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In light of the growing resistance to antifungal medications, peptide-based therapies have become a
viable substitute for treating fungal infections. These peptides, derived from various natural sources
or synthesized in the laboratory, exhibit unique mechanisms of action, such as membrane disruption,
inhibition of fungal metabolism, and modulation of immune responses. Despite their potential,
several challenges remain, including issues with stability, bioavailability, and selectivity. Advances
in peptide design, including the cyclization and the addition of artificial amino acids, have improved
their therapeutic properties. Additionally, novel delivery systems, such as nanoparticles and
liposomes, are being explored to enhance the efficacy and targeted delivery of these peptides. This
review explores the characteristics, applications, and challenges of peptide-based antifungal
therapies, while also discussing recent innovations in the field. With continued research and
development, peptide-based therapeutics could offer a significant contribution to the treatment of

fungal infections.
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1. Introduction

Fungal infections, which affect millions of people
annually, have become a major worldwide health
problem. These infections range from superficial
ailments, such as athlete’s foot and ringworm, to life-
threatening  systemic diseases like invasive
aspergillosis and candidemia. The burden of fungal
infections is particularly severe among
immunocompromised individuals, such as those
undergoing chemotherapy, organ transplantation, or
living with HIV/AIDS [1]. Despite their substantial
impact, fungal infections remain underdiagnosed and
underreported, largely due to limited awareness and
diagnostic challenges. Compounding this issue is the
increasing prevalence of drug-resistant fungal strains,
which have rendered many conventional antifungal
therapies less effective. The rise in antifungal
resistance, coupled with the limited arsenal of

currently available antifungal agents, underscores an
urgent need for innovative therapeutic approaches
[2]. Conventional antifungal treatments, including
azoles, echinocandins, and polyenes, have been the
mainstay of fungal infection management for decades.
While these agents have demonstrated efficacy in
treating a broad spectrum of fungal pathogens, they
are not without limitations. Many antifungal drugs
exhibit significant toxicity, leading to adverse effects
that restrict their therapeutic potential [3]. For
instance, amphotericin B, a potent polyene antifungal,
is associated with nephrotoxicity, while azoles like
voriconazole can cause hepatotoxicity and
neurological side effects. Moreover, the efficacy of
these drugs is further compromised by the emergence
of resistant fungal strains, such as Candida auris,
which has shown resistance to multiple drug classes.
These limitations have highlighted the need for novel
antifungal agents that can overcome the challenges
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posed by resistance and toxicity while providing
effective and targeted treatment [4].

Peptide-based therapeutics represent a promising
alternative to traditional antifungal drugs, owing to
their unique mechanisms of action and distinct
advantages. These therapeutics, composed of short
chains of amino acids, exert antifungal effects
primarily through direct interactions with fungal cell
membranes [5]. Unlike conventional drugs that
typically target enzymatic pathways, peptides disrupt
the structural integrity of the fungal cell membrane,
which results in cell death and intracellular contents
leaking out. This mechanism offers a significant
advantage as it reduces the likelihood of resistance
development. Fungal resistance often arises from
genetic mutations that alter drug targets; however, the
membrane-targeting action of peptides involves
physical disruption, which is less susceptible to
mutational changes [6]. In addition to their unique
mode of action, peptide-based therapeutics exhibit
broad-spectrum action, which enables them to
effectively combat a variety of fungal infections,
including  multidrug-resistant  strains.  Their
therapeutic promise is further enhanced by their
capacity to target fungal cells specifically while
preserving mammalian cells. This selectivity is largely
due to differences in membrane composition between
fungal and mammalian cells. Fungal membranes
contain ergosterol, a sterol absent in mammalian
membranes, which peptides can exploit for specificity.
As a result, peptide-based drugs often demonstrate
lower toxicity profiles compared to conventional
antifungals, reducing the risk of adverse side effects
[7]. Another critical advantage of peptide-based
therapeutics lies in their immunomodulatory
properties. Some antifungal peptides can enhance the
host’s immune response, providing an additional layer
of defense against infections. By stimulating immune
cells and modulating inflammatory pathways, these
peptides can complement their direct antifungal
effects, offering a dual mechanism of action. This
multifaceted approach not only improves treatment
efficacy but also holds potential for prophylactic
applications, particularly in those with weakened
immune systems who are more susceptible to fungal
diseases [8].

Moreover, advancements in peptide engineering have
expanded the potential of these therapeutics.
Modifications to peptide structures, such as Non-
natural amino acids have been cyclized and
incorporated to increase their stability and
bioavailability. These strategies address one of the

primary challenges associated with peptides—their
susceptibility to enzymatic degradation. Enhanced
stability ensures prolonged therapeutic activity,
making peptides more viable for systemic
administration. Additionally, engineered peptides is
adaptable to display particular qualities, such as
increased potency, enhanced selectivity, and reduced
immunogenicity, further optimizing their clinical
utility [9]. The versatility of peptide-based
therapeutics extends to their potential for
combination therapies. When used alongside
conventional antifungals, peptides can exhibit
synergistic effects, enhancing overall efficacy and
reducing the required dosage of toxic drugs. This
approach not only mitigates side effects but also helps
in combating resistance by targeting multiple
pathways  simultaneously. @ Such  combination
strategies are particularly valuable in the treatment of
invasive fungal infections, where single-agent
therapies often fall short [10]. The objective of this
review is to delve into the challenges and innovations
surrounding peptide-based antifungal therapies.
These therapeutics have demonstrated significant
potential in addressing limitations associated with
conventional antifungal treatments, but their clinical
application is not without obstacles. One of the
primary challenges lies in their inherent instability
within biological environments, where they are prone
to enzymatic degradation. This susceptibility reduces
their bioavailability and necessitates the development
of protective delivery systems. Furthermore, the high
cost of peptide synthesis and production presents an
economic barrier, limiting their accessibility and
scalability, particularly in resource-constrained
settings [11].

