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ABSTRACT

Fungal infections continue to pose a significant global health challenge, ranging from superficial skin infections to severe
and potentially fatal systemic diseases, especially among immunocompromised and critically ill individuals. Although a
wide range of antifungal agents is available, their clinical effectiveness is often compromised due to limitations such as
poor physicochemical properties, complex biological barriers, inconsistent pharmacokinetics, and formulation-related
constraints. Therefore, the rational design and appropriate selection of antifungal dosage forms are essential for achieving
optimal therapeutic efficacy, safety, and patient compliance.

This review systematically examines conventional antifungal dosage forms, including topical, oral, and parenteral systems,
with a focus on their clinical applications, benefits, and associated limitations. It also provides a detailed analysis of key
biological barriers that hinder effective drug delivery, such as the stratum corneum, nail plate, mucosal clearance
mechanisms, fungal biofilms, efflux pump—mediated resistance, limited vascularization at infection sites, and intrinsic
solubility challenges of antifungal agents. The influence of these factors on drug penetration, retention, bioavailability,
and resistance development is critically evaluated.

Furthermore, recent advancements in formulation strategies are highlighted, including lipid-based drug delivery systems,
bio adhesive formulations, nanotechnology-driven platforms, and controlled or stimuli-responsive delivery approaches,
which offer promising solutions to overcome existing limitations. The review also discusses important pharmacokinetic
and safety considerations associated with systemic antifungal therapy, particularly challenges related to oral bioavailability
and the development of safer parenteral formulations such as lipid-based amphotericin B and echinocandins.
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In addition, regulatory requirements, quality control considerations, and safety aspects relevant to antifungal product

development and clinical application are addressed. Overall, this review emphasizes the importance of an integrated,
formulation-oriented approach that considers drug characteristics, biological barriers, and regulatory frameworks to
enhance antifungal therapy, improve clinical outcomes, and minimize treatment failure and recurrence.
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INTRODUCTION

Fungal infections have become an increasingly
significant global health issue over recent decades, with
a noticeable rise in both superficial and invasive
mycoses across the world. This increase is largely linked
to the growing population of immunocompromised
individuals, including patients undergoing solid organ
and hematopoietic stem cell transplantation, cancer
chemotherapy, prolonged corticosteroid or
immunosuppressive therapy, as well as individuals
living with HIV/AIDS.'.? Invasive fungal infections,
once considered relatively rare, are now recognized as
major contributors to morbidity and mortality in
hospitalized and critically ill patients, particularly in
intensive care units.?

In parallel, the extensive and often inappropriate use of
broad-spectrum antibiotics has significantly disturbed
the normal bacterial microbiota, diminished
colonization resistance, and created ecological
conditions that promote opportunistic  fungal

overgrowth.* This disruption has contributed to a higher
incidence of infections caused by opportunistic
pathogens such as Candida, Aspergillus, and
Cryptococcus species in both community and healthcare
environments. Taken together, these factors have
markedly increased the clinical, economic, and public
health burden associated with fungal diseases
worldwide. *

A diverse array of antifungal agents, including azoles,
polyenes, echinocandins, allylamines, and pyrimidine
analogues, are currently employed for the prevention
and treatment of fungal infections. These agents act
through distinct mechanisms, such as inhibition of
ergosterol synthesis, disruption of fungal cell
membranes, or interference with fungal cell wall
biosynthesis. ¢ Despite their proven antifungal efficacy,
the clinical utility of many antifungal drugs remains
limited by unfavorable physicochemical and
pharmacokinetic ~ properties.  Several  antifungal
molecules exhibit poor aqueous solubility, low and
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variable oral bioavailability, extensive first-pass
metabolism, and high plasma protein binding, which
collectively compromise therapeutic effectiveness. ’
Moreover, antifungal therapy is often prolonged,
particularly in chronic and invasive infections, thereby
increasing the risk of systemic toxicity, including
hepatotoxicity, nephrotoxicity, and clinically significant
drug—drug interactions.® The emergence of antifungal
resistance, especially among Candida and Aspergillus
species, has further complicated treatment strategies and
reduced the efficacy of conventional antifungal
regimens.” These challenges underscore the critical
importance of optimizing antifungal drug delivery
through rational dosage form design to enhance
bioavailability, improve site-specific  targeting,
minimize adverse effects, and ultimately achieve
superior therapeutic outcomes.

