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Abstract
Background: Fungal pathogens are an increasing global health threat, especially for immunocompromised individuals. The rise
of antifungal resistance, driven by factors such as overuse of agricultural pesticides, challenges effective treatment. In response,
the WHO published its first Fungal Priority Pathogens List (FPPL) in 2022, guiding research and public health efforts. Objectives:
This review synthesizes current knowledge on the WHO priority fungal pathogens, explores factors driving antifungal resistance,
and highlights emerging diagnostic and therapeutic strategies, such as marine natural products and nanotechnology, to combat
these infections. Methods: A narrative literature review was conducted using databases such as PubMed, Scopus, and Web of
Science, along with officialWHO reports. The search focused on publications from 2008 to 2024 using keywords such as “antifungal
resistance,” “WHO fungal priority list,” “marine natural products,” and “nanotechnology antifungals.” Results: The review presents
details on the 19 pathogens listed on the WHO FPPL, categorized into three priority tiers: critical, high, and medium. Emphasis
is placed on the top five threats: Cryptococcus spp., Aspergillus spp., Candida spp., Fusarium spp., and Mucorales. Promising
strategies include marine natural products as sources of new compounds, nano-enabled technologies for better drug delivery, and
the importance of rapid, accurate diagnostics. Conclusion: Fungal pathogens remain a serious threat, worsened by increasing
drug resistance. A comprehensive approach combining improved diagnostics, antimicrobial stewardship, and the development of
innovative treatments from marine metabolites and nanotechnology is essential for better patient outcomes.
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1. Introduction

Fungal resistance is increasing quickly, and many areas
have limited access to high-quality diagnosis and treat-
ment. These factors contribute to the lack of awareness
about invasive fungal diseases and increase their threat to
global health.4 Antifungal resistance significantly affects
human health. It often results in longer treatment periods,
extended hospital stays, and a higher demand for costly, of-

ten highly toxic second-line antifungal drugs. Middle- and
lower-income nations typically lack access to these medi-
cations.5

Systemic antifungal drugs currently come in four
main forms: azoles, echinocandins, pyrimidines, and
polyenes.6 Several additional types are in development.
Antifungals can have several unforeseen side effects, even
when they are effective.7 Drug interactions make using
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these medications not only essential but also reliant on
knowledge. These interactions also have additional impli-
cations for patient safety and prognosis, besides requiring
long treatment durations.8

Frequent fungal infections have been associated
with fatalities and severe illnesses in COVID-19 patients,
among other conditions.9 Fungal infections can vary in
severity from superficial to subcutaneous, cutaneous, mu-
cosal, and systemic levels.10 The human microbiota in-
cludes organisms such as Candida spp., which can lead
to invasive candidiasis infections—potentially deadly in-
fections in immunocompromised individuals, including
those with HIV, cancer patients undergoing chemother-
apy, and other immunosuppressed people.11

Fungal resistance is increasing rapidly, and in many
regions, there is limited access to quality diagnosis and
treatment.12 These factors contribute to the lack of aware-
ness about invasive fungal diseases and increase their
threat to global health.13 Antifungal resistance signifi-
cantly affects human health. It results in longer treatment
times, extended hospital stays, and a higher demand for
costly, often highly toxic second-line antifungal drugs.14
Middle- and lower-income countries usually lack such pre-
scriptions.15

This review argues that the widespread use of azole
fungicides in agriculture is the primary cause of clinical
resistance in important pathogens like Aspergillus fumiga-
tus, highlighting an urgent need for new treatments that
avoid traditional action methods.

2. Methods

This work presents a narrative literature review that syn-
thesizes current knowledge on World Health Organiza-
tion (WHO) priority fungal pathogens, antifungal resis-
tance, and emerging therapeutic strategies. A compre-
hensive search of peer-reviewed articles was conducted in
PubMed, Scopus, Web of Science, and Google Scholar.
Additionally, authoritative reports from the World Health
Organization (WHO) and other international health agen-
cies were consulted.

The search strategy used keywords and Boolean op-
erators, including “fungal pathogens,” “antifungal resis-
tance,” “WHO fungal priority list,” “novel antifungals,”
“marine natural products,” and “nanotechnology antifun-
gals.” Literature published mainly from 2008 to 2024 was
considered, with earlier landmark studies included when
historically relevant. Only articles published in English
were reviewed.

The sources were selected based on relevance, scien-
tific rigor, and their contribution to understanding fungal
pathogenesis, antifungal pharmacology, resistance mech-

anisms, and innovative therapeutic approaches. Dupli-
cates, non-peer-reviewed commentaries, and conference
abstracts lacking sufficient data were excluded.

