treatment of fungal infections. Ergosterol is an essential
component of cell membranes in fungi and it is critical for maintaining the integrity
and functionality of the membranes of fungi. Additionally, ergosterol and sphingo-
lipids participate iz the formation specialized lipid rafts. Lipid rafts harbor numerous
biologically significant proteins that participate in diverse cellular functions, includ-
ing signaling, stress-response, and nutrient transportation [12, 13]. The biosynthesis
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of ergosterol relies on a series of 25 distinct enzymatic reactions. This biosynthetic
pathway provides an attractive drug target because ergosterol is essential for fungi,
whereas it is absent in humans. Consequently, several drugs have been designed to
inhibit the synthesis of this fungal lipid or directly target ergosterol itself, and the
following section provides a detailed description of these.

2.1.1 Azoles

Azoles are a class of antifungal compounds characterized by a five-membered
heterocyclic structure. Two subgroups exist within the azole group of antifungal
drugs: imidazoles and triazoles. In the azole ring, imidazoles (ketoconazole, clotrima-
zole, miconazole, tioconazole, and econazole) contain two nitrogen atoms while
triazoles (voriconazole, fluconazole, itraconazole, posaconazole, and isavuconazole)
contain three nitrogen atoms. Ketoconazole, which has become the standard medica-
tion for treating candidiasis and infections caused by dimorphic fungi, is known to be
associated with notable liver toxicity. Fluconazole is the most frequently employed in
therapeutic applications [14].

Second generation of triazoles, with broad-spectrum antifungal activity, include
voriconazole (VOR), posaconazole (POS), and isavuconazole (ISV). These antifungal
agents exhibit increased potency against resistant pathogenic fungi. Isavuconazole, in
particular, is a new broad-spectrum triazole that demonstrates comparable efficacy
to voriconazole but with reduced toxicity. The lower toxicity of isavuconazole can
be attributed to its high water solubility. Azoles are used as commercial antifungals
for the prevention and treatment of Candida infections. They are inhibitors of the
sterol 14-a-demethylase enzyme (ERG11 in yeast), which plays a crucial role in the
ergosterol synthesis pathway [15]. Azols bind to Ergl1 and thereby block the produc-
tion of ergosterol in the fungal cell membrane. Additionally, azoles have the ability to
increase reactive oxygen species (ROS) production [16].

2.1.1.1 Azole drug vesistance

Over the course of many years, there has been significant research exploring the
molecular bases underlying the mechanisms of resistance of pathogenic fungi to azole
drugs. The subsequent sections will outline the distinct mechanisms that contribute
to azole resistance.

2.1.1.2 Overexpression of cell membrane efflux pumps

The overexpression of efflux pumps in the plasma membrane is a significant
mechanism that controls resistance to azole in various fungal pathogens [17]. The
primary group of efflux pumps linked with resistance to azoles are ABC transport-
ers (ATP-binding cassettes). ABC transporters comprise two membrane-spanning
domains (MSD) and two nucleotide-binding domains (NBDs). The NBD uses ATP
energy and transfer of substrates across membranes [18]. Another important efflux
pump is the main facilitator (MF) superfamily associated with azole resistance. MF
transporters, like the ABC superfamily, have transmembrane-spanning helices.
However, instead of relying on ATP, MF transporters employ the proton gradient
across the plasma membrane to facilitate the movement of substrates [19, 20].

In C. albicans, upregulation of two closely related ABC transporters, CDRI and
CDR2, is related to resistance to azole, especially in patients receiving prolonged
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antifungal therapy [21, 22]. Among these transporters, CDR1 plays a primary role

in azole resistance, as removing CDR1 from a clinical strain reduces azole resistance
by 4- to 8-fold. On the other hand, the deletion of CDR2 generally has a lesser effect
[23]. The Tac1 functions as a transcription factor of CDR and binds to specific DREs
(drug-response elements) in both the CDR1 and CDR2 promoters, regulating their
expression. Notably, the mutated Tacl alleles lead to overexpression of both CDR1 and
CDR2, which is associated with azole resistance [24].

Although the C. albicans genome encodes 95 MF transporters, resistance to flucon-

azole is associated only with multidrug resistance 1 (Mdr1) [25, 26]. The transcription
factor Mrr1 controls MDR1 efflux pump expression and mediates multidrug resistance

in C. albicans. Inactivation of MRRI1 in fluconazole-vesistant C. albicans leads to loss

of MDRI1 expression and increased fluconazole susceptibility, whereas activating point
mutations in MRR1 enhances azole resistance [27, 28]. A recent study demonstrated
that the Swi/Snf chromatin remodeling complex in C. albicans has been identified as
coactivator of MRRI. Interestingly, genetic inactivation of SNF2, the catalytic subunit
of Swi/Snf, significantly reduces the upregulation of MDR1 expression and resistance
to fluconazole [29].

2.1.1.3 Changes in targets of drug

In C. albicans, the development of azole resistance frequently involves substitutions
of amino acids in the drug target Ergl1, resulting in a diminished binding affinity
between the lanosterol demethylase enzyme and the drug. These substitutions are
primarily concentrated in specific regions of Erg11, including amino acids 105-165,
266-287, and 405-488 [30]. Although more than 140 amino acid substitutions in Erg11
have been related to azole resistance, only a limited number of these substitutions have
been shown experimentally to induce resistance [31]. Molecular mapping of C. albicans
ERG11 variants has revealed that these mutations are located in crucial areas such as
the enzyme’s catalytic site, the unique external loop found in fungi [32].

In azole-resistant clinical isolates of C. albicans, there is a prevalent occurrence of
ERG11 overexpression, directly contributing to an increased abundance of the drug
target and subsequently reducing drug susceptibility [21, 22]. The transcriptional
activator Upc2 plays a critical role in regulating several genes involved in ergosterol
biosynthesis, including ERG11, in C. albicans [33, 34].

2.1.1.4 Stress-response modulation

Fungal pathogens inhabit diverse and ever-changing environments that are prone
to fluctuations in temperature, pH, and nutrient availability. These fluctuations can
disrupt the normal balance within fungal cells and impose significant stress. The pres-
ence of antifungal agents further adds to this stress, and fungal pathogens in order
to survive, need to identify, adapt, and respond to the stress imposed by antifungal
drugs. Therefore, pathogenic fungi have developed extensive stress-response mecha-
nisms that enable them to grow despite various cellular challenges [35].

One notable mechanism by which C. albicans develops azole resistance is through
modifications in the ergosterol biosynthesis pathway, which is associated with stress
responses [36]. Specifically, mutations in the ERG3 gene prevent the accumulation of
a toxic sterol intermediate that allows the continuation of the reproduction and growth
of the fungi in the presence of azoles. The presence of these mutations is associated
with resistance to azole drugs in C. albicans [37].
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Hsp90 (heat shock protein 90) is a crucial regulator of stress responses in fungal
pathogens [38]. It interacts with various cochaperones to recognize specific cli-
ent proteins involved in regulatory networks [39]. Hsp90 acts as a reservoir for
storing and releasing genetic variation, as well as an enhancer that facilitates the
rapid emergence of new traits [40]. In the case of C. albicans, Hsp90 is involved
in the evolution of resistance to azole. Nonetheless, in C. albicans isolates where
resistance arises from the overexpression of efflux pumps, Hsp90 does not serve as
a mediator of azole resistance, suggesting the presence of an autonomous resistance
mechanism [41].