In this context, the design and selection of an appropriate
dosage form play a pivotal role in determining
therapeutic success. An optimized dosage form can
enhance drug solubility, improve bioavailability, enable
targeted delivery to the site of infection, and reduce
systemic adverse effects. Consequently, advances in
antifungal dosage form development are increasingly
recognized as a key strategy for improving treatment
outcomes, patient compliance, and overall clinical
efficacy.'®

Classification of Antifungal Dosage Forms

Topical Dosage Forms

Topical antifungal formulations are mainly used for the
management of superficial fungal infections affecting
the skin, hair, and nails, including dermatophytosis,
cutaneous candidiasis, and pityriasis versicolor. These
infections are typically limited to the stratum corneum,
hair shafts, or nail plate, making localized drug delivery
both effective and clinically appropriate. By applying
the antifungal agent directly at the site of infection,
topical formulations provide high local drug
concentrations while reducing systemic exposure and
related adverse effects. !

In addition to their safety benefits, topical antifungal
therapies help minimize the risk of systemic drug—drug
interactions and organ toxicity, which are often
associated with oral antifungal medications. Due to their
ease of use, good tolerability, and cost-effectiveness,
topical dosage forms continue to be the first-line
treatment for mild to moderate superficial mycoses,
especially in immunocompetent individuals. 2.3
However, treatment outcomes largely depend on the
type of formulation, the extent of drug penetration into
infected tissues, and patient compliance with the
prescribed regimen.

Creams

Antifungal creams are among the most widely
prescribed topical formulations due to their balanced
oil-water  composition, which provides good
spreadability, ease of application, and patient comfort.
Their semi-solid consistency allows uniform drug
distribution over the affected area, making them suitable
for application on both glabrous and mildly hairy skin.
Creams are particularly effective for moist, inflamed, or
exudative lesions, where their cooling effect can offer
symptomatic relief.*

From a formulation perspective, creams enhance drug
solubilization and facilitate diffusion into the stratum
corneum, which is essential for the effective eradication
of superficial fungal pathogens. Common antifungal
agents formulated as creams include clotrimazole,
ketoconazole, miconazole, and terbinafine. Despite their
established clinical effectiveness, creams often require
multiple daily applications because of their limited
residence time on the skin and susceptibility to removal
by perspiration or washing.>.® This frequent dosing
requirement may negatively influence patient
compliance, particularly during prolonged antifungal
therapy.

Ointments

Ointments are lipid-rich semisolid preparations that
provide an occlusive barrier over the skin, thereby
enhancing hydration and promoting deeper penetration
of antifungal drugs. This occlusive property increases
drug residence time at the site of infection and is
particularly advantageous in chronic, hyperkeratotic, or
scaly fungal infections where disruption of the skin
barrier is pronounced. Consequently, ointments are
often preferred in clinical situations that require
prolonged contact between the antifungal agent and the
infected tissue.”

However, the greasy texture and reduced cosmetic
acceptability of ointments may negatively influence
patient adherence, especially when applied to visible or
exposed body areas. In addition, their highly occlusive
nature may be unsuitable for acute, weeping, or
intensely inflamed lesions, where excessive occlusion
can exacerbate discomfort or inflammation. Despite
these limitations, ointments remain an important topical
dosage form in cases where enhanced skin penetration
and sustained antifungal activity are essential for
therapeutic success.®.°

Gels
Antifungal gels are water-based or hydroalcoholic
formulations characterized by a non-greasy texture and
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rapid drug release. Their high patient acceptability,
cooling sensation, and ease of removal make them
particularly suitable for application on hairy areas,
intertriginous regions, and inflamed skin. In addition,
gels offer superior cosmetic elegance compared with
creams and ointments, which can enhance patient
compliance during topical antifungal therapy.'°

From a pharmaceutical perspective, gels can be
formulated using polymeric networks that incorporate
penetration enhancers or controlled-release matrices to
improve drug permeation through the skin. Despite these
advantages, gels generally provide lower occlusiveness
and shorter contact time at the site of application, which
may limit their effectiveness in fungal infections
involving thickened or highly keratinized tissues, such
as the nails and soles of the feet.!".'?