Since this is a narrative review rather than a system-
atic one, no formal protocol such as PRISMA was fol-
lowed. Instead, the focus was on providing a thorough and
critical synthesis of the most important findings. These
findings are intended to guide future research directions
and clinical approaches, supporting global efforts to com-
bat fungal resistance.

3. Results

Due to the rapid and widespread increase in antibiotic re-
sistance, the first list of priority bacteria was published
in 2017 to raise awareness of the issue.16 The initial file
of fungus-related priority diseases (FPPL) was released
in October 2022.17 This program has continued using
a methodology similar to that for prioritizing bacterial
pathogens, which involves a decision analysis method
based on several criteria to guide scientific research efforts
toward the most important fungal diseases.18

The three research priority levels for fungal pathogens
are listed on this page: medium, high, and critical.19 It
also provides a comprehensive overview of the challenges
involved in diagnosing and treating fungal illnesses, as
well as achieving research and development objectives.20
The priority of nineteen pathogenic organisms has been
determined using ten criteria: death, annual incidence,
current global distribution, trends over the last decade, pa-
tient care, complications and outcomes, fungal resistance,
prevention, and availability of data-driven diagnostic and
treatment tests.21

3.1. Critical fungal pathogens

Table 1 shows that the World Health Organization (WHO)
has identified four critical fungal pathogens: Cryptococ-
cus neoformans, Candida auris, Aspergillus fumigatus,
and Candida albicans. These fungi pose a significant
threat to vulnerable populations, including neonates, the
elderly, patients with chronic illnesses, and those under-
going therapy. Additionally, individuals with COVID-19,
cystic fibrosis, CMV, COPD, transplant recipients, TB pa-
tients, and cancer patients are at increased risk. If un-
treated, the mortality rate is 100% in immunocompro-
mised patients, and even with treatment, it can be as high
as 20%. To combat these fungal infections, various anti-
fungal medications are used, such as fluconazole,
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Table 1: The WHO’s fungal pathogens priority list is categorized into Medium, High, and Critical 22–24.

PRIORITY PATHOGEN DEATH RATIO + AMR AT RISK PATIENTS

Medium

Scedoporium spp. 50% organ transplant patients +
Itraconazole

Cystic fibrosis and organ transplant
recipients

Lomentospora
prolificans

46.9% and 87.5% disseminated
disease + MDR, pan-resistant

Cystic fibrosis, immunocompetent and
immunocompromised people

Coccidiodes spp. 70% of immunocompromised people
+ Azoles

COVID-19-infected, pregnant,
immunocompromised people

Pichia kudriaveii
30% + Innately resistant to

fluconazole, Echinocandin resistance
common

Neonates in ICUs and
immunocompromised people

Cryptococcus gattii 10% + Echinocandins AIDS/HIV patients

Talaromyces marneffei 13.30% + N/A AIDS/HIV patients

Pneumocystis jirovecii 50% of immunocompromised
persons + Polyenes (AmB) AIDS/HIV and CMV patients

Paracoccidioides spp.
6.2%–27% + AmB, Ketoconazole,

Fluconazole, Itraconazole,
Sulfamethoxazole

AIDS/HIV and immunocompromised
patients

Hard

Nakaseomyces glabrata 54% + Fluconazole, Echinocandins Renal failure and ICU patients

Histoplasma spp. 60% AIDS/HIV patients + Azoles AIDS/HIV patients, TB patients

Eumycetoma –
Madurella mycetomatis

Scarce + Prolong treatment needed,
which can lead to toxicity and surgery

Barefoot walking populations of
tropical and subtropical countries

Mucorales 80% + Echinocandins
Immunocompromised,

COVID-19-infected, and diabetes
mellitus patients

Fusarium spp. 37% disseminated fusariosis, cases +
MDR, intrinsically to azoles

Immunocompromised oncology and
organ transplant patients Nosocomial

patients and oncology patients

Candida tropicalis 64-86% at 10-30 days +
Echinocandins AIDS/HIV patients and TB patients

Candida parapsilosis 26% + Echinocandins AIDS/HIV patients and oncology
patients

Critical

Cryptococcus
neoformans

20%, if untreated 100% +
Fluconazole, flucytosine AIDS/HIV patients and TB patients

Candida auris
70% + Azoles, lower sensitivity to the

Polyene Amphotericin B, MDR,
Echinocandins, and Flucytosine

Neonates, the elderly, chronically ill,
and patients on therapy

Aspergillus fumigatus
70% of immunocompromised

patients + Triazolesresistance and
echincandins

Cystic fibrosis, COVID-19-infected,
COPD, CMV, TB, and transplant

patients

Candida albicans 30-40% + Echinocandinsand
flucytosine TB and cancer patients
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flucytosine, polyene amphotericin B, and echinocan-
dins. However, the emergence of resistance to these drugs,
such as triazole resistance, necessitates ongoing vigilance
and the development of new treatments to manage these
life-threatening infections effectively.