Hsp90 enables the resistance of various fungi against drugs that target the cell
membrane and cell wall, and calcineurin is the main mediator of Hsp90-dependent
azole resistance [42]. In C. albicans, azole treatment induces a calcineurin-dependent
stress-response, and disruption of this phosphatase makes C. albicans highly sensitive
to azoles [41]. Blocking Hsp90 activity prevents the activation of the calcineurin-
dependent stress-response by azoles [43].

Protein kinase C (Pkcl) and other kinases also play a role in the stress-response
mechanism that allows C. albicans to survive azole-induced stress. Disrupting PKC-
MAPK signaling reduces azole resistance in different clinical isolates of C. albicans
[44]. Additionally, kinases such as casein kinase 2 (CK2) and target of rapamycin
(TOR) kinases are involved in azole resistance. Inhibiting TOR function eliminates
erg3-mediated resistance to azoles [45].

Post-translational modifications are important in regulating the stress-response
pathway and alter virulence in an antifungal drug-dependent manner in Candida spp.
[46]. Lysine acetyl-transferases (KATs) and lysine deacetylases (KDACs) play a sig-
nificant role in chromatin-mediated transcription and the post-translational control
of cellular proteins. Suppression of these enzymes leads to resistance to antifungal
medications [47].

2.1.1.5 Modifications of genome

Fungi have the ability to adapt genetically to their environment and develop
resistance to antifungal therapies. This adaptability is achieved through significant
genetic modifications, including aneuploidies, loss of heterozygosity (LOH), and
rearrangements of chromosomes [48]. Aneuploidy, in particular, allows fungi to
quickly acquire diverse characteristics without permanently committing to the
mutant genotype [49]. Fungistatic azoles induce changes in DNA content and
cell morphology, favoring the formation of aneuploidy [50]. Chromosome 5 in C.
albicans is commonly affected by an isochromosome [i(5L)], which is associated
with azole resistance. The resistance is attributed to amplified quantities of ERG11
and TAC1, mutations that enhance functionality, and loss of heterozygosity (LOH)
in these determinants [51-53]. Experimental evolution studies have shown that
strains acquiring resistance to azoles exhibit extensive aneuploidies, particularly
involving chromosome 4 [53]. LOH events can also impact drug resistance, which
is commonly observed in genomic regions containing susceptibility determinants.
LOH can generate hyperactive alleles, leading to increased expression of genes
involved in drug resistance [27]. Stress conditions can elevate mitotic recombination
rates in C. albicans, resulting in increased LOH rates [54]. These findings propose a
potential mechanism by which C. albicans can achieve increased genetic variation
in response to environmental disruptions, given its absence of a traditional sexual
reproduction cycle.
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2.1.1.6 Intrinsic resistance to antifungals

Until now, our research has primarily focused on comprehending the development
of resistance to antifungal agents in fungal pathogens. However, it is crucial to acknowl-
edge that certain fungi inherently possess resistance to commonly used antifungals.
Investigating the mechanisms underlying intrinsic resistance is essential for obtaining a
better understanding of the clinical consequences caused by fungal pathogens. Intrinsic
resistance has also been observed in specific non-albicans Candida (NCA) spp., particu-
larly toward azole drugs [55]. For example, C. glabrata exhibits substantial resistance
to fluconazole even in the absence of prior exposure to the drug [56]. This resistance is
mainly attributed to the increased expression of specific ABC transporters regulated by
the transcription factor Pdr1 [57].

In addition, antifungal resistance can be inherent to different growth states of
common nonresistant fungal spp. [58]. In the natural environments, Candida spp.
often grow as biofilms, densely packed communities of cells adhered to a surface [59].
Among fungal pathogens, C. albicans can form biofilms on medical devices and host
tissue. C. albicans planktonic cells do not have intrinsic resistance to antifungal agents,
but C. albicans biofilms are intrinsically resistant to conventional antifungal [60].

Cells within these biofilms overexpressed efflux pumps and efflux genes CDR1 and
MDR1, which contribute to strong azole resistance [61]. The synthesis of glucan by
Fks1 is a known mechanism that contributes to C. albicans biofilm antifungal drug
resistance [62]. This resistance mechanism was observed in azoles, polyenes, and
echinocandins.

2.1.2 Polyenes

Polyenes are fungicidal medications that target ergosterol in the fungal cell membrane
and initiate cell lysis [63]. They bind with ergosterol and form pores in the cell membrane
that cause rapid leakage of monovalent ions such as potassium (K*), sodium (Na*),
hydrogen (H"), and chloride (Cl"), ultimately leading to cell death in fungi [14]. The
polyene antifungals include amphotericin B and nystatin. Despite the introduction of
various new antifungal agents, particularly the second-generation triazoles and the
echinocandins, amphotericin B remains the predominant and crucially important drug
in the management of severe systemic fungal infections [64, 65]. Amphotericin B is
rarely necessary for the management of invasive candidiasis, as it is typically reserved
for cases where the Candida spp., exhibits resistance to alternative drug classes.

2.1.2.1 Mechanism of action
2.1.2.1.1 Polyene-Sterol interaction

Overall, the activity of polyenes compared to other classes of antifungals is
different and not usual, as they interact with ergosterol as a vital molecule instead
of targeting a specific enzyme [66]. So, polyene antibiotics mainly affect ergosterol
and ergosterol biosynthetic pathways [67, 68]. Currently, there are four models for
describing the activity of the polyene antifungal including the model of polyenes
forming ion-leaking pores in the membrane, the polyene-Ergosterol adsorption at the
surface model, the sterol sponge model, and the oxidative damage model, which bind-
ing to ergosterol (an important component in fungi, which is responsible for different
processes in the cell, namely: the membrane proteins regulation, endocytosis, division
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of cells, signaling of the cell and fluidity of the membrane [69]) plays an important
role to its antifungal effect in every proposed model [70]. Three interactive forces
contribute to the binding of AmB and ergosterol. Van der Waals forces, network of
hydrogen bonds, and n—r electronic interactions [69].

2.1.2.1.2 Pore-forming models

In the mechanism of forming pore, which is the most studied one, an ion
channel-like complex is formed from the interaction between polyenes and ergos-
terol, which leads to the release of some ions and small molecules from the inner
plasma membrane to the out and eventually leads to cell destruction. In light of the
amphipathic nature of polyenes, they would position themselves within the phos-
pholipid bilayer in such a way that the hydrophobic polyene “tail” interacts with
ergosterol, and on the other side, the hydrophilic “head” participates in forming
an aqueous channel. Typically, a pore is made from the gathering of 4-12 polyene
monomers [70]. The first channel is formed by one cylindrical ring of AmB-
ergosterol complexes that is placed on another ring and is named the “complete-
pore” channel. The second one is just composed of one cylindrical ring known as
the “half-pore” channel.

These channels have nearly equal length as membrane phospholipids, on average,
both types are essentially the same in structure, but the second type makes the lipid
bilayer structure thinner. The formation of pores depends on three factors: primar-
ily polyene and later composition of the membrane as well as its thickness [71]. In
a membrane composed mostly of dimyristoylphosphatidylcholine (DMPC), for
instance, AmB would mainly create half-pores [72].

2.1.2.1.3 Surface adsorption and sterols Sponge models

Recent studies have demonstrated that the fungicidal activity of AmB is not solely
dependent on ion channel formation, but rather, glycosylation-dependent ergosterol
sequestration has been identified as essential [73]. In the “surface adsorption model,”
polyenes can lead to the movement of ergosterol molecules and absorb them toward
the surface of the phospholipid membrane [69]. In light of this hypothesis, in the
“sterol sponge” mode of action that Anderson and his colleagues proposed, AmB
molecules are positioned parallelly in a large-extra membranous aggregate and extract
the ergosterols from the membrane [74].