Despite these hurdles, advancements in peptide
engineering and delivery systems are paving the way
for innovative solutions. Structural modifications, like
cyclization and the addition of non-natural amino
acids, have improved peptide stability,
pharmacokinetics, and efficacy. Novel delivery
platforms, including nanocarriers and hydrogels, have
been developed to protect peptides from enzymatic
degradation and enhance their targeted delivery.
Additionally, synergistic approaches that combine
peptides with traditional antifungals are showing
promise in reducing drug resistance and toxicity [12].
This review aims to highlight these critical
developments, emphasizing the need for continued
interdisciplinary research and collaboration to
overcome the technical, economic, and regulatory
challenges associated with peptide-based antifungal
therapies. By addressing these issues, peptide-based
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treatments have the potential to revolutionize the
management of fungal infections, offering safer, more
effective, and accessible solutions to a growing global
health concern [13].

2. Characteristics of

Therapeutics

A potential class of medications for the treatment of
fungal infections is peptide-based therapies. Small,
naturally  occurring compounds known as
antimicrobial peptides (AMPs), these peptides have
the capacity to interfere with the development and
survival of a variety of microorganisms, such as
bacteria, viruses, and fungus. The field of peptide-
based therapeutics in fungal infections is still
evolving, but its potential has already begun to
reshape the landscape of antifungal treatment. This
class of drugs is garnering attention due to its unique
characteristics and the innovative approaches being
explored to overcome the challenges of current
antifungal therapies [14]. Therapeutic peptides fall
into a number of groups according to their structure,
function, and place of origin. A range of species,
including microbes, plants, and mammals, create
AMPs—naturally occurring peptides—as a component
of their innate immune system. Usually, these
peptides have a wide range of efficacy against fungus
as well as other diseases. Another key category
includes synthetic and engineered peptides, which are
designed and synthesized in laboratories. These
peptides can be optimized for specific targets,
improving their effectiveness and stability. Synthetic
peptides often take inspiration from naturally
occurring AMPs but are modified to enhance their
properties, such as antimicrobial activity, selectivity,
and resistance to degradation [15]. The mechanism of
action of peptide-based therapeutics in fungal
infections is multifaceted. One of the primary ways
these peptides exert their antifungal effects is through
the disruption of fungal membranes. Many AMPs
possess amphipathic characteristics, indicating that
they have both hydrophilic (which attracts water) and
hydrophobic (which repels water) areas in their
structure. When these peptides come into contact with
the fungal cell membrane, they can insert themselves
into the lipid bilayer, forming pores or channels that
disrupt the integrity of the membrane [16]. Cell death
results from this disturbance, which causes the
contents of the cell to spill out. Some peptides are also
capable of inducing membrane destabilization by
interacting with membrane proteins, further
compromising the membrane's function. This
mechanism of action is particularly effective against

Peptide-Based

fungal species that rely heavily on membrane integrity
for their survival [17].

In addition to membrane disruption, peptide-based
therapeutics can target intracellular pathways
essential for fungal growth and survival. Many
peptides are capable of entering the cell and engaging
with targets inside the cell, such as enzymes, proteins,
and nucleic acids. For example, some peptides inhibit
the synthesis of key molecules involved in cell wall
formation, disrupting the structural integrity of the
fungal cell. Others may interfere with critical
metabolic pathways, preventing the fungus from
acquiring the necessary nutrients for growth and
replication. By targeting these essential pathways,
peptide-based therapeutics can effectively halt fungal
growth and promote cell death, providing an
additional layer of therapeutic potential [18]. There
are several advantages to using peptide-based
therapeutics in order to treat fungal infections. One of
the most notable benefits is their broad-spectrum
activity. Many AMPs exhibit ability to combat a broad
range of fungus species, including pathogenic fungi
responsible for infections in humans, such as
Candida, Aspergillus, and Cryptococcus [19]. This
broad spectrum of activity makes peptide-based
therapeutics highly versatile, as they can be used to
treat a diverse range of fungal infections without the
need for multiple, targeted treatments. This is
particularly advantageous in clinical settings where
infections may be caused by an unknown or mixed
fungal pathogen, allowing clinicians to deploy
peptide-based therapies as a first-line defense [20].
Another significant advantage is the reduced risk of
resistance  development. Traditional antifungal
medications, including echinocandins and azoles,
often face challenges related to the development of
resistance over time. Fungal pathogens can acquire
mutations or adapt their mechanisms of action to
evade the effects of these drugs, leading to treatment
failures. However, peptide-based therapeutics exhibit
a different mechanism of action that is less prone to
resistance development [21]. This is due in part to
their ability to target multiple sites within the fungal
cell, including the membrane, intracellular proteins,
and nucleic acids, making it more difficult for the
fungus to develop resistance to all of these targets
simultaneously. Additionally, the innate immune-like
nature of AMPs means that they are often less
susceptible to the typical resistance mechanisms
employed by pathogens against conventional drugs
[22].
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Notwithstanding these benefits, a number of obstacles
need to be removed before the full promise of peptide-
based treatments for fungal diseases can be realized.
One of the primary obstacles is the stability of
peptides in the body. Many peptides are prone to
degradation by proteases, enzymes that break down
proteins, which can reduce their effectiveness [23].
Additionally, peptides often face challenges related to
poor Dbioavailability, meaning they may not be
efficiently absorbed into the bloodstream when
administered orally. To overcome these challenges,
researchers are exploring various strategies to
enhance the delivery and stability of treatments based
on peptides. This includes modifying the peptide
structure to make it more resistant to degradation,
developing formulations that enhance peptide
absorption, and exploring alternative methods of
administration, such as topical or intranasal delivery
[24]. Another challenge lies in the potential toxicity of
peptide-based therapeutics. While AMPs are generally
considered safe due to their natural origins and
selective toxicity towards pathogens, they can still
pose a risk to human cells, particularly at higher
concentrations. The amphipathic nature of many
peptides, which allows them to disrupt microbial
membranes, can also lead to the disruption of human
cell membranes. Researchers are working to fine-tune
the balance between antifungal potency and host cell
safety, ensuring that peptides target fungal cells
specifically without harming host tissues. This may
involve engineering peptides to enhance their
selectivity or developing delivery systems that limit
exposure to healthy cells [25].