3.2. High fungal pathogens

Among the leading fungal pathogens, Candida parapsilo-
sis, Eumycetoma madurella mycematis, Nakaseomyces
glabrata, Mucorales, Histoplasma spp., Fusarium spp.,
and Candida tropicalis pose a significant threat to differ-
ent populations. Barefoot individuals in tropical and sub-
tropical regions, immunocompromised patients, COVID-
19-infected individuals, and those with diabetes mellitus
are at higher risk. Additionally, immunocompromised on-
cology and organ transplant patients, nosocomial patients,
and AIDS/HIV patients are vulnerable (see Table 1).

The death rate from these fungal infections is alarm-
ingly high, ranging from 30% to 70%. Effective treatment
options include Fluconazole, Echinocandins, and Azoles,
but prolonged use can cause toxicity and may require
surgery. Notably, Echinocandins are effective against
MDR strains that are inherently resistant to azoles. How-
ever, invasive infections caused by these fungal pathogens
are associated with high mortality rates, emphasizing the
urgent need for prompt and effective treatment (see Ta-
ble 1).

3.3. Medium fungal pathogens

Scedosporium spp., Lomentospora prolificans, Coccid-
ioides spp., Pichia kudriavzevii, Cryptococcus gattii, Ta-
laromyces marneffei, Pneumocystis jirovecii, andParacoc-
cidioides spp. are considered medium-risk but are still no-
torious for causing significant infections. Vulnerable pop-
ulations include cystic fibrosis patients, organ transplant
recipients, and both immunocompetent and immunocom-
promised individuals. COVID-19–infected patients, preg-
nant women and neonates in NICUs, and AIDS/HIV pa-
tients are also at risk.

Mortality rates are concerning, ranging from 10%
to 87.5% depending on the affected population and dis-
ease severity. Antifungal agents used to treat these in-
fections include Itraconazole, Azoles, Echinocandins, and
Polyenes. However, resistance is a growing concern,
as some strains show innate resistance to Fluconazole,
Echinocandins, and Azoles.

Treatment options may also include Amphotericin B
(AMP-B), Ketoconazole, Fluconazole, Itraconazole, and
Sulfamethoxazole, although efficacy varies depending on
the specific fungal pathogen and population (see Table 1).

4. Profiles of Priority Fungal
Pathogens

4.1. Cryptococcus species

The two main Cryptococcus species, Cryptococcus neo-
formans and Cryptococcus gattii, have significantly dif-
ferent priorities.25 One of the most common opportunis-
tic infections among HIV-positive individuals is crypto-
coccosis, caused by Cryptococcus neoformans. In 2020,
there was a concerning increase in cryptococcal meningi-
tis cases (152,000), with 112,000 deaths linked to crypto-
coccosis.26

Additionally, about 48,000 cases of cryptococcal
meningitis occur annually in individuals without health
issues or among those with immunological deficiencies
unrelated to HIV, totaling 26,693 cases.27 Although
pathogenicity levels vary, six distinct strains of the C. gat-
tii complex have been identified across nearly every con-
tinent, including Asia and Europe.28 While the mortality
rate for C. gattii (10–43%) is lower than that of C. neo-
formans, C. gattii is more often associated with neurolog-
ical disorders and inflammatory intestinal reconstitution
syndrome in both HIV-positive individuals (20–61%) and
HIV-negative individuals (8–50%).29 Given all these fac-
tors, we believe that C. gattii should at least be classified
as a high-priority pathogen.30

4.2. Aspergillus species

The Aspergillus genus includes several hundred species
known to potentially cause harm and be linked to seri-
ous disorders.31 The term Aspergillosis refers to a range
of diseases caused by Aspergillus species, which vary de-
pending on the host’s immune system, from non-invasive
allergy symptoms to invasive chronic pneumonia.32 As-
pergillus conidia are found throughout the environment.33
Whether an infection spreads locally or systemically de-
pends on the patient’s immune status and whether expo-
sure occurred through injection or inhalation.34 Due to
the introduction of numerous biological agents targeting
the immune system and the rise in viral infections such
as Coronavirus, the risk factors for this infection fluctuate
regularly.35

Although significant advances have been made in
diagnosing and managing Aspergillosis, severe fungal in-
fections remain difficult to treat.36 The mortality rate re-
mains high, particularly in individuals with compromised
immune systems.37 Concerns about resistant antifungal
agents continue to complicate Aspergillosis management,
and limitations in current mycological diagnostic proce-
dures often delay prompt diagnosis.38 Focusing on in-
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Table 2: Antifungal Drug Profile, Target and Resistance Mechanisms 92–95.