In the second and third models both, by absorbing or extracting ergosterol from
the membrane, the bilayer of phospholipids becomes unstable and eventually, leads
to disruption in vital cellular activities [71] and, eventually, cell death [74]. Anderson
also proposes that the primary toxic factor of AmB toward mammalian cells is caused
by the formation of these large aggregates of AmB-ergosterol at the outside of the
membrane. Hence, the production of better antifungal derivatives by making the
binding of the drug to ergosterol as effective as possible could significantly enhance
its therapeutic efficacy [70].

2.1.2.1.4 Other proposed modes of action

Alterations in the permeability and disturbances of the membrane might be
attributed to the amphotericin B fungicidal effects; however, its lethal effects
cannot be explained [75]. The precise mechanism behind the occurrence of
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oxidative stress remains unclear. Nevertheless, one suggested explanation is

that the binding of polyenes to the membrane initiates a response leading to the
generation of reactive oxygen species (ROS), such as hydrogen peroxide (H,0,),
superoxide (—0,), and hydroxyl radicals, which modifies the main macromolecules
such as DNA, proteins and lipids and finally causes membrane instability and cell
death. Therefore, there is a correlation between ROS production with apoptosis and
aging [69, 75-77].

Alternatively, it is possible that the antifungal agent itself can auto-oxidize and
start the oxidative stress process [69]. However, ROS production can be limited by
catalase activity owing to its antioxidant characteristic during AmB therapy which
leads to cell protection [78, 79].

2.1.2.2 Polyene drug resistance

The incidence of polyene resistance in isolated fungal strains is relatively low.
As far as the susceptibility rate to this antifungal among some Candida species,
such as C. albicans, C. glabrata, and C. parapsilosis, is reported to be nearly 100%
in surveillance studies [80]. However, various mechanisms of action for describing
how resistance occurs have been stated. Amphotericin B resistance is most likely
to be acquired through the changes in the sterol composition of the fungal cell
phospholipid layer, which is attributed to being the most frequent mechanism [69].
This change is often linked to a general rise in membrane sterol levels and changes
in phospholipids, leading to alterations in the quantity or quality of sterol content
within the cell. These changes eventually affect the amount or availability of ergos-
terol for the polyenes’ activity [81]. The mechanism has been associated with various
mutations in genes responsible for biosynthesis pathways of ergosterol, particularly
those found in ERGI to ERG6 and ERG11 genes [82, 83]. It has been demonstrated
that the absence of ERG11 and ERG3 gene activity, as an example, in C. albicans
results in the replacement of ergosterol with other sterols such as lanosterol, eburicol,
and 4,14-dimethyl-zymosterol in the membrane [69]. Besides genetic modifications,
treatment with azole antifungals has been linked to an increased resistance level to
polyenes in Candida species due to the reduction in cellular ergosterol levels caused
by azole [83].

Getting protected against oxidative damage is another factor in developing
resistance to amphotericin B [84]. Therefore, the second hypothesis is that, the
reactive oxygen species (ROS) generated owing to exposure to AmB, can be broken
down and result in toleration to the induced oxidative stress by polyene. This is
accomplished through catalase activity, Hsp90 and Hsp70 (the molecular chap-
erones of the heat shock protein (HSP) family) [82]. Evidence has illustrated that
decreased fatal consequences of AmB on protoplasts and C. albicans result from a
rise in the catalase intracellular or extracellular levels, as well as hypoxic conditions
incubation [84]. The fitness and survival of Candida isolates that are resistant to
ampbhotericin B, are highly reliant on the expression and functionality of Hsp90. By
inhibiting Hsp90 pharmacologically, in C. albicans or C. tropicalis strains resistant
to AmB, the resistance completely disappeared [85]. Moreover, the modifications in
cell wall structure and the fungal cell’s growth phase may be associated with polyene
resistance [79].

Several studies have indicated that certain cell wall components are implicated
in the cell’s resistance to amphotericin B. For instance, in C. albicans a reduced level
of chitin has been observed with increased resistance to amphotericin B. Moreover,
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the production of glucan may increase due to regulatory mechanisms influenced by
exposure to or resistance against AmB, which might physically obstruct the entry

of AmB into the cell wall [86]. The exact function of glucans in the cell wall, which
blocks amphotericin B’s ability to access ergosterol and plays a role in resistance, is still
unclear [75].

During the logarithmic growth phase, there is a higher rate of cell wall degradation
and resynthesis. This increased activity allows enhanced access of amphotericin B to
the cell membrane. This process, in the stationary growth phase, is found at a much
lower rate, which results in the creation of relative resistance to amphotericin B [81].

2.2 Antifungals that target biosynthesis of the cell wall

In addition to ergosterol in Candida spp., the biosynthesis of the fungal cell wall
is also a target for the development of new antifungal therapies [87]. The fungal cell
wall is a rigid layer around the plasma membrane of fungal cells that defends against
osmotic stress. The structure of the cell wall is unique to fungi, and since it is absent in
humans, an associated enzyme in cell wall biosynthesis is a promising target for antifun-

gal drug [88].
2.2.1 Echinocandin

Echinocandins, such as caspofungin, micafungin, and anidulafungin, specifically
target the cell wall. Echinocandin B, the initial antifungal drug of this class, was
discovered in the 1970s and exhibited effective antifungal properties, albeit with
hemolytic activity. To mitigate this effect, cilofungin was synthesized. However, this
compound was withdrawn because of its low water solubility and co-solvent toxic-
ity. Subsequently, two compounds, pneumocandin A and pneumocandin B, were
identified during the echinocandin research process. In 1992, caspofungin acetate
was synthesized from pneumocandin B, receiving approval from the US Food and
Drug Administration (FDA) in January 2001. Micafungin, which demonstrated low
hemolytic activity and potency on Candida spp., was permitted in the United States
in 2005 and in Europe in 2008. This agent was also accepted for the treatment of
aggressive candidiasis. Further refinement of the chemical construction of echino-
candin B led to the development of anidulafungin, which obtained US approval in
2006 [89].

2.2.2 Mechanisms of action

Echinocandins belong to a group of antifungal agents that impact the fungal
cell wall by inhibiting the activity of UDP-glucose (1,3)-D-glucan-f-(3)-D-
glucosyltransferase. This enzyme plays a crucial role in synthesizing $-(1,3-D)-
glucan, a vital component of the cell walls in numerous fungi, within the glucan
biosynthesis pathway [90], and disrupt the integrity and shape of the cell wall. They
are structurally defined by a cyclic hexapeptide core attached to a lipid side chain of
variable configuration [91]. These antifungals act by non-competitive inhibition of
the synthesis of 1,3-a-D-glucan in fungi [90]. Currently, echinocandins are the rec-
ommended initial treatment for candidemia and other forms of invasive candidiasis
[92]. Echinocandins are considered the primary therapy for candidemia. The develop-
ment of echinocandin resistance in Candida spp. is predominantly linked to acquiring
FKS mutations [93].
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2.2.3 Echinocandin drug vesistance

Fungi employ adaptive strategies to compete with other microorganisms within
their ecological niche and obtain necessary resources. As an important part of these
adaptations, the emergence of antifungal drug resistance is possible [94]. The resis-
tance mechanism of echinocandins involves alterations in specific amino acid regions
known as “hot spots” within the FKS-encoded subunits of glucan synthase. These
alterations reduce the enzyme’s sensitivity to the drug and result in higher minimum
inhibitory concentration (MIC) values [95]. These changes can lead to elevated MIC
values. In C. albicans, Ser641 and Ser645 are the most reported amino acid alterations
that pronounced resistance phenotype [96].