Innovations in peptide-based therapies are developing
quickly in spite of these obstacles. The stability,
efficacy, and safety of these medications are being
enhanced by developments in peptide synthesis,
molecular engineering, and delivery methods. For
instance, there is potential to increase the therapeutic
potential of peptide-based antifungals through the
creation of peptoid-based therapies, which are
synthetic analogs of peptides that are more resistant
to protease degradation. Furthermore, scientists are
looking at using liposomes and nanoparticles as
peptide delivery vehicles, which might enhance the
medications' bioavailability and tailored delivery to
fungal infections [26].

3. Challenges in Developing Peptide-Based

Antifungal Therapies

Developing peptide-based antifungal therapies
presents a range of challenges that need to be
addressed before these treatments can be widely used

in clinical settings. One of the primary obstacles is the
stability and bioavailability of peptides. Many
peptides, particularly those that are naturally
occurring, are highly susceptible to enzymatic
degradation in the body. Enzymes such as proteases
can rapidly break down peptides, rendering them
ineffective before they reach the site of infection [27].
This degradation limits their therapeutic potential and
requires the development of strategies to protect the
peptides from such enzymatic breakdown.
Furthermore, peptides often have poor systemic
stability and short half-lives, which makes them
difficult to maintain at therapeutic concentrations in
the bloodstream. The challenge of improving stability
involves not only protecting peptides from enzymatic
degradation but also enhancing their resistance to the
harsh conditions in the gastrointestinal tract, should
they be taken orally, or optimizing their absorption
when delivered through alternative methods [28].
Another significant challenge in the development of
peptide-based antifungal therapies is their potential
toxicity and lack of selectivity. While these peptides
are effective against fungi, many of them also have
activity against human cells, particularly at higher
concentrations. This poses a risk of off-target effects,
where the peptide could disrupt the membranes of
host cells, leading to toxicity [29]. Human cells, like
fungal cells, have membranes made of lipids, and the
amphipathic nature of many antifungal peptides can
cause them to interact with and damage these host cell
membranes. Achieving selectivity for fungal cells over
host cells is a major hurdle, as fungi and human cells
share some structural similarities. Researchers must
develop strategies to enhance the selectivity of
peptides, ensuring that they target fungal pathogens
without causing harm to human tissues. This could
involve modifying peptide structures or engineering
delivery systems that release peptides specifically at
the site of infection [30]. The cost of producing
peptide-based therapeutics also remains a significant
barrier to their widespread use. Peptides are often
synthesized through chemical processes, which can be
expensive and labor-intensive. Large-scale production
of peptides is challenging due to the complexities
involved in their synthesis and purification. While
advances in peptide synthesis techniques may reduce
some of the costs, scaling up production for clinical
use still presents logistical and financial challenges.
High production costs can also impact the
affordability and accessibility of these therapies,
limiting their use in resource-limited settings [31].

In addition to these challenges, the delivery systems
used to administer peptide-based antifungal therapies
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present further difficulties. One of the primary issues
is the difficulty peptides face in crossing biological
barriers. The skin, mucosal membranes, and blood-
brain barrier (in the case of systemic infections) act as
formidable obstacles to the effective delivery of
therapeutic peptides. Peptides often cannot penetrate
these barriers efficiently, reducing their effectiveness
when attempting to treat infections in deeper tissues
or systemic infections. Furthermore, peptides may
lose their efficacy during the delivery process, as they
may degrade or be inactivated before reaching their
intended target. Developing effective delivery systems
that can protect peptides during transit and ensure
their targeted release at the site of infection is a
critical challenge. For systemic infections, achieving
therapeutic concentrations at the site of infection
while avoiding off-target effects in healthy tissues
remains a complex problem [32].

Despite these obstacles, research is still being done to
find ways to get beyond them using developments in
peptide engineering, formulation, and delivery
systems. To increase the effectiveness, safety, and
affordability of peptide-based antifungal treatments,
solutions such peptide alterations, the addition of
protective carriers, and the creation of innovative drug
delivery systems are being actively investigated. These
treatments have the potential to completely transform
the way fungal infections are treated in the future with
further development [33].

4. Innovations in Peptide-Based Therapeutics
4.1. Design and Engineering of Peptides

Recent advancements in peptide-based therapeutics
for fungal infections have focused on the development
of synthetic peptides with enhanced properties.
Synthetic peptides offer the advantage of being
customizable, allowing researchers to modify their
sequence, structure, and properties to optimize
antimicrobial activity. By altering the amino acid
composition and length, synthetic peptides can be
tailored to improve their interaction with fungal
targets, enhance their stability, and reduce off-target
effects. These peptides are often designed to possess
potent antifungal activity against a broad spectrum of
pathogens while minimizing the risk of resistance
[34]. Cyclization and peptide modifications are also
crucial strategies for improving the stability and
effectiveness of peptide-based therapeutics. Linear
peptides, while potent, are often prone to enzymatic
degradation, reducing their therapeutic lifespan.
Cyclization—connecting the peptide‘s terminal ends to
form a ring—helps to protect the peptide from
enzymatic cleavage and enhances its structural

stability. Additionally, modifications such as
incorporating unnatural amino acids, adjusting the
hydrophobicity, or introducing disulfide bonds can
improve the peptide’s resistance to degradation,
increase its bioavailability, and enhance its overall
stability. These innovations allow for the creation of
peptides with more favorable pharmacokinetics and
therapeutic outcomes [35].