S.No. Antifungal drug Cellular target and mechanism Resistance mechanism/genes
1 Azoles (e.g., Fluconazole,

Itraconazole)
Lanosterol 14𝛼-demethylase, to in-
hibit ergosterol synthesis

Heteroresistance (aneuploidy of regions
containing ERG11 and drug efflux
genes TAC1 or AFR1)
Point mutations in ERG11
Increased expression of ERG11
Increased azole efflux through pumps:
MDR1, PDR1, CDR1, CDR2, and
AZR1

2 Allylamines (e.g.,
Terbinafine)

Squalene epoxidase, to inhibit er-
gosterol synthesis

Point mutations in ERG1

3 Polyenes (e.g., Ampho-
tericin B)

Binds ergosterol and induces pore
formation in the cell membrane

Mutation in ERG2, ERG3, ERG6, 7, 8,
isomerase

4 Echinocandins 1,3-𝛽-D-glucan synthase, to inhibit
the glucans required for the cell wall

Mutations in FKS1 and FKS2 encoding
subunits of 1,3-𝛽-D-glucan synthase

vasive pulmonary Aspergillosis, this review provides an
overview of risk factors and the clinical spectrum of As-
pergillosis, along with recent developments in diagnosis,
treatment, and antifungal resistance.39

4.3. Candida

The term “opportunistic infection” is often used to de-
scribe invasive Candidiasis, a systemic fungal infection
caused by the Candida genus.40 The groups most at risk
for Candida infection are those with serious illnesses or
immunosuppressive conditions, such as solid organ or
blood cancers, bonemarrow transplants, recent abdominal
surgery, as well as individuals receiving parenteral nutri-
tion and central venous grafting.41

The invasive diagnostic method for Candida relies
on growth cultures, which are commonly used to identify
the infection.42 Additionally, tissue biopsies are employed
alongside cultures to diagnose deep-seated Candida.43
This meta-analysis only included studies that utilized cul-
tures of positive blood cells to evaluate biofilm develop-
ment and other relevant aspects of Candida pathogenic-
ity.44

Because of the well-developed ability of biofilms,
Candida species produce biofilms very early, which pro-
vides them with resistance to various stresses, includ-
ing antifungal medications and immune defenses.45 It
is widely recognized that Candida biofilms weaken the
host’s innate immunity, although the mechanisms behind
the biofilm-host relationship remain unclear.46 Therefore,
our main aim was to examine the connection between
biofilms and mortality in Candida spp.-related diseases,
which poses a significant public health risk.47

4.4. Fusarium

Fusarium consists of various long, hyaline filamentous
fungi that can adapt to any habitable environment, mak-
ing them highly opportunistic. The disease in humans
begins when an individual inhales Fusarium conidia or
makes contact with materials contaminated with the fun-
gus. Additionally, when conditions are suitable, the coni-
dia develop and formfilaments that invade the surrounding
tissue.48

Few studies describe the predisposing factors as well
as the clinical and physical characteristics of patients with
Fusarium. The immune status of the individual influences
the clinical presentation of fusariosis.49

Invasive infections include sinusitis, pneumonia,
deep skin infections, and widespread infections. These
are primarily marked by a fever that does not respond to
antimicrobial treatments. Risk factors for invasive fusario-
sis include neutropenia, deficiencies in cellular immunity,
chemotherapy for leukemia, and blood cell transplanta-
tion. Conversely, immunocompetent individuals are more
likely to develop superficial infections, such as cataracts
and onychomycosis.50

4.5. Mucorales

Mucorales infections involve a fungal infection that affects
immunocompromised individuals. This infection is be-
coming more common and is linked to low survival rates.
A group of illnesses called “Mucorales disease” is caused
by fungi from the Mucorales order.51 It is a fungal in-
fection impacting those with weakened immune systems.
This infection is spreading increasingly, again associated
with very low survival rates.
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Mucormycosis is a granulomatous, opportunistic,
and often contagious disease caused by fungi from the
class Mucoromycota, a subgroup of Mucoromycotina.52
It can result from conditions like diabetes mellitus with ke-
toacidosis, various metabolic acidoses, corticosteroid use,
organ or tissue transplants, neutropenia, trauma, surgery,
and deferoxamine therapy in dialysis patients.53