2.2.4 MIC values, medicinal use, and effective dose

Micafungin demonstrates strong antifungal efficacy against a wide spectrum of
Candida spp., including those that exhibit resistance to azoles, amphotericin B, and other
echinocandins [97]. Table 1 displays the breakpoint values for echinocandins, including
anidulafungin (AND), caspofungin (CAS), and micafungin (MCF), alongside Candida
albicans, as determined by both the Clinical and Laboratory Standards Institute (CLSI)
and the European Committee for Antimicrobial Susceptibility Testing (EUCAST) [99].

It has been reported that in anidulafungin-resistant C. albicans isolates, the presence of
mutations in the FKS gene confirms resistance to MCF. Due to significant discrepancies
across laboratories, the breakpoints for caspofungin remain unknown [98].

2.3 Antifungals that target nucleic acid biosynthesis

Medications that focus on the synthesis of nucleic acids play a crucial role in the
effective management of fungal infections and have been utilized since the 1950s.
Among these antifungal agents is 5-flucytosine (SFC), which hampers both fungal
protein synthesis and DNA replication by integrating into RNA. The entry of 5-FC
into fungal cells occurs via the cytosine permease enzyme [100]. When 5FC enters
the cell, it is converted to 5-fluorouracil (5FU), which undergoes further metabolic
processes to form 5-fluorouridine triphosphate (SFUTP). Instead of uridine triphos-
phate (UTP), S5FUTP is incorporated into fungal RNA, leading to alteration of tRNA

Antifungal agents Standard C. albicans
S< R>
AND EUCAST 0.03 0.03
CLSI 0.25 0.5
CAS EUCAST N N
CLSI 0.25 0.5
MCF EUCAST 0.016 0.016
CLSI 0.25 0.5

N—until caspofungin breakpoints have been established, the susceptibility of this echinocandin should be considered
based on the susceptibility of the remaining two echinocandins. So, if the isolate is susceptible to anidulafungin as well as
micafungin, it should be considered susceptible to caspofungin.

Table 1.
Breakpoints of echinocandins proven by CLSI and EUCAST [98].
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and disruption of protein synthesis and growth inhibition. An alternative metabolic
transformation of 5FU involves its conversion to 5-Fluorodeoxyuridine monophos-
phate (SFAUMP), which functions as a potent inhibitor of thymidylate synthase. This
enzyme plays a vital role in the biosynthesis of DNA [100].

2.3.1 Flucytosine

Flucytosine, also referred to as 5-fluorocytosine (5-FC), is an antifungal medication
primarily used in combination with amphotericin B for the treatment of severe fungal
infections [101]. However, the clinical utility of 5-FC is hampered by the frequent
occurrence of both primary and acquired resistance, particularly when administered as
a standalone therapy. Previous investigations have predominantly focused on elucidat-
ing resistance mechanisms in S. cerevisiae and C. albicans, with a specific emphasis on
mutations affecting key enzymes involved in the pyrimidine salvage pathways [102,
103]. Studies have revealed that resistance to 5-FC can arise through the inactivation or
modification of various enzymes responsible for activating cytosine permease, cyto-
sine deaminase, or uracil phosphoribosyl transferase, as well as through an increase in
pyrimidine production [104]. Nevertheless, the absence of mutations in these enzymes
among clinically resistant isolates suggests the existence of additional regulatory
mechanisms within fungal cells. Despite the fact that resistance to 5-FC can develop
in a single step, its progression can occur rapidly regardless of the dosage or site of
infection when used as a monotherapy [104].

The prevalence of Candida spp., which exhibits primary 5-FC resistance is less
than 5%, with the exception of C. krusei, which exhibits resistance in approximately
35% of isolates [105]. The emergence of resistance in Candida is influenced by a
multitude of factors including species, clade, genotype, ploidy, and the presence of
a phenotype mutator [106]. The reported range of 5-FC resistance in C. albicans is O
to 3% [107]. In C. albicans, the uptake of SFC is facilitated by the cytosine permease,
CaFcy2p, which is subsequently transformed into 5FU through the action of cytosine
deaminase, CaFcylp [108]. The conversion of 5FU to SFUMP is accomplished by the
phosphoribosyl transferase, CaFurlp. Disruption or inactivation of these enzymes
leads to an elevated resistance to 5FC. Estrella et al. observed a correlation between
resistance to 5-FC and a decreased susceptibility to azoles [106]. Additionally,
Dodgson et al. identified a single alteration in the FUR1 gene, resulting in an amino
acid substitution, which is associated with a reduced susceptibility or increased
resistance to 5-FC [109].

3. Candida biofilms and resistance

Biofilm alludes to a collective gathering of cells that adhere to one another and are
surrounded by an exopolysaccharide matrix. The properties of biofilms are different
from planktonic cells [110]. These biofilms may be made by either only one species or
multiple species [111]. Research has shown that biofilms are responsible for over 80%
of all microbial infections [112]. During the initial stage of biofilm formation, yeast
cells adhere to a surface, leading to the development of separated colonies. This is
followed by an intermediate phase where yeast cells produce and secrete extracellular
polymeric substances (EPS) [113]. The extracellular matrix, which comprises proteins
(55%), carbohydrates (25%), lipids (15%), and extracellular DNA (5%), has been
found to play a significant role in antifungal resistance [114]. The maturation and
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three-dimensional structure of the Candida biofilm are facilitated by these com-
pounds [115]. The main specification of biofilms is dependent on the Candida spp.,
[116]. The biofilm structure contributes to difficult treatment and a high range of
morbidity and mortality [117]. The matrix supports the whole construction of biofilm
and acts as a physical obstacle to drug diffusion. Moreover, in the matrix of biofilms,
Mannan and glucan plays important role in arresting antifungals and increasing the
resistance of the biofilm to antifungals, in relation to planktonic cells [118]. In 1995,
Hawser and Douglas provided the initial evidence of antifungal resistance in Candida
biofilm, specifically in C. albicans, marking a significant milestone in the field [119].
Studies have demonstrated that drug resistance in biofilm has several causes, such as
penetration of high-density cells, decrease of the growth rate, nutrient restriction,
extracellular matrix formation, existence of persister cells, gene expression changes,
and increase of sterol content in Candida cell layer [116].

3.1 Cell density and growth limitation

The resistance of Candida biofilms to antifungal agents is influenced by the
concentration ratio of Candida cells within the biofilm structure, which is signifi-
cantly higher compared to planktonic cells [120]. The biofilm structure of C. albicans
typically consists of two distinct layers: a thin basal yeast layer and a thicker, densely
packed hyphal layer [121]. These characteristics are correlated with a common
resistance to antifungal triazoles and/or amphotericin B [122]. Moreover, it has been
observed that the cells located in more profound layers of the biofilm, because of
nutrient scarcity, exhibit slower growth and consequently develop higher resistance to
antifungal drugs.