4.2. Peptide Delivery Systems

Peptide delivery remains a significant challenge in the
development of effective antifungal therapies.
However, innovations in delivery systems are making
strides toward improving the clinical application of
peptide-based drugs. Nanoparticles, liposomes, and
hydrogels have emerged as promising carriers for
targeted peptide delivery. Nanoparticles, due to their
small size, can efficiently penetrate biological barriers
and deliver peptides directly to the site of infection
[36]. By incorporating peptides into nanoparticles, the
stability and bioavailability of the peptides are
enhanced, and their release can be controlled for
sustained therapeutic effects. Similarly, liposomes—
lipid-based vesicles—can encapsulate peptides,
offering protection against enzymatic degradation and
improving their ability to target fungal -cells.
Hydrogels, which can be applied topically, provide a
useful approach for delivering peptides to mucosal
surfaces or skin infections, ensuring prolonged
contact and release of the therapeutic agent [37].
Transdermal and mucosal delivery approaches are
also being explored to improve peptide delivery for
localized fungal infections. Transdermal systems aim
to deliver peptides through the skin, which could be
particularly useful for treating superficial fungal
infections such as those caused by Candida or
Dermatophytes. Mucosal delivery, targeting the
respiratory, gastrointestinal, or urogenital tracts, is
another promising approach for treating systemic or
mucosal fungal infections. Specialized formulations
such as nanoemulsions or mucosal patches can
facilitate the absorption of peptides through these
barriers, improving their efficacy and reducing
systemic side effects [38].

4.3. Combination Therapies

Combination therapies are becoming increasingly
important in the development of peptide-based
antifungal treatments. One of the most promising
strategies is combining peptides with existing
antifungal agents, such as azoles or echinocandins.
These combinations can lead to synergistic effects,
enhancing the overall antifungal efficacy and
potentially overcoming resistance mechanisms that
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may limit the effectiveness of conventional
treatments. For example, combining a peptide that
disrupts the fungal cell membrane with an azole that
inhibits ergosterol synthesis could have a more potent
effect than either drug alone, leading to faster fungal
clearance and reduced risk of resistance development
[39]. In addition to combining peptides with
traditional antifungals, integrating peptide-based
therapeutics with immune-modulating agents is
This combination approach can provide a dual
mechanism of action, targeting the pathogen directly

another promising approach. Fungal infections often
lead to immune suppression or evasion, making it
difficult for the host immune system to clear the
infection effectively. By incorporating
immunomodulatory agents—such as cytokines or
immune checkpoint inhibitors—alongside antifungal
peptides, it is possible to enhance the host's immune
response to the infection.

while also boosting the body‘s defense mechanisms,
potentially leading to better clinical outcomes [40].
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Figure 1: Molecular Mechanism of Action of Glucagon-like Peptide-1

4.4. Computational Tools and Al in Peptide
Design

The use of computational tools and artificial
intelligence (AI) is revolutionizing the design and
development  of  peptide-based  therapeutics.
Bioinformatics, including molecular modeling and
structural prediction software, is being used for
rational peptide engineering. These tools allow
researchers to predict the structure-activity
relationship (SAR) of peptides, identify the most
promising sequences for antifungal activity, and
optimize the peptide’s design before synthesizing it.
By modeling how peptides interact with fungal
membranes and intracellular targets, computational
tools help accelerate the design of peptides with

enhanced potency, selectivity, and stability [41].
Machine learning algorithms are also playing a key
role in predicting antifungal activity. By analyzing
large datasets of known AMPs, machine learning
models can identify patterns in peptide sequences that
are correlated with potent antifungal effects. These
algorithms can predict the activity of novel peptides
based on their amino acid sequence and structural
features, significantly reducing the time and cost
required for experimental screening. This ability to
predict the effectiveness of peptide candidates with
high accuracy allows for a more targeted approach in
the design process and increases the likelihood of
discovering effective new therapies for fungal
infections [42].
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Table 1: Peptide-Based Antifungal Therapeutics: Preparation, Mechanism, Bioavailability, and Applications

S. Peptide Method of Mode of Bioavailability | Application References
No. | Preparation | Preparation Action
Name

1 Nisin Produced via Disrupts cell Oral and Oral [43]
fermentationof | membranes by systemic infections,
Lactococcus binding to lipid availability food
lactis I preservation

2 LL-37 Synthetic Membrane Moderate Skin [44]
peptide from disruption, infections,
human immune wound
cathelicidin modulation healing

3 Cecropin A Isolated from Disrupts fungal Low Fungal [45]
Hyalophora membranes infections,
cecropia and topical
synthesized applications

4 Histatin 5 Isolated from | Inhibits fungal Low Oral [46]
human saliva, | metabolism and candidiasis,
synthetic forms | membrane systemic
available function infections

5 Thionin Isolated from Membrane Low Antifungal, [47]
plant sources, destabilization anticancer
synthetic
variants
available

6 Magainin 2 Isolated from Disrupts fungal Moderate Fungal [48]
Xenopuslaevis, cell membranes infections,
synthetic skin
versions infections
available

7 Indolicidin Synthetic Membrane Low Antimicrobial, [49]
peptidederived | disruption, antifungal
from bovine bacterial killing
neutrophils

8 Dermaseptin | Isolated from Membrane Low Wound [50]
Dermatophilus disruption infections,
species topical

9 Parasin I Isolated from Membrane Low Topical fungal [51]
Paracymus permeabilization infections
species

10 Pexiganan Synthesized Disrupts fungal Moderate Skin [52]
from magainin membranes infections,
peptide analog topical use