Although some forms are sporadic, the most com-
mon mucormycosis infections are in the skin, brain, gas-
trointestinal system, paranasal sinuses, and lungs, espe-
cially in medical cases.54

4.6. Antifungal resistance in the age of
pesticides

The impact of pesticides on increasing antifungal resis-
tance is a major concern. Pesticide use, such as overuse of
fungicides like chlorothalonil and azoxystrobin, can lead
to the development of resistant fungal strains, including
Aspergillus and Fusarium.55 These resistant strains can
then undergo genetic changes, enabling them to evade an-
tifungal drugs such as itraconazole and voriconazole.56
Additionally, pesticide residues in the environment can
spread resistance, harming beneficial fungi like Tricho-
derma and Beauveria, which are essential for soil health,
and disrupting the balance of fungal communities.57

This can lead to the development of resistance to var-
ious chemicals, including pyrethroids and neonicotinoids,
which are used to control insect pests, as well as the spread
of resistance genes among fungal populations.58 Fungi-
cides like azoxystrobin and pyraclostrobin have led to the
emergence of resistant fungi, including Septoria and Cer-
cospora. The consequences will be severe, risking the ef-
fectiveness of antifungals and threatening global food se-
curity and human health as fungal infections becomemore
difficult to treat.59 To decrease reliance on chemical pesti-
cides and reduce pesticide-driven antifungal resistance, in-
tegrated pest management strategies that promote respon-
sible pesticide use along with alternative methods such
as crop rotation, biological control, and cultural practices
should be adopted.60 Implementing sustainable farming
techniques will ensure a safer future for food production
and human health. Additionally, the use of biofungicides
like Bacillus subtilis and Trichoderma harzianum, which
are effective against fungal diseases, can help minimize
the development of antifungal resistance.61

4.7. Solutions to Overcome Challenges

Breaking fungal resistance requires a multi-faceted ap-
proach. First, marine natural products offer a promising
source of new antifungal candidates, with unique struc-
tures and mechanisms of action.62 Additionally, nano-

enabled antifungal agents can improve drug delivery and
effectiveness. Proper and early diagnosis is essential, us-
ing advanced techniques like PCR and mass spectrome-
try to quickly identify fungal infections. Novel antifun-
gal drugs in clinical trials, such as ibrexafungerp and olo-
rofim, show promising results.63 Furthermore, repurpos-
ing existing drugs and combining therapies can lead to
better outcomes. Implementing antimicrobial stewardship
programs and developing fungal-specific biomarkers will
also help combat fungal infections. Moreover, exploring
fungal genomics and epigenomics can uncover new targets.
Public awareness campaigns and reducing environmental
fungicide use will help prevent resistance development.
By integrating these strategies, we can effectively fight
fungal resistance and improve patient outcomes.64 Doing
so allows us to stay ahead of evolving fungal pathogens
and protect vulnerable populations. With the power of ma-
rine natural products, nano-enabled agents, and new drugs,
we can break the cycle of resistance and offer hope to those
affected by fungal infections.65

4.8. Antifungal Agents

Four different types of antifungal agents are now used in
systemic treatment by veterinarians and physicians. These
groups target different areas of the fungal cell.66 The
primary component of the fungal cell membrane, ergos-
terol, interacts with the first polymer, Amphotericin B, a
polyene. Amphotericin B is highly effective against A. fu-
migatus and A. flavus fusariosis, as well as other forms
of Candida.67 Next, the lanosterol demethylation stage
of the ergosterol synthesis pathway is inhibited by first-
and second-generation Triazoles. Triazoles typically have
a fungistatic effect on fungi; however, some Aspergillus
species may be susceptible to a fungicidal impact. The
synthesis of 𝛽-glucan is blocked by echinocandins.68

Echinocandins exhibit fungicidal and fungistatic ef-
fects against Aspergillus species and Candida, respec-
tively. Lastly, the pyrimidine analogue flucytosine (5-FC)
interacts with the fungal nucleus to affect protein andDNA
synthesis.69

4.9. Azoles

For decades, azoles have been used to treat fungal in-
fections, making them one of the most commonly used
classes of antifungals.74 Conversely, researchers have ex-
plored new techniques and procedures to develop antifun-
gal therapies with improved safety and tolerability profiles,
reduced drug interactions, lower toxicity and resistance,
and enhanced effectiveness against fungi.75 Additionally,
a new strategy involves adding azole molecules to natu-
rally occurring bioactive products, which could lead to
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the development of components with potent antifungal ac-
tivity, especially against resistant fungi.76 Preclinical re-
search requires further testing, such as toxicological anal-
yses, sensitivity assessments to other substances and their
mechanisms of action, and in vivo studies to evaluate their
effects. Furthermore, it is crucial to conduct studies with
resistant species to determine the effectiveness of these
supplements in treating specific types of fungi that are
not responsive to existing antifungal medications (See Ta-
ble 2).77