Lotions

Lotions are low-viscosity liquid or semi-liquid topical
formulations designed for easy application over large
surface areas. They are particularly useful for the
management of fungal infections involving the scalp,
trunk, and other hairy regions, where creams or
ointments may be difficult to apply uniformly. Their
rapid spreading ability and minimal residue enhance
patient comfort and adherence to therapy.'?

However, owing to their fluid nature, lotions exhibit
limited residence time at the site of application, which
may necessitate more frequent dosing to maintain
adequate therapeutic drug levels. Consequently, lotions
are most commonly employed in early-stage or mild
superficial fungal infections or as adjunctive therapy in
combination with other topical formulations, rather than
as sole treatment in persistent or severe fungal
conditions. '*.'*

Powders

Antifungal powders are primarily employed for
prophylactic use and supportive management of
superficial fungal infections, particularly in moist and
occluded areas such as the groin, axillae, and interdigital
spaces. By absorbing excess moisture and reducing skin
friction, powders help create an unfavorable
environment for fungal growth and recurrence. '
Although powders containing antifungal agents such as
clotrimazole or miconazole are effective in preventing
reinfection and alleviating mild symptoms, they exhibit
limited penetration into the stratum corneum and are
generally insufficient as monotherapy for established
fungal infections. Consequently, antifungal powders are
most often used as adjuncts to creams or ointments to
enhance overall therapeutic efficacy and reduce
recurrence rates. 7,8

Sprays

Antifungal sprays offer a convenient, touch-free method
of topical drug application, thereby minimizing direct
contact with infected areas and reducing the risk of
contamination or spread of infection. They are
particularly advantageous for the treatment of painful
lesions, large affected surfaces, and anatomical sites that
are difficult to access manually.'

Sprays enable uniform drug deposition over the affected
area; however, rapid solvent evaporation can reduce
drug residence time on the skin, potentially necessitating
more frequent application to maintain therapeutic
efficacy. Despite this limitation, antifungal sprays
remain widely preferred due to their ease of use,
hygienic  application, and improved patient
convenience.?,?!

Nail Lacquers

Nail lacquers are specialized topical drug delivery
systems developed specifically for the management of
onychomycosis, a condition that is particularly difficult
to treat because of the dense and impermeable structure
of the nail plate. Upon application, these formulations
form a drug-loaded polymeric film on the nail surface,
which ensures prolonged contact with the nail plate and
enables sustained release of the antifungal agent.?
Although nail lacquers provide a safer alternative to
systemic antifungal therapy by minimizing systemic
exposure, their clinical effectiveness is often limited by
slow nail growth, inadequate transungual drug
penetration, and the requirement for long-term treatment
extending over several months. To address these
limitations, advanced formulation approaches, including
the use of penetration enhancers and nanotechnology-
based lacquer systems, are being actively investigated to
improve drug permeation and therapeutic outcomes.?,*
Onychomycosis is one of the most challenging
superficial fungal infections to treat due to the highly
keratinized and dense structure of the nail plate, which
acts as a formidable barrier to drug permeation. The
sequential events involved in topical nail lacquer—based
therapy are illustrated in Figure 3. The presence of this
dense nail plate results in poor penetration of
conventional topical antifungal formulations, often
leading to suboptimal therapeutic outcomes when
standard creams or ointments are used.

As shown in Figure 3, topical nail lacquer application
represents a targeted strategy to overcome this
limitation. Upon application, the lacquer spreads
uniformly over the nail surface and undergoes solvent
evaporation, resulting in the formation of a thin,
adherent polymeric film. This film serves as a drug
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reservoir, maintaining prolonged contact between the
antifungal agent and the nail plate, which is essential for
effective trans ungual delivery.