3.2 Extracellular matrix production

The extracellular matrix (ECM) present in Candida biofilms serves as a protec-
tive barrier, shielding the biofilm cells from detrimental factors such as antifungal
agents and host immune responses [123]. Research has indicated that the chemical
structure of the ECM not only hinders diffusion and penetration but also contributes
to the development of resistance. It has been reported that DNA has an important role
in the biofilm formation of C. albicans, structural integrity, and enhanced efficacy
of echinocandins and polyenes [121]. Additionally, -1,3 glucans, which are the
predominant carbohydrate constituents of the biofilm, are responsible for sequester-
ing azoles, echinocandins, pyrimidines, and polyenes within C. albicans biofilms
[115]. Studies have revealed that the SMII gene plays a role in cell wall glucans, ECM
production, and drug resistance. This gene functions through the transcription factor
Rlmp and the glucan synthase FKS1 [122]. Furthermore, the zinc-response transcrip-
tion factor ZAP1 acts as a negative regulator of the soluble p-1,3 glucan ECM in C.
albicans biofilms [123]. Gcal and Gcea2 have positive roles in matrix production, while
ADHS, CSH1, and LFDG6, a group of alcohol dehydrogenases, also contribute to matrix
production, with CSH1 and LFD6 having negative effects and ADHS having a positive
effect [115].

3.3 Presence of Persister cells

Within a biofilm, there exists a specific subset of cells known as persisters, which
are dormant variants that reside deep within the biofilm structure and exhibit
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resistance to multiple antifungal agents. It is important to note that these persister
cells are present in the biofilm community and not within planktonic populations
[124]. Rather than being mutants, these cells may be phenotypic variations of the
wild type. Studies have demonstrated that the levels of persister cells can range from
0.2 to 9%, with strains isolated from patients suffering chronic carriage displaying
higher persister stages compared to strains from patients with transient carriage [115].
Through transcriptional analysis of persister cells, it has been observed that there is
diverse regulation of genes involved in the biosynthesis pathways of ergosterol (ERG1
and ERG25) and f$-1,6 glucan (SKN1 and KRET) [125].

3.4 Ergosterols contents and ERG genes expression

Ergosterol is the predominant sterol in the plasma membrane of fungi, which
plays a crucial role in the mechanism of action of key antifungal agents like azoles
and amphotericin B. These antifungal drugs target lanosterol demethylase, an
enzyme involved in the biosynthesis of ergosterol, and hinder the pathway. Studies
have indicated that biofilm cells, mainly in the last phases of biofilm creation, had
a lower content of ergosterol compared with planktonic cells. Mature biofilm is less
dependent on ergosterol for preserving membrane fluidity and the limitation of the
effectiveness of antifungals with ergosterol targets. It has been reported that the tran-
scription profile of ergosterol pathway genes (ERG25, ERG11) is changed, and ERG11,
which is the main target of antifungal drugs, may be point-mutated or overexpressed
in biofilm-producing Candida albicans spp. [126].

3.5 Gene overexpression

Increasing the efflux pump is one of the main mechanisms of resistance in azoles,
and it reduces drug accumulation in Candida cells. Research has shown that in the
nonappearance of exposure to antifungals, the expression of CDR1, CDR2, and
MDR1 is rarely observed. Additionally, the resistance to drugs observed in biofilms
may be linked to increased activity of efflux pumps. Studies have demonstrated that
in compared to planktonic cells of similar age, CDR1 and MDR1 are more commonly
transcribed in C. albicans biofilms. However, during the mature stage of biofilm
formation, the contribution of efflux pumps to antifungal resistance is not signifi-
cant. It has been reported that efflux pumps play a crucial role in biofilm antifungal
resistance during the initial stage of development, as the expression of efflux pump
genes is higher after 12 hours of biofilm formation compared to 48 hours. These
findings support the theory that efflux pumps may influence the resistance of fungal
biofilms to medications, although they are not the sole determining factor. While
efflux pumps may contribute to maintaining homeostasis and preventing acute toxic-
ity in complex environments, exposure to azole drugs in clinical settings can increase
the expression of efflux pump genes, potentially leading to or contributing to clinical
resistance [115, 125-127].

4, Conclusions

Candida spp., a type of pathogenic yeast found in the normal microbiome, can
cause infections in individuals with compromised immune systems. Although yeasts
are a natural part of the diet and play a role in maintaining the host microbiome,
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eliminating them completely from the body is neither feasible nor desirable. To treat
these infections, various classes of antifungal drugs such as azoles, polyenes, and
echinocandins are used. These medications selectively focus on distinct biochemical
pathways that are exclusive to yeasts, such as the synthesis of ergosterol, a component
that is exclusively present in fungi. The effectiveness of these medications relies on
various factors, including the individual’s immune system, the severity and location
of the infection, and the pharmacokinetics of the drugs. However, there are instances
where treatment may fail due to the emergence of drug resistance in Candida spp.,
This comprehensive review provides an in-depth analysis of the molecular mecha-
nisms associated with resistance to antifungal agents. These mechanisms encompass
the increased expression of membrane transporters, alterations in the cell wall and
ergosterol synthesis, as well as mutations in transcription factors responsible for
regulating membrane transporters and ergosterol production. Ongoing research into
these mechanisms aims to identify resistant strains, uncover new targets for drug
development, and mitigate the occurrence of drug resistance.
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Abstract

In recent years, there has been a significant increase in the resistance of
microorganisms to common treatments, among which Candida albicans (C. albicans)
is no exception. Due to the eukaryotic nature of fungi, antifungal drugs have less
variety than antibiotics. Additionally, the formation of biofilm by fungi serves as
a physical barrier, reducing the effectiveness of antifungal drugs. Consequently,
several studies are currently underway to explore new treatments to prevent C.
albicans infection. Nanotechnology in medicine has rapidly advanced in recent years,
demonstrating satisfactory results in various fields. Nanomaterials can function as
antifungal drugs and act as carriers and protectors of antifungal agents. These unique
properties of nanomaterials position them as promising treatments for eliminating
infections caused by C. albicans. In the following sections, we will discuss some recent
developments in utilizing nanomaterials for the treatment of C. albicans infections.

Keywords: nanomaterials, metal nanoparticle, nanocomplex, mesoporous silica
nanoparticle, liposomal nanoparticle, polymeric nanoparticle

1. Introduction

Candidiasis represents an opportunistic fungal infection caused by Candida spp.,
affecting diverse anatomical sites, including the skin, oral cavity, gastrointestinal
tract, and reproductive tract. Systemic candidiasis poses a life-threatening risk and is
estimated to occur globally at approximately four million cases annually [1, 2].

This infection particularly impacts immunocompromised individuals, such as
transplant recipients, those in intensive care, post-surgery patients, individuals with
cancer, and those living with HIV. It exerts significant economic burden due to the
elevated expenses associated with medication and prolonged hospital stays [3, 4].
Candida albicans (C. albicans) stands out as the most virulent yeast species, predomi-
nantly responsible for both superficial and systemic infections [5].

Numerous factors and mechanisms contribute to the pathogenicity of C. albicans.
These encompass molecules facilitating adhesion to and invasion of host cells, the
secretion of hydrolases, the transition from yeast to hyphae, contact sensing and
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thigmotropism, biofilm formation, phenotypic switching, and various fitness attri-
butes [6]. C. albicans exhibits a form of adaptability termed morphogenesis, entailing
a transition from a yeast form to a hyphal form. This morphological alteration enables
C. albicans to effectively penetrate mucous membranes, invade tissues, and enter the
bloodstream, thereby increasing the risk of tissue damage. Moreover, morphogenesis
aids C. albicans in evading macrophage phagocytosis. Another virulent trait of

C. albicans is its ability to form biofilms on both abiotic and biotic surfaces [7].

The escalation in Candida infections is attributed to its increasing resistance to
antifungal agents. Various antifungal medications, predominantly azoles, are utilized
for treating candidiasis. Depending on the infection type and location, polyenes,
echinocandins, allylamines, and nucleoside analogs are also employed. However, the
effectiveness of these drugs is waning due to Candida’s adeptness at adapting and sur-
viving, even in the presence of high concentrations of these antifungal agents. Fungi
share the same eukaryotic structure and metabolism as their hosts, complicating
treatment. Consequently, there is an urgent and unavoidable demand for antifungals
featuring novel antimicrobial mechanisms [8, 9].