4.10. Polyenes

One of the most powerful groups in fighting fungal infec-
tions is polyenes. They form inside the molecular chan-
nels that contain lipids and chemical compounds found in
cell membranes.78 They have lactone molecules in their
structure. Although they have strong antifungal proper-
ties, none of these polymers are effective against all fungi.
The six antifungal polymers used are Trichomycin, Methyl
Partricin, Candicidin, Natamycin, Amphotericin B (Amb),
and Nystatin.79 Of these six polyenes, only three are com-
monly used in antifungal treatment: Nystatin for mucous
membrane infections (oral or vulvovaginal candidiasis),
Amb for invasive intracerebral infections, and Natamycin
for eye infections.80 The initial mechanism of action was
reported as forming openings by binding to sterols in the
cell membrane (See Table 2).81

4.11. Echinocandins

A class of antifungal drugs drastically changed the treat-
ment of invasive fungal diseases.82 Their unique mecha-
nism involves blocking the production of 𝛽-glucan, an es-
sential part of the fungal cell wall, which leads to the lysis
and death of fungal cells.83 By targeting the fungal cell
wall, a vital component for fungal survival, this approach
has a clear advantage over other antifungal classes. The
primary causes of invasive fungal infections—Aspergillus
and Candida—are mainly targeted by echinocandins. The
three main echinocandins used clinically are caspofungin,
micafungin, and anidulafungin.84 They are highly effec-
tive against various fungal infections and have favorable
safety profiles. These drugs are often combined with other
antifungals to improve therapy outcomes, especially in pa-
tients with weakened immune systems.85 Echinocandin
therapy has greatly improved patient outcomes, lowering
mortality rates and increasing survival among those with
severe fungal infections.86 Additionally, their role in an-
tifungal management has helped reduce resistance devel-
opment. Overall, echinocandins are a vital treatment op-
tion for invasive fungal infections, and ongoing use and

research will be key in fighting these serious diseases (See
Table 2).87

4.12. Allylamines

Allylamines are a type of antifungal medication that work
by inhibiting the squalene epoxidase enzyme, which is nec-
essary for the fusion of fungal cell membranes.88 This
enzyme suppression affects the production of ergosterol,
a crucial component of fungal cell membranes, which in
turn triggers a chain of biological events that ultimately
lead to the demise of the fungal cells. A range of fun-
gal species, including Aspergillus, Candida, and dermato-
phytes, have been successfully treated with allylamine es-
ters terbinafine and naftifine.89 This family of medica-
tions has demonstrated significant efficacy in treating su-
perficial infections, such as Tinea pedis and onychomyco-
sis, as well as invasive fungal infections in patients with
weakened immune systems. It has been shown that ally-
lamines have a favorable pharmacokinetic profile, excel-
lent oral bioavailability, and tissue penetration.90 Addi-
tionally, they work in concert with other antifungal agents.
Furthermore, several biochemical and molecular investi-
gations have elucidated their mechanism of action, high-
lighting their critical role in antifungal treatment (See Ta-
ble 2).91

4.13. Proper and Early Diagnosis of
Fungal Pathogens

Early detection of IFD, including the precise identification
of the responsible gene and, when possible, the antibiotic
resistance, is essential for proper patient management and
better outcomes.97 Although culture and microscopy re-
main the gold standard for diagnosing IFD, their sensitiv-
ity and specificity are limited, as these methods take up
to two weeks and depend on specimens containing fungi.
Some fungi have developed antifungal resistance to envi-
ronmental and clinical use, and it is possible to exclude
cryptozoal species that have inherent resistance.98

To directly identify fungal species in clinical speci-
mens and detect medication resistance more rapidly, more
sensitive and targeted diagnostic techniques are needed
for IFD. This article describes the characteristics of the
fungi, including their resistance profiles, as well as the
latest molecular diagnostic methods for directly detecting
fungi in clinical specimens. Additionally, new techniques
likeADNbarcoding andNGS sequencing are discussed.99
The study explains these techniques within their clinical
contexts, offers an integrated view of their use in a diag-
nostic lab, and concludes with the potential for broader
application of molecular tests as their use is expected to
expand.100
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Due to increasing proficiency with PCR tests for
the direct identification of fungi in clinical specimens,
as demonstrated by clinical validation studies, these test
types are becoming standard in clinical laboratories.101
Likewise, standardization of Aspergillus PCR has been
used as a biomarker for IA in clinical trials and allows
for reliable inter-laboratory comparisons. Molecular tech-
niques that directly detect Candida spp. from blood cul-
tures or whole blood have a high likelihood of providing in-
formation about infection risk when combined with other
fungal biomarkers.102 Similar to molecular tests that en-
able the simultaneous identification of infections and their
key resistance markers, it is anticipated that other general
or specific assays will also gain importance in routine diag-
nostics as they become more common.103 In summary, it
seems that reaching a ”one single point of sale” for fungal
biomarkers is getting closer in the coming years, thanks to
the use of high-quality genetic barcodes, NGS technolo-
gies, and metagenomic approaches.104