11 Tachyplesin Isolated from Membrane Low Antifungal, [53]
Tachypleus disruption, pore antimicrobial
tridentatus formation

12 | Dermcidin Isolated from Membrane Low Skin [54]
human sweat permeabilization infections,

wound
healing

13 Bacitracin Synthesized, Cell wall Moderate Topical use [551, [56]

isolated from inhibition for skin
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Bacillus subtilis infections
14 Apidaecin Isolated from Inhibition of Moderate Antifungal, [57], [58]
Apis mellifera protein antimicrobial
synthesis
15 Papiliocin Isolated from Membrane Low Antifungal, [59]
Papilio xuthus disruption topical
application
16 Pisum Isolated from Membrane Low Antifungal, [60]
sativum peaplant seeds disruption, cell antibacterial
defensin wall synthesis
(PsD) inhibition
17 Scorpion Isolated from Membrane Low Antifungal, [61]
venom scorpionvenom | disruption, pore pain
peptides formation management
18 | Clavanin Isolated from Membrane Low Antifungal, [62]
Clavibacter disruption antibacterial
michiganensis
19 Daptomycin Semi-synthetic Membrane Moderate Gram-positive [63]
from bindingand bacterial and
Streptomyces disruption fungal
roseosporus infections
20 Insect Isolated from Membrane Low Topical [64],[65]
defensin insect species, disruption antifungal
synthetic forms
available
21 | Lacticin 3147 | Producedby Disrupts cell Oraland Food [66]
Lactococcus membranes systemic preservation,
lactis availability oral infections
22 | Fusafungin Isolated from Disrupts cell Low Respiratory [67], [68]
Fusarium membrane infections
species function
23 Microcins Isolated from Disrupts DNA Low Antifungal, [69]
Escherichiacoli | and RNA antimicrobial
synthesis
24 | NisinZ Produced by Disrupts cell Oral and Food [66], [70]
Lactococcus membrane and systemic preservation,
lactis lipid IT availability antimicrobial
25 LL-23 Modified from Membrane Moderate Systemic [71]
LL-37 disruption, infections,
immune wound
modulation healing
26 | Tryptophan- Synthetic Membrane Low Topical [72]
rich peptide derivation interactionand antifungal
(TRP) disruption
27 | Amyloid - Synthesized Disrupts fungal Low Alzheimer's [73]
derived fromamyloid membrane disease,
peptide precursor antifungal
protein
28 Plectasin Isolated from Disrupts fungal Moderate Antifungal, [74]1, [75]
Pseudoplectania | cell wall veterinary
species medicine
29 | Chitosan- Synthesized Disrupts cell Moderate Wound [76]
derived from chitosan membrane and healing,
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peptide wall fungal
infections
30 | Fusidicacid Derived from Inhibits protein Low Antifungal, [77]
peptides Fusidium synthesis antimicrobial
species
31 Penetratin Synthetic Enhances Moderate Antifungal, [781, [79]
peptide from membrane antimicrobial
Drosophila permeability
melanogaster
32 | Cationic Synthetic, Membrane Low Antifungal, [80], [81]
antimicrobial | designed from disruption antibacterial
peptide (CAP) | various sources
33 Defensin-1 Isolated from Membrane Low Antifungal, [82]
Homo sapiens binding and immune
pore formation defense
34 | Candidacin Isolated from Disrupts fungal Moderate Systemic [83]
Candida species | cell wall fungal
infections
35 | Temporin A Isolated from Membrane Low Antifungal, [84]
Rana disruption topical use
temporaria
36 Lactoferricin | Isolated from Iron-binding Moderate Antifungal, [85]
human milk and membrane immune
disruption modulation
37 Buforin IT Isolated from Membrane Low Antifungal, [86]
Bufo bufo disruption antibacterial
38 Antimicrobial | Synthesized Membrane Low Topical [87]
peptide from various disruption antifungal
(AMP-5) sequences
39 Plectasin- Modified from Disrupts cell Low Systemic [88]
derived plectasin wall and fungal
peptide peptide membrane infections
40 | Enbrel- Synthesized Inhibitsfungal Moderate Inflammatory [89]
derived from Etanercept | binding fungal
peptide diseases

5. Applications of Peptide-Based Therapeutics
in Fungal Infections

5.1. Common Fungal Infections Targeted
Peptide-based therapeutics are being explored for the
treatment of several common fungal infections,
offering new avenues for addressing these pervasive
diseases. One of the primary targets for peptide-based
antifungal therapies is Candida species, which are
responsible for a variety of infections, including
candidiasis. Candida is a genus of fungi that
commonly causes infections in immunocompromised
individuals, particularly those with diabetes, cancer,
or undergoing antibiotic therapy [90]. These
infections can range from minor ones like vaginal
yeast infections and oral thrush to more serious

systemic infections like candidemia, which can be
fatal. Peptide-based therapies, particularly those
targeting the cell membrane and wall of Candida,
have shown promise in reducing fungal growth and
overcoming resistance mechanisms to common
antifungal drugs like fluconazole [91]. Another
significant fungal pathogen targeted by peptide-based
therapeutics is Aspergillus species, which cause
aspergillosis. Aspergillus is a genus of fungi that can
lead to pulmonary infections, particularly in
individuals with compromised immune systems, such
as those wundergoing organ transplants or
chemotherapy. Aspergillosis can manifest as allergic
reactions, chronic pulmonary disease, or invasive
aspergillosis, the latter of which can spread to other
organs and tissues, often with fatal consequences.
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Peptides that disrupt the fungal cell membrane or
interfere with essential intracellular pathways hold
promise for treating these invasive infections,
potentially reducing reliance on traditional antifungal
agents that often face resistance issues [92].