Fortunately, nanotechnology provides a promising avenue for developing new
antimicrobial agents. Nanoparticles (NPs), composed of lipids [10], polymers [11],
or metals [12], typically range in size from 1 to 100 nm. Materials at these dimensions
exhibit unique characteristics absent in bulk materials [13]. NPs offer several advan-
tages over traditional drugs [14], including increased targeting accuracy at infection
sites, larger surface area, reduced toxic effects and side effects, and lower likelihood
of inducing resistance [15]. Additionally, NPs can protect the drug from degradation
[16], enhance drug stability [17], and facilitate drug entry into C. albicans [18]. The
attributes conferred by NPs have enhanced the efficacy of existing antifungal drugs
or produced substances with antifungal properties, showing promising results. This
chapter of the book explores the anti-C. albicans activity of various NPs, encompass-
ing metal NPs and nanocomplexes, mesoporous silica NPs, liposomes, and polymers,
considering their diverse applications.

2. Metal NPs

The emergence of NPs has opened up novel avenues for their application as
nano-drugs. Numerous metals display antibacterial and antifungal properties, and
NPs derived from these metals also exhibit these characteristics [19]. In metal NPs,
the reduction in volume results in an increase in the surface-to-volume ratio. This
elevation in ratio enhances the interaction of bacteria and fungi with NPs, markedly
enhancing their antibacterial and antifungal properties compared to the bulk state
[20]. Metal NPs offer advantages such as facile decomposition, UV optical activity,
catalytic activity, chemical stability, low toxicity, and adjustable size, garnering
significant attention from researchers [21].

Controlling the synthesis process of NPs can impact their size, shape, charge,
hydrophobicity, and porosity. These parameters, in turn, influence stability, biocom-
patibility, circulation time in the bloodstream, treatment targeting, and the cellular
entry of NPs [22]. Generally, two methods exist for NPs synthesis: the top-down
method and the bottom-up method. The top-down method involves the physical
synthesis of NPs, utilizing techniques such as sputtering, chemical etching, ball mill-
ing, sonication, laser ablation, and electro-explosion. While this method necessitates
sophisticated tools and equipment and is time-consuming and expensive, it facilitates
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the transformation of materials from bulk to NPs [23]. In contrast, the bottom-up
method entails the chemical or biological synthesis of NPs. Accumulation of atoms
gives rise to NPs in techniques such as laser pyrolysis, sol-gel, spinning, spray pyroly-
sis, atomic condensation, and chemical vapor deposition (Figure 1). However, chemi-
cal methods of NP synthesis present drawbacks such as environmental toxicity, low
efficiency, high energy consumption, and toxicity when applied for biological pur-
poses [24]. The biological method involves the synthesis of NPs using plant extracts
(leaf, root, fruit, flower, or seed extracts) or microorganisms (bacteria, fungi, or
algae). Compared to chemical and physical methods, the biological approach offers
greater stability, efficiency, lower cost, and absence of biological toxicity, rendering it
more favorable for NP synthesis [25].

Among metal NPs, gold (Au) NPs have garnered considerable attention due to
their biochemical, sensory, optical, and electronic properties, as well as their bio-
compatibility, low toxicity, ease of synthesis, and adjustable size [26]. Additionally,
Au NPs are among the NPs approved by the FDA, further promoting their utilization
[27]. Au NPs can also conjugate with biological molecules such as peptides, enzymes,
and DNA, enhancing stability and reducing the side effects of drugs [28, 29]. Various
studies have investigated the effects of AuNPs on C. albicans fungus based on their
characteristics. The size of the NPs is the most critical factor influencing the anti-
Candida activity of AuNPs [30]. Au NPs have demonstrated the ability to inhibit the
aspartyl proteinase 2 enzyme in a dose- and time-dependent manner [31]. Moreover,
Au NPs have exhibited low cytotoxicity against fibroblast cell lines and blood cells
[32]. In a study by Salehi et al., Au NPs synthesized together with the drug caspofun-
gin showed enhanced anti-candida effects compared to caspofungin alone [33]. Au
NPs can also be synthesized through green methods. In Kareem et al’s study, Au
NPs synthesized using olive leaf extract displayed high efficacy in killing C. albicans
fungus and effectively treating skin candidiasis in mice [34]. Based on these findings,
Au NPs possess significant therapeutic potential for combating C. albicans fungus.

Synthesis of Nanoparticles
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Figure 1.
Different methods of nanoparticle synthesis.
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Another group of metal NPs, known as one of the most crucial antimicrobial NPs,
are silver (Ag) NPs [35]. Ag NPs have been extensively studied in biomedicine for
anticancer drugs, vaccines, and drug delivery systems [36]. Ag NPs exhibit potent
antimicrobial properties against various microbes, including drug-resistant strains
[37]. They can be easily synthesized, and numerous studies have demonstrated their
anti-Candida effects [38]. Ag NPs have been shown to eradicate fluconazole-resistant
C. albicans clinical isolates [39]. Additionally, Ag NPs conjugated with amphotericin B
displayed enhanced anti-C. albicans activity compared to amphotericin B and Ag NPs
alone [16]. Utilizing Ag NPs as carriers of antifungal drugs can reduce drug concen-
tration and toxicity while enhancing treatment effectiveness. In Jia et als study, the
combination of Ag NPs with fluconazole effectively eradicated fluconazole-resistant
C. albicans and improved treatment efficacy in infected mice [40]. Due to the toxic-
ity associated with Ag NPs, the green synthesis method is predominantly employed
for their synthesis. Various studies have synthesized Ag NPs using different plant
extracts, such as Lotus lalambensis [13], Zingiber officinale [41], and Carum carvi [42],
demonstrating their efficacy in destroying C. albicans fungus. Moreover, Ag NPs have
shown high anti-biofilm activity [43].

Zinc-containing NPs, such as zinc oxide (ZnO) NPs, are noteworthy for their
antifungal and antimicrobial properties, attributed to their low solubility, biocom-
patibility, and low toxicity [44]. Research has demonstrated that ZnO NPs, either
alone or in combination with drugs like fluconazole [45] and nystatin [46], exhibit
significant antifungal activity. Moreover, ZnO NPs synthesized through green
methods have shown substantial anti-Candida activity [47]. In the study by Pillai
et al., various plant extracts were utilized, resulting in different levels of antifungal
activity in ZnO NPs [48].

Iron oxide NPs are recognized for their high chemical stability, cost-effectiveness,
significant surface-to-volume and surface-to-weight ratios, and superparamagnetic
properties. These characteristics make them suitable for biomedical applications and
drug delivery systems [49]. The antifungal efficacy of iron oxide NPs against species
like C. albicans has been established in several studies [50, 51]. Recent advancements
in modifying their size, shape, and surface coating have enhanced their biocompat-
ibility and reduced toxicity [52]. In a study by Balabathula et al., iron oxide NPs were
synthesized with amphotericin B. Enhanced activity against C. albicans was observed
when used together compared to amphotericin B alone. Transmission Electron
Microscopy images in this study indicated that the synthesized NPs penetrated C.
albicans cells [18]. Furthermore, green synthesis of iron oxide NPs has been explored,
with studies demonstrating their high efficacy against C. albicans [53, 54].