4.14. Marine Natural Products as New
Antifungal Agents

In addition to bacteria and fungi, sponges are considered
the primary and most common sources of secondary com-
pounds with antifungal properties in marine systems.105
The presence of these substances is beneficial in treating
certain fungal infections.106 Due to their unique charac-
teristics, such as great diversity, low toxicity, high effec-
tiveness with few side effects, and a wide range of antifun-
gal activity, these naturally occurring substances have at-
tracted significant interest. They are nowmore likely to be
regarded as essential components for exploring other novel
substances.107 Sea cucumbers are also thought to be a rich
source of bioactive substances and secondary products.

Marine bacteria are a particularly prolific source
of such compounds. For instance, Bacillus licheni-
formis produces Ledoglucomide C, a glycolipid effec-
tive against a broad spectrum of fungi including As-
pergillus niger and Candida albicans. Similarly, lipopep-
tides such as Gageopeptides A–D from Bacillus subtilis
and macrolides like Neomaclafungins A–I from Actinoal-
loteichus NPS702 demonstrate potent activity against
pathogens such as Rhizoctonia solani and Trichophyton
mentagrophytes, respectively. Marine-derived fungi also
contribute significantly to this chemical diversity. These
include peptides like Sclerotide B from Aspergillus sclero-
tiorum, which is active against C. albicans, and alkaloids
such as Didymellamide A from Stagonosporopsis cucur-
bitacearum, which shows efficacy against bothC. albicans
and Cryptococcus neoformans.

Sponges are an especially important source, under-
scoring their value in marine drug discovery. The sponge
Theonella swinhoei is a source of multiple peptides, in-
cluding Theonellamide G and Theopapuamides A, B, and
C, all of which are active against C. albicans. Another
noteworthy example is Jasplakinolide, a peptide from
Jaspis johnstoni, which exhibits a spectrum of activity
against several Candida species. Other marine organ-
isms also provide unique chemical scaffolds. The triter-
pene glycoside Variegatuside D from the sea cucumber
Stichopus variegates and the xylene-containing compound
Caulerprenylol B from the alga Caulerpa racemosa fur-
ther illustrate the chemical diversity and broad antifungal
potential of metabolites derived from marine ecosystems.
This collection of compounds, spanning various chemical
classes from peptides and macrolides to alkaloids and gly-
colipids, highlights the immense potential of marine natu-
ral products to provide lead structures for the development
of the next generation of antifungal therapeutics.108–111

4.15. Nano-enabled Antifungal Agents

Nanotechnology offers a practical approach to improve the
effectiveness and decrease the toxicity of antifungal treat-
ments. Nanoformulation can enhance the solubility, stabil-
ity, and bioavailability of antifungal medications.112 Anti-
fungal drugs can be delivered specifically to fungal cells
or tissues through targeted delivery methods. Controlled
release systems can maintain effective medication levels.
Nanoparticles can improve penetration across biological
barriers. Combination therapy can deliver multiple anti-
fungal drugs simultaneously or along with immunother-
apy.113 Nano-enabled antifungal medicines are revolution-
izing the treatment of fungal infections. Polyenes, such
as liposomal Amphotericin B and liposomal Nystatin, im-
prove efficacy while reducing toxicity.

Azoles, such as nanostructured Itraconazole and
nanoparticle-based Voriconazole, demonstrate improved
bioavailability and targeted delivery. Echinocandins,
including liposomes loaded with micafungin and poly-
meric nanoparticles loaded with caspofungin, show
increased antifungal effectiveness. Pyrimidines, like
nanostructured lipid carriers loaded with flucytosine
and nanocrystals loaded with terbinafine, have higher
solubility and bioavailability.114 Allylamines, such as
terbinafine-loaded and amorolfine-loaded nanocrystals,
exhibit enhanced antifungal activity.115 Additionally,
silver-based antifungals, including silver nanoparticles,
display antifungal properties. These nano-enabled an-
tifungal agents offer promise for improved treatment
outcomes and reduced toxicity, providing new hope
in the fight against fungal diseases.116,117 In preclini-
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cal trials, nanotechnology-based antifungal medications
have demonstrated potential for clinical use. The fu-
ture of antifungal therapy hinges on the development of
nanotechnology-driven antifungal drugs.118