Cryptococcus species, particularly Cryptococcus
neoformans, are  responsible for  causing
cryptococcosis, a serious fungal infection mostly
impacting people with compromised immune
systems, such those living with HIV/AIDS. The
infection often manifests as meningitis, but can also
affect the lungs and other organs. Due to the ability of
Cryptococcus to form encapsulated spores that can
evade the immune system, treatment can be
challenging. Peptide-based therapeutics targeting the
fungal membrane or interfering with the synthesis of
the cryptococcal capsule could provide -effective
treatment options, offering a new approach to combat
this often-fatal infection [93].

5.2. Emerging Areas

In addition to the well-established fungal pathogens,
peptide-based therapeutics are also being explored in
emerging areas, particularly in the treatment of
multidrug-resistant fungal strains. The rise of
resistance among common fungal pathogens, such as
Candida and Aspergillus, to traditional antifungal
agents like azoles, echinocandins, and polyenes, has
become a growing concern. Multidrug resistance
complicates treatment regimens and limits the
effectiveness of current therapies. Peptides, due to
their diverse mechanisms of action, offer a promising
solution to this problem [94]. Their ability to target
multiple pathways within the fungal cell, including
membrane disruption, inhibition of vital enzymes,
and interference with cell wall synthesis, makes them
less prone to the same resistance mechanisms that
affect conventional antifungals. As such, peptide-
based therapeutics could provide an important
alternative for treating infections caused by resistant
fungal strains [95]. Another emerging application of
peptide-based therapeutics is their use as prophylactic
agents. The potential to use peptides to prevent fungal
infections before they occur is particularly important
in high-risk populations, such as
immunocompromised patients, those undergoing
organ transplantation, or individuals with prolonged
antibiotic use. Prophylactic peptides could help
reduce the incidence of invasive fungal infections,
preventing serious outcomes before an infection takes
hold. These peptides could be administered as a
preventive measure, either systemically or topically,
depending on the site of potential infection. With the

growing concern about fungal infections in vulnerable
populations and the limitations of existing
prophylactic treatments, peptide-based therapies may
provide an effective tool to address these gaps in
current care [96].

6. Preclinical studies

Preclinical research is essential to the development of
peptide-based antifungal medications because it
provides information on the drugs' safety,
effectiveness, and potential for clinical use. Peptides'
therapeutic potential is commonly tested in vivo using
animal models, which enables scientists to evaluate
how well they work to cure fungal infections in live
things. These models are invaluable for understanding
how peptides interact with the host immune system,
their pharmacokinetics, and their overall ability to
clear infections. Rodent models, particularly mice and
rats, are commonly employed for this purpose, as they
allow for controlled experiments on infection
dynamics and peptide administration routes.
Additionally, animal models enable the monitoring of
potential toxicity and adverse effects, which are
critical factors for determining the safety of a
therapeutic candidate before advancing to clinical
trials [97]. In vitro studies, performed in cell cultures
or laboratory settings, complement these animal
studies by evaluating the direct antifungal activity of
peptides against various fungal pathogens. These
studies provide a detailed understanding of the
peptide's mechanism of action, such as whether it
disrupts the fungal cell membrane, inhibits essential
pathways, or induces other forms of cell death. In
vitro testing can also be used to assess the potential
for resistance development, providing valuable data
on how fungi might adapt to the presence of the
peptide. Key findings from these preclinical studies
have shown that peptide-based therapeutics can
exhibit potent antifungal activity against a wide range
of fungal species, including Candida, Aspergillus, and
Cryptococcus, with some peptides demonstrating
superior efficacy when compared to traditional
antifungal drugs. Furthermore, peptides have shown
promise in overcoming resistance issues that are
common with conventional treatments [98].

In terms of clinical trials, several peptide-based
antifungal = candidates are currently under
investigation, with some showing considerable
progress. These candidates are being tested for their
safety, efficacy, and pharmacological properties in
humans, typically in phases that include early-stage
safety trials (Phase I) and later-stage efficacy trials
(Phase II and III). A number of peptides have
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successfully entered clinical trials, often as standalone
treatments or in combination with existing antifungal
therapies. One example includes synthetic peptides
derived from natural AMPs, which have demonstrated
broad-spectrum activity against fungal pathogens in
preclinical studies. These peptides are being tested in
clinical trials to determine their potential to treat both
superficial and systemic fungal infections, with some
showing positive early results [99].

However, not all peptide-based candidates have
succeeded in clinical development. Some trials have
encountered setbacks due to issues with peptide
stability, bioavailability, or safety concerns. The rapid
degradation of peptides in the human body, as well as
challenges with their delivery to the infection site,
have posed significant obstacles. Additionally, some
peptides have been found to cause off-target effects or
toxicity at higher concentrations, leading to the
suspension or failure of certain trials. Despite these
challenges, the ongoing exploration of alternative
formulations, modified peptide structures, and
advanced delivery systems continues to show promise.
Researchers are also looking at combination therapies
involving peptides and existing antifungal agents,
which could help mitigate some of these issues by
reducing the required dose of peptides or enhancing
their effectiveness [100].

The outcomes of preclinical and clinical research to
date suggest great promise for peptide-based
antifungal treatments, even if they are still in the early
phases of clinical development. Continued
advancements in peptide engineering, formulation,
and delivery systems will be crucial for overcoming
the hurdles faced in earlier trials. With successful
integration into clinical practice, peptide-based
therapeutics could provide a new and powerful
weapon in the fight against fungal infections,
particularly those that are resistant to conventional
treatments [101].