Selenium NPs have been shown to bind to and penetrate fungal biofilms, exhibit-
ing antifungal effects [55]. Other NPs, including titanium dioxide [56], zirconium
dioxide [57], copper oxide [58], and magnesium oxide [59], also demonstrate capa-
bilities in eradicating C. albicans cells.

The overarching concern in using metal NPs is balancing toxicity reduction with
maximized antifungal efficacy, often achieved through different covering agents.

Metal NPs have demonstrated efficacy in reducing C. albicans infections. In a
study by Halbandge et al., Ag NPs were found to decrease the expression of genes
associated with cell elongation (ECE1), hyphae induction (TEC1), and negative regu-
lation of yeast-to-hyphae transition (TUP1 and RFG1), thereby preventing C. albi-
cans infections [60]. Additionally, Muthamil et al. discovered that Ag NPs not only
inhibit the yeast-to-hyphae transition but also reduce exopolysaccharide synthesis in
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C. albicans. These NPs also decrease the secretion of aspartyl proteinase, a key factor
in fungal pathogenicity [61]. Ag NPs have further been observed to prevent the
formation of germ tubes and biofilms in C. albicans [62].

The effectiveness of NPs is directly correlated with the amount and nature of ions
they release [63]. The mechanism by which metal NPs eradicate C. albicans involves
initial adherence to the fungal cell membrane. These NPs disrupt the function of
proteins on the fungal cell wall, particularly beta-glucan synthase, whose disruption
impairs cell wall synthesis [64]. Subsequently, the NPs penetrate the fungal cell,
releasing metal ions internally. The presence of NPs on the cell membrane and the
resulting ion release disturb cell wall integrity, membrane transport, and membrane
fluidity [65]. Transmission electron microscopy studies have illustrated that metal
NPs can disrupt the cell wall and membrane of C. albicans, resulting in the leakage
of intracellular contents [66]. Radhakrishnan et al. observed that Ag NPs affect
the surface morphology, membrane microenvironment, fluidity, and composition
of membrane fatty acids, particularly oleic acid, crucial for hyphal morphogenesis
[67]. The ions released by the NPs inside the cell can damage lipids, DNA, proteins,
and various enzymes, disrupting their structures [68]. Additionally, these ions may
inhibit protein synthesis. Jalal et al. demonstrated that Ag NPs significantly reduce
the synthesis of hydrolytic enzymes such as phospholipases, proteinases, lipases, and
hemolysins in C. albicans [62]. Furthermore, ions from the NPs can induce oxidative
stress and the production of free radicals like hydrogen peroxide (H,0,), superoxide
(0*), and hydroxyl (OH) within the fungal cell [69]. These free radicals can dam-
age the mitochondrial membrane, accelerating cell death. Moreover, metal ions can
disrupt the electron transport chain in the membrane [70]. In research by Wani et al.,
Au NPs were found to inhibit the activity of the H* ATPase pump, a crucial protein
pump for Candida, thereby affecting the normal membrane structure [71]. Overall,
the diverse actions of metal NPs can effectively destroy fungi, including those
resistant to drugs (Figure 2).
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Mechanism of antifungal activity of metal NPs.
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2.1 Metal nanocomplexes

Nanocomplexes present an innovative approach in the realm of nanotechnology,
particularly in combating fungal infections such as C. albicans. These complexes
comprise combinations of multiple NPs, with at least one component being in the
nanometer scale [72]. Metal nanocomplexes primarily exist in core-shell or doping
states. In the core-shell configuration, one NP constitutes the core of the nanocom-
plex, around which another NP is layered to form the shell [73]. In the doping mode,
one NP acts as the core, and during the doping process, another NP is deposited onto
the core at discrete points (Figure 3) [74].

It is possible for nanocomplexes to contain more than two types of NPs [75]. In such
cases, the resulting nanocomplex exhibits the distinct characteristics of each constitu-
ent. Consequently, the properties of the nanocomplex can be tailored and enhanced to
meet specific requirements [76]. Various studies have demonstrated that nanocomplexes
can significantly eradicate the C. albicans fungus more effectively than using their com-
ponents individually [77]. Owing to the strong antifungal properties of Ag, Au, zinc,
and iron NPs, these are frequently utilized in antifungal nanocomplexes. These NPs can
either augment their antifungal properties when combined with other NPs or be utilized
simultaneously to enhance the overall antifungal activity of the nanocomplex [78, 79].

In a study by Padilla-Cruz et al., a green synthesis method was utilized to fabricate
an Ag-iron nanocomplex, which exhibited magnetic properties due to iron. This
complex demonstrated greater efficacy in eliminating C. albicans than either Ag or
iron NPs alone [77]. Similarly, an Ag-nickel nanocomplex exhibited high antifungal
activity, even against fluconazole-resistant strains. It inhibited hyphae formation and
biofilm development while disrupting membrane function and inducing oxidative
stress [12]. Shinde et al. observed that ZnO NPs doped with Ag were more effective
than ZnO alone in eradicating C. albicans [80].

Studies suggest that nanocomplexes, similar to metal NPs, can eradicate C. albicans
through multiple mechanisms. These mechanisms employed by nanocomplexes mir-
ror those of individual metal NPs. Initially, nanocomplexes adhere to the fungal cell
wall, causing its disruption and subsequent leakage of intracellular substances. They
subsequently introduce various ions into the fungal cell [77]. The presence of these
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Figure 3.
Nanocomplexes types.
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ions damages various cell components, such as proteins and DNA, and induces oxida-
tive stress, further compromising the cell [78]. Consequently, the cumulative damage
leads to the destruction of the fungal cell. Due to the presence of multiple types of
NPs, nanocomplexes exhibit enhanced effectiveness against C. albicans compared to
individual NPs. In some cases, the inclusion of specific NPs in the nanocomplex has
been observed to mitigate the toxicity of the complex on healthy cells [81].

3. Mesoporous silica NPs

Mesoporous silica NPs (MSNs) are extensively employed in drug delivery systems
owing to their distinctive properties. Although they inherently lack antifungal prop-
erties, their mesoporous structure make them excellent carriers for various drugs and
compounds [82]. Factors such as temperature, concentration, reaction pH, and silica
source influence the pore size and overall size of these NPs [83].

MSNs are known for their high chemical and thermal stability, as well as their
biocompatibility. They possess a large surface area, and their pore sizes are adjustable,
accommodating different drugs [84]. The silanol groups on MSNs can be chemically
modified to attach specific drugs to the NPs’ surfaces (Figure 4) [85].

In the context of C. albicans, limited studies have explored the utilization of MSNs.
Research by Mas et al. [86] and Montazeri et al. [87] demonstrated that MSNs could
enhance the antifungal efficacy of tebuconazole and econazole, respectively. These
studies suggest that MSNs can improve drug penetration into fungal cells, thereby
boosting antifungal activity against C. albicans. Qasim et al. synthesized Ag NPs
embedded MSNs, which exhibited anti-Candida activity [88].

Interestingly, MSNs capable of releasing nitric oxide (NO) have been shown to
disrupt C. albicans biofilms without harming fibroblast cells, attributed to NO release
[89]. Kesarwani et al. found that while PEGylated silica NPs alone did not exhibit
antifungal activity against C. albicans, their conjugation with the antifungal drug
caspofungin resulted in effective antifungal action. Additionally, these synthesized
NPs were non-toxic to human neutrophil cells [90].