The sustained drug release from the polymeric film,
depicted in Figure 3, allows gradual diffusion of the
antifungal agent through the nail plate and into the
underlying nail bed, where the fungal pathogens reside.
This controlled and prolonged release profile
compensates for the slow rate of nail growth and limited
permeability of the nail tissue. Consequently, long-term
therapy, typically extending from 6 to 12 months, is
required to achieve complete clinical and mycological
cure.

| SUPERFICIAL FUNGAL INFECTIONS |
¥

LOCALIZED INFECTION
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¥

| TOPICAL ANTIFUNGAL THERAPY |
A
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Figure 1. Schematic representation of topical antifungal
formulation selection for superficial fungal infections,
illustrating the progression from localized skin,
hair/scalp, and nail infections to site-specific topical
antifungal therapy, with appropriate dosage forms
including creams, gels, ointments, lotions, and nail
lacquers for optimized local drug delivery.

The selection of an appropriate topical antifungal dosage
form is primarily guided by the site and nature of the
superficial fungal infection, as summarized in Figure 1.
Superficial fungal infections are generally localized to
the outer layers of the skin, hair shafts, or nail plate,
which makes topical antifungal therapy a rational and
effective treatment approach. By targeting the site of
infection directly, topical therapy ensures high local
drug concentrations while minimizing systemic
exposure and associated adverse effects.

As illustrated in Figure 1, once a localized infection
involving the skin, hair/scalp, or nails is identified,
formulation selection is tailored according to the
anatomical site and barrier characteristics. Skin
infections are commonly managed using creams, gels, or
ointments. Creams provide balanced hydration and good
spreadability, making them suitable for inflamed or
moist lesions, whereas ointments offer an occlusive
effect that enhances drug retention and penetration in
dry or hyperkeratotic conditions. Gels are preferred for

their non-greasy nature and ease of application,
particularly in areas where cosmetic acceptability is
important.

Hair and scalp infections require formulations that can
be evenly distributed and easily removed without
leaving residue. As depicted in Figure 1, gels and lotions
are especially suitable for these regions due to their low
viscosity, cooling effect, and improved patient
compliance. In contrast, nail infections
(onychomycosis) present a significant therapeutic
challenge because of the dense and impermeable nail
plate. Consequently, Figure 1 highlights nail lacquers as
specialized delivery systems designed to form a drug-
loaded film on the nail surface, enabling prolonged
residence time and sustained drug release for gradual
penetration into the nail bed.
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Figure 2. Decision-based flow diagram illustrating the
rational selection of topical antifungal dosage forms
following diagnosis of superficial mycosis. The
schematic depicts assessment of infection severity
(mild—moderate or chronic/severe), evaluation of lesion
type (moist/inflamed, dry/scaly, or hairy/intertriginous),
and subsequent selection of appropriate formulations—
creams, ointments, or gels/lotions/sprays—Ileading to
optimized topical antifungal therapy.

The rational selection of topical antifungal therapy
requires a systematic evaluation of both disease severity
and lesion characteristics, as illustrated in Figure 2.
Following the diagnosis of superficial mycosis, the first
critical step involves assessing the severity of the
infection. Mild to moderate infections are generally
amenable to topical therapy alone, whereas chronic or
severe cases may require closer monitoring, prolonged
treatment, or adjunctive therapeutic strategies. This
severity-based stratification, shown in Figure 2, ensures
that treatment intensity is appropriately matched to
disease burden.

Subsequently, lesion type is evaluated to guide
formulation choice, as different skin conditions present
distinct barriers to drug penetration. As depicted in
Figure 2, moist or inflamed lesions are best managed
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with creams, which provide adequate hydration, cooling
effects, and good drug release without excessive
occlusion. In contrast, dry or scaly lesions benefit from
ointments, whose lipid-rich and occlusive nature
enhances drug retention and penetration through
thickened or hyperkeratotic skin.

For hairy or intertriginous areas, Figure 2 highlights the
preference for gels, lotions, or sprays. These
formulations offer superior spreadability, reduced
residue, and improved cosmetic acceptability, which are
essential for patient adherence in such anatomically
challenging regions. By integrating infection severity
with lesion morphology, the decision pathway shown in
Figure 2 leads to an optimized topical antifungal therapy
that maximizes local efficacy while minimizing
discomfort and noncompliance.