7.  Regulatory and  Commercialization

Challenges

The development of peptide-based antifungal
therapeutics  faces  several regulatory and
commercialization challenges that must be addressed
to bring these promising treatments to market.
Regulatory requirements for peptide drugs are
stringent, as health authorities like the U.S. Food and
Drug Administration (FDA) and the European
Medicines Agency (EMA) require rigorous testing to
ensure the safety, efficacy, and quality of any new
therapeutic [102]. Peptide therapeutics must go

through the same approval process as other drugs,
involving preclinical studies to assess safety and
efficacy, followed by clinical trials in human subjects.
This process can take years and requires substantial
financial investment. Guidelines for the approval of
peptide therapeutics are complex and involve
ensuring that these peptides are not only effective
against the targeted fungal pathogens but also have an
acceptable safety profile. Peptides must demonstrate
minimal toxicity, no adverse immune responses, and
adequate pharmacokinetics. This often requires
extensive preclinical and clinical testing to identify
and mitigate any potential risks [103]. For antifungal
peptides, there are specific challenges that make
regulatory approval even more difficult. Many
peptide-based antifungal candidates have issues with
stability, bioavailability, and delivery that need to be
thoroughly addressed before regulatory approval can
be granted. The susceptibility of peptides to
degradation by enzymes in the body and their
difficulty in crossing biological barriers, such as the
skin or mucosal membranes, can complicate the
demonstration of their clinical effectiveness.
Furthermore, peptides often require specialized
formulations to improve their pharmacokinetic
profiles, which can add complexity to the approval
process. Regulators may require extensive data to
ensure that these formulations are safe for human use
and that the peptides are effective in achieving
therapeutic concentrations at the site of infection.
Additionally, the development of resistance to
peptide-based drugs, although less common than with
traditional antifungals, may require specific
monitoring and regulatory oversight [104].

On the commercialization front, the market potential
for peptide-based antifungal therapies is significant,
but the pathway to market success is fraught with
challenges. The economic feasibility of producing
peptides on a large scale remains a concern. Peptides,
especially those synthesized chemically, can be costly
to manufacture, and the infrastructure for large-scale
production is not as established as for conventional
small-molecule drugs. The high cost of production can
lead to expensive treatments, which may limit their
accessibility, particularly in low-resource settings.
Additionally, peptide drugs often require cold-chain
storage or specialized delivery systems, which further
increase production and distribution costs. These
economic hurdles make it challenging for companies
to achieve profitability, especially when competing
with more affordable, established antifungal
treatments [105]. Market competition is another
significant challenge. Many established antifungal
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drugs, such as azoles, echinocandins, and polyenes,
are widely used and have a strong presence in the
market. Peptide-based therapeutics will need to
demonstrate clear advantages, such as superior
efficacy, lower toxicity, or the ability to treat
multidrug-resistant fungal strains, in order to gain
market share. While peptide therapies offer exciting
new possibilities, they must prove their value over
existing treatments to attract both healthcare
providers and patients. The clinical efficacy and safety
profiles of peptide-based therapies must be clearly
superior or complementary to current antifungal
options to justify their adoption in clinical practice
[106].

To overcome these challenges, collaboration between
the public and private sectors is essential. Public
research institutions, universities, and government
agencies can provide funding, research expertise, and
regulatory guidance to help accelerate the
development of peptide-based antifungal therapies.
Partnerships with private pharmaceutical companies
can bring in the necessary resources for large-scale
production, clinical trials, and distribution.
Additionally, public-private collaborations can help
streamline regulatory processes and ensure that new
peptide therapies reach the market more efficiently.
Governments and health organizations may also play
a role in incentivizing the development of novel
antifungal treatments through grants, tax incentives,
and faster approval pathways, particularly in light of
the growing threat of antifungal resistance [107].
While the potential for peptide-based antifungal
therapies is significant, they face substantial
regulatory and commercialization challenges that
must be addressed for successful market entry. The
path to approval requires rigorous testing to meet
safety and efficacy standards, while the economic and
competitive landscape demands careful planning to
ensure feasibility and profitability. Public and private
sector collaboration will be key to overcoming these
hurdles and ensuring that peptide-based therapeutics
can fulfill their promise as a powerful tool in the fight
against fungal infections [108].

8. Future Directions

The future of peptide-based antifungal therapies is
filled with exciting possibilities, driven by advances in
peptide drug design, novel delivery platforms, and
strategies to address global challenges. One of the key
areas of advancement in peptide drug design is the
incorporation of non-natural amino acids and the
development of hybrid peptides. Non-natural amino
acids offer increased versatility and stability to

peptides, allowing for more  sophisticated
modifications that improve their resistance to
enzymatic degradation and enhance their overall
pharmacological properties. These modifications can
also fine-tune the peptide’s specificity and potency
against fungal targets. Hybrid peptides, which
combine elements of AMPs with other bioactive
molecules, are also being explored to create
multifunctional therapeutics. By designing peptides
that not only target fungal pathogens but also
modulate the host immune response, these hybrid
molecules could provide a more holistic approach to
treating fungal infections. This multi-pronged strategy
may be particularly useful in combating systemic
infections or infections in immunocompromised
individuals [109]. Another promising direction is the
development of multifunctional peptides that can
serve more than one therapeutic role. These peptides
could act on multiple targets within the fungal cell,
such as disrupting the cell membrane, inhibiting
critical enzymes, or interfering with the fungal cell
wall. By attacking several aspects of fungal biology
simultaneously, multifunctional peptides may reduce
the risk of resistance development, which is a growing
concern with conventional antifungal therapies.
Furthermore, multifunctional peptides could be
designed to have dual action, targeting fungal cells
while simultaneously enhancing the host's immune
response, providing a synergistic effect that improves
clinical outcomes. This approach reflects a shift
toward more sophisticated, targeted therapies that
offer broader therapeutic benefits [110].