4.16. Novel Antifungal Agents Under
Clinical Trials

Although significant progress has been made over the
past few decades in preventing, detecting, and treating
IFDs,119 they still pose a considerable risk to animals with
weakened immune systems. It is crucial to quickly iden-
tify new therapies with high antifungal activity and low
toxicity, as well as find ways to enhance host response
and reduce immune system inhibitors.120 We are examin-
ing medications still in development, including three com-
pounds from new classes of antifungals that target the fun-
gal cell wall and nucleic acid metabolism: Fosmanogepix,
Olorofim, and Ibrexafungerp. Ibrexafungerp offers a spe-
cific benefit as oral treatment for fungi like C. glabrata
and C. auris, which are resistant to Echinocandins.122
Among the various antifungal classes currently used, such
as PC945, CAmB, Oteseconazole, and Rezafungin, there
are improved pharmacokinetic and pharmacodynamic fea-
tures, leading to better safety and tolerance profiles.123,124
Rezafungin, especially with daily dosing, may facilitate
providing restroom care to patients requiring echinocan-
din for treatment or prevention.125,126

The translation of myco-nanotechnology from pre-
clinical studies to clinical application is actively underway,
with several nano-formulations of antifungal agents cur-
rently being evaluated in human trials. These trials are
investigating a range of nanocarriers to enhance drug de-
livery, improve efficacy, and reduce toxicity for various
fungal infections.

Several studies are focused on topical applications
for superficial mycoses. Two separate Phase II clinical
trials are assessing the efficacy of nanoemulsion gels for
treating Tinea versicolor, with one trial using itraconazole
and the other using voriconazole. Another formulation, a
transfersome designed to enhance skin penetration, is be-
ing used to deliver terbinafine (Td067) in a Phase III trial
for onychomycosis.

Lipid-based nanoparticles are also being investi-
gated for the treatment ofmucosal infections. Matinas Bio-
pharma is sponsoring two Phase II trials using a cochleate
lipid-crystal nanoparticle formulation to deliver the potent
polyene amphotericin B. One trial is targeting vulvovagi-
nal candidiasis, while the other is focused on mucocuta-
neous candidiasis.

Furthermore, metal-based nanoparticles are emerg-
ing as another important area of clinical research. A silver

nanoparticle gel is under investigation for the treatment
of mycosis. In trials that are currently recruiting partici-
pants, titanium dioxide nanoparticles are being evaluated
for candidiasis, and a separate silver nanoparticle formula-
tion is being studied for its potential in treating invasive as-
pergillosis. These ongoing clinical evaluations highlight
the significant potential of nanotechnology-based strate-
gies to provide novel and more effective treatments for a
broad spectrum of fungal diseases.127–130

5. Conclusions

Fungal pathogens pose a growing and serious threat to
global health, causing severe and often deadly infec-
tions, especially in immunocompromised populations.
The World Health Organization (WHO) has highlighted
this problem by identifying priority fungal pathogens, in-
cluding Candida, Aspergillus, and Cryptococcus species,
which result in high mortality rates and substantial eco-
nomic costs worldwide.

This review offers a detailed analysis of the main
fungal threats. It describes how the effectiveness of cur-
rent antifungal drug classes—such as Azoles, Ampho-
tericin B, and Echinocandins—is heavily reduced by the
increasing problem of antifungal resistance. A key fac-
tor fueling this issue is the widespread use of agricultural
pesticides, which creates environmental selective pressure
that encourages the development of drug-resistant fungal
infections in clinical settings.

To address this emerging threat, a comprehensive
approach is crucial. Breaking the cycle of resistance re-
quires a commitment to innovation across multiple fronts.
Promising strategies include exploring marine natural
products, which offer a rich source of new bioactive com-
pounds with unique antifungal mechanisms. Additionally,
nano-enabled antifungal agents offer a powerful means
to enhance drug delivery, increase bioavailability, and
improve the effectiveness of both new and existing treat-
ments. The importance of accurate and early diagnosis
cannot be overstated, as it is vital for better patient out-
comes and guiding proper treatment.

Staying ahead of evolving fungal pathogens requires
a continuous and coordinated effort. By exploring new
drug sources, utilizing advanced technologies such as nan-
otechnology, and employing rapid and precise diagnos-
tics, the global health community can develop more effec-
tive strategies to combat drug-resistant fungal infections,
protect vulnerable populations, and improve patient out-
comes.
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