In summary, MSNs are promising carriers for antifungal drugs, enhancing their
effectiveness against C. albicans while maintaining biocompatibility and minimizing
toxicity to human cells.
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4. Liposomal NPs

Liposomes have been employed as carriers for hydrophobic and poorly soluble
drugs, showcasing their ability to reduce side effects and mitigate the toxicity of spe-
cific medications [91, 92]. The primary constituents of these NPs are phospholipids,
arranged in a bilayer structure owing to their amphipathic properties. Upon exposure
to water, they form vesicles, enhancing the solubility and stability of anticancer drugs
when incorporated into their structure. Notably, liposomes exhibit the capability to
encapsulate both hydrophobic and hydrophilic drugs (Figure 5) [10]. Additionally,
liposomes enable a gradual release of the encapsulated drug, leading to sustained
exposure to affected areas and heightened efficacy [93-95].

Liposomal NPs show significant promise in enhancing antifungal activity,
improving drug solubility, decreasing toxicity, and potentially mitigating the devel-
opment of resistance [96]. The utilization of this drug delivery system for micro-
biological control, particularly as a strategy to inhibit pathogenic microorganisms,
is widely acknowledged, especially in combating significant microorganisms that
affect humans, such as Candida spp. The scientific literature extensively documents
essential research based on the utilization of liposomal formulations for drug delivery
in both in vitro and in vivo experimental studies. These efforts aim to control Candida
species, contributing to the application of liposomes in candidiasis therapy.

In fact, due to their biocompatibility, biodegradability, non-toxicity, and advanta-
geous physical properties that allow for convenient modifications of surface charge
and size, there has been a significant increase in U.S. FDA-approved liposomal or
lipid-based nanodrugs since the 1990s. Additionally, numerous others are currently
in various stages of preclinical and clinical development. The synthesis and develop-
ment of new liposomes have been extensively studied in recent years [97].

Gortzi et al. studied the antifungal activities of Origanum dictamnus extract with the
aim of evaluating the inhibition of C. albicans, Candida krusei, and Candida tropicalis
before and after encapsulation in liposomes. The results revealed significant differences
in the inhibitory zone diameters when comparing the extract loaded into liposomes
with the free extract for all Candida spp. strains. Notably, no inhibitory effects were
observed in free liposomes, suggesting that the enhanced activity of the Origanum
dictamnus extract was attributed to its delivery by the created liposomes [17].
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Figure 5.
Structure of liposome.
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In 2018, Veloso et al. conducted a study titled “Intravenous delivery of a liposomal
formulation of voriconazole improves drug pharmacokinetics, tissue distribution,
and enhances antifungal activity”. The study concluded that the liposomal formula-
tion significantly promotes the accumulation of voriconazole in the liver and kidneys
while safeguarding the drug from biological degradation. Consequently, the liposomal
voriconazole for intravenous delivery was suggested as an alternative and effective
treatment approach for systemic fungal infections, including those by C. albicans [98].

In summary, liposomes exhibit significant therapeutic potential across various
domains within health sciences, serving as a pivotal platform for encapsulating drugs
with antifungal properties, notably in the context of candidiasis treatment. The
provided scientific evidence emphasizes the versatility of this nanostructured drug
delivery system. It excels in utilizing materials with low toxicity, ensuring compatibility
with living tissues. Additionally, liposomes demonstrate the ability to incorporate drugs
with diverse solubility profiles, presenting a strategic approach to candidiasis therapy.

5. Polymeric NPs

Polymeric NPs (PNs), within the spectrum of nanostructured systems, emerge
as particularly auspicious nanocarriers currently in development. Characterized by
an average diameter falling between 10 and 1000 nm, these biomaterials are widely
favored due to their uncomplicated design, compatibility with biological systems, and
diverse array of structural characteristics. Polymeric nano-systems can be produced
from diverse natural or synthetic starting materials, encompassing collagen, chitosan,
gelatin, albumin, as well as polyethylene glycol, polylactic acid, poly(lactic-co-
glycolic acid) (PLGA), polylactic acid (PLA), or polycaprolactone (PCL) [11, 99].

Polymer NPs are generally divided into nanocapsules and nanospheres based on
their structural form. Nanocapsules comprise a core that dissolves the drug, encapsu-
lated within a polymer shell that regulates its release. On the other hand, nanospheres
form a cohesive network of polymers, housing drugs either internally or adhering to
the surface (Figure 6) [100].

Various polymer options can be selected to generate PNs in order to control the
physical and chemical characteristics of the system. These characteristics include
solubility, surface load, incorporation efficiency, and release profile, aiming to
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enhance and optimize the performance of these systems within living organisms. The
objective of utilizing NP-based treatment for candidiasis is to enhance therapeutic
effectiveness and penetration, reduce toxicity, target-specific action, and mitigate
drug-related limitations [101].

PNs can be used to improve the efficiency of treatment in opportunistic yeast
infections such as C. albicans [102]. Given the antimicrobial capabilities of chitosan,
a majority of studies have employed this biopolymer in the formulation of nanoscale
polymeric systems. Costa et al. created chitosan NPs designed for the simultaneous
delivery of miconazole and farnesol to address vulvovaginal candidiasis, primarily
caused by the opportunistic fungal strain C. albicans. Their findings indicated that
the chitosan NPs incorporating both miconazole and farnesol successfully hindered
fungal growth. Moreover, chitosan NPs containing farnesol exhibited the ability to
reduce the pathogenicity of the infection, as evidenced by the absence of inflamma-
tion [103]. Similarly, Charanteja Reddy et al. designed chitosan NPs that encapsulate
itraconazole, presenting a potential solution against C. neoformans, C. albicans, and
Aspergillus fumigatus. The formulation strategy for itraconazole in these NPs serves to
extend the presence of therapeutic drug concentrations in the bloodstream, thereby
reducing the frequency of dosage and improving drug efficacy [104]. Panwar et al.
formulated chitosan NPs encapsulating farnesol that displayed a favorable positive
zeta potential. This characteristic facilitated their binding to the negatively charged
membranes of fungi, leading to the disruption of membrane integrity. Consequently,
this disruption caused intracellular material leakage and inhibited the formation of
biofilms [105]. Also, chitosan has the ability to penetrate the cell wall of fungi and
interact with its DNA. This interaction results in the inhibition of mRNA synthesis
and the disruption of the production of crucial fungal proteins and enzymes [106].
In another study, Suwan et al. designed silver NPs by green synthesis using aqueous
extract of Psidium gujava as a reducing agent. Their results showed that coating silver
NPs with poloxamer polymer micelles in the right ratio could reduce the size of NPs
and significantly prevent the aggregation of silver NPs. The obtained coated silver
NPs were effective in inhibiting C. albicans [107].

6. Conclusion

The escalating rise in resistant species of C. albicans necessitates more effective
drugs and treatments to eradicate the disease, and NPs emerge as a viable solution for
this purpose. NP can exhibit antifungal activity on their own or synergize with anti-
fungal agents to enhance efficacy and reduce the effective drug dose. Further research
is essential to explore NPs that can specifically target C. albicans. An important
challenge is assessing the toxicity of NPs, a factor that should be carefully considered
in the design of antifungal drugs. While the antifungal efficacy of NPs in the in vitro
environment is well-established, additional studies in the in vivo setting are impera-
tive to comprehend their impact and potential side effects in vivo.
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