To increase the Dbioavailability and targeted
administration of peptides, new delivery systems are
being created concurrently with developments in
peptide design. One such advance that makes it
possible to deliver peptides exactly to the site of
infection is the development of smart and responsive
delivery systems. These systems may be made to react
to certain environmental stimuli, including variations
in temperature, pH, or the presence of biomarkers
unique to fungi. To reduce side effects and increase
treatment efficacy, for example, peptide-loaded
liposomes or nanoparticles can be designed to release
their payload only when specific microbial signals are
present or after they have reached the infected area.
In addition to increasing the peptide's effectiveness,
this precise delivery lowers the dosage needed, which
is essential for reducing toxicity and boosting patient
compliance [111]. Additionally, biomaterials are
essential for improving the effectiveness of peptide-
based treatments. The stability and controlled release
of peptides can be enhanced by the use of biomaterials
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including hydrogels, bioadhesive polymers, and
nanostructures, enabling long-term, maintained
therapy. When treating chronic or localized infections,
these materials can be modified to improve the
pharmacokinetics of peptides, guaranteeing that the
therapeutic agent is administered over a prolonged
period of time. Additionally, biomaterials can help
transfer peptides via biological barriers including the
blood-brain barrier, mucosal membranes, or the skin,
which makes them effective in treating a variety of
fungal infections, including some that are challenging
to treat with traditional medicines [112].

Addressing global challenges in the treatment of
fungal infections is another critical focus for the future
of peptide-based therapeutics. One major challenge is
improving accessibility to these treatments in low-
income regions, where fungal infections often go
untreated due to a lack of affordable and effective
therapies. To tackle this issue, strategies must be
developed to reduce the production costs of peptide-
based drugs, such as optimizing manufacturing
processes, scaling up production, and developing cost-
effective formulations. Public health initiatives and
collaborations with international organizations could
help ensure that these treatments are made available
at affordable prices in low-income countries, where
fungal infections often have the most devastating
impact. Furthermore, the use of locally sourced raw
materials and the development of more efficient
synthesis methods could reduce costs and increase
accessibility [113]. The role of global partnerships will
be crucial in addressing the growing problem of
antifungal resistance, which poses a significant threat
to global health. Collaborative efforts between
governments, private companies, research
institutions, and international health organizations
are essential for accelerating the development of new
antifungal agents, including peptide-based
therapeutics. Global partnerships can also help
facilitate the sharing of knowledge, resources, and
data, which will enable researchers to tackle the
complex issues related to fungal infections more
effectively. Moreover, these partnerships can promote
the establishment of global surveillance networks to
monitor antifungal resistance patterns and guide the
development of new treatments. By working together,
the global community can ensure that innovative
peptide-based antifungal therapies are developed,
tested, and distributed in a way that maximizes their
impact on public health [114]. The future of peptide-
based antifungal therapeutics is bright, with ongoing
advances in peptide design, delivery systems, and
global strategies to improve access and tackle

resistance. By continuing to innovate in these areas,
the potential for peptide-based drugs to revolutionize
the treatment of fungal infections is significant,
offering hope for improved outcomes, particularly in
populations facing the greatest challenges. The
continued collaboration across sectors will be key to
overcoming obstacles and ensuring that these
therapies are accessible, affordable, and effective in
the fight against fungal diseases [115].

Conclusion

Peptide-based therapeutics hold significant promise
in the treatment of fungal infections, but the journey
toward clinical application has been fraught with
challenges. Key issues include the stability and
bioavailability of peptides, potential toxicity and off-
target effects, high production costs, and difficulties in
delivering peptides to the site of infection.
Additionally, the regulatory hurdles associated with
peptide drug approval are substantial, particularly as
antifungal peptides must meet rigorous safety and
efficacy standards before they can be brought to
market. However, despite these challenges, numerous
innovations have emerged that offer hope for
overcoming these obstacles. Advances in peptide
design, including the use of non-natural amino acids
and hybrid peptides, have improved stability and
potency. Furthermore, novel delivery platforms such
as smart, responsive systems and biomaterials-based
approaches are enhancing the efficacy and precision
of peptide-based therapeutics. These innovations not
only address concerns of stability and delivery but
also open the door for multifunctional peptides that
target multiple aspects of fungal biology and host
immune responses. The impact of peptide-based
therapeutics on the fungal infection treatment
landscape could be profound. With the rise of
multidrug-resistant  fungal strains, conventional
antifungal therapies are increasingly ineffective, and
the need for new treatment options has never been
more urgent. Peptide-based drugs, with their broad-
spectrum activity and unique mechanisms of action,
offer a potential solution to this growing crisis. Their
ability to target fungal membranes, enzymes, and
other critical pathways, combined with their lower
propensity for resistance development, positions them
as a promising alternative to current therapies.
Furthermore, peptide-based therapeutics could help
fill critical gaps in the prevention and treatment of
infections in vulnerable populations, such as
immunocompromised individuals or those at risk of
invasive fungal infections. The ability to combine
peptides with existing antifungals in combination
therapies further enhances their potential to address
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complex fungal infections, including those caused by
resistant strains. Peptide-based antifungal therapies
to fulfill their potential, interdisciplinary research and
collaboration are essential. The development of
effective peptide drugs requires expertise from a
diverse range of fields, including molecular biology,
chemistry, pharmacology, and clinical medicine.
Researchers from academia, industry, and
government must collaborate to optimize peptide
design, refine delivery systems, and address the
challenges related to toxicity, bioavailability, and cost.
Public and private sector partnerships will be
particularly important in ensuring that these
promising therapeutics are not only developed but
also made accessible to global populations,
particularly in low-income regions where fungal
infections are most prevalent and often go untreated.
By combining expertise, resources, and knowledge
from various sectors, the global community can
accelerate the development of peptide-based therapies
and create a more effective, sustainable approach to
tackling fungal infections.

In summary, while the road to the widespread use of
peptide-based antifungal therapeutics is challenging,
the potential rewards are immense. With ongoing
innovation in peptide design, delivery mechanisms,
and collaborative efforts, peptide-based drugs could
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