@

Onychomycosis ]
¥
Dense Nail Plate Barrier ]
\ 2
Poor Drug Penetration
$
Topical Nail Lacquer Application
¥
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Sustained Drug Release
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e 6

Figure 3. Schematic illustration of the topical nail
lacquer—based drug delivery mechanism for the
management of onychomycosis, highlighting the dense
nail plate barrier, limited drug penetration, polymeric
film formation, sustained antifungal release, and gradual
drug diffusion into the nail bed during long-term
therapy.
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Oral Antifungal Dosage Forms

Oral antifungal dosage forms play a central role in the
management of systemic, deep-seated, and refractory
fungal infections, as well as in extensive or recurrent
superficial mycoses that are unresponsive to topical
therapy. Common oral formulations include tablets,
capsules, and oral suspensions, with azoles, allylamines,
and pyrimidine analogues being the most frequently
prescribed antifungal classes.?® Oral administration
offers the advantages of convenience and the ability to
achieve systemic drug concentrations; however,
therapeutic success is often limited by significant
pharmacokinetic and formulation-related challenges.
Many orally administered antifungal drugs belong to
Biopharmaceutics Classification System (BCS) class II
or IV and are characterized by poor aqueous solubility,
dissolution-limited absorption, and marked inter-patient

significant drug—drug interactions. These interactions
are particularly prominent with azole antifungals due to
inhibition of cytochrome P450 enzymes, which can lead
to sub-therapeutic drug levels or increased risk of
systemic toxicity, including hepatotoxicity and
gastrointestinal adverse effects, especially during
prolonged therapy.?®,3°

To overcome these limitations, advanced oral
formulation strategies have been developed, including
solid dispersions, cyclodextrin inclusion complexes,
lipid-based delivery systems, and amorphous drug
formulations, all of which aim to enhance solubility,
improve dissolution rate, and reduce variability in
absorption.*',3? In addition, modified-release and gastro-
retentive dosage forms have been investigated to
prolong gastrointestinal residence time and maintain
therapeutic plasma concentrations.>

variability in bioavailability.?® Drugs such as Overall, the clinical effectiveness of oral antifungal
itraconazole and posaconazole exhibit strong therapy is highly dependent on rational dosage form
dependence on gastric pH, food intake, and design that optimizes bioavailability while minimizing
gastrointestinal motility, resulting in inconsistent toxicity and enhancing patient compliance. These

systemic exposure and variable clinical outcomes.?’,?

In addition to solubility constraints, oral antifungal
therapy is frequently associated with extensive first-pass
metabolism, high plasma protein binding, and clinically

considerations underscore the critical role of
formulation innovation in improving therapeutic
outcomes in the treatment of fungal infections.**
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Table2 .Comparison of topical, oral, and parenteral antifungal dosage forms

Parameter Topical Dosage | Oral Dosage Forms Parenteral Dosage | Key
Forms Forms References
Route of | Applied directly to | Administered via | Intravenous (IV) or | 2
administration skin, nails, or mucosa | gastrointestinal tract intramuscular (IM)
Primary indication | Superficial and | Systemic, extensive, or | Severe, invasive, life- | *-°
localized fungal | recurrent infections threatening mycoses
infections
Site of action Local (skin, nail | Systemic circulation and | Immediate systemic | ¢,
plate, mucosa) tissues circulation
Bioavailability High locally, | Variable; often limited by | Nearly 100% 810
minimal  systemic | solubility and first-pass
exposure metabolism
Onset of action Slow to moderate Moderate Rapid 1
Drug concentration | High at application | Depends on absorption | High and predictable 1213
at infection site site and tissue distribution
Systemic  toxicity | Low Moderate to high | High (nephrotoxicity, | 46
risk (hepatotoxicity, GI | infusion reactions)
effects)
Drug—drug Minimal Significant, especially | Moderate; drug- | -*°
interaction risk with azoles (CYP | dependent
inhibition)
Patient compliance | High  for  mild | High, but affected by | Low (hospital-based |
infections dosing frequency and side | administration)
effects
Treatment Often prolonged for | Weeks to months Short to medium term | ?'
duration nails and chronic under supervision
lesions
Formulation Skin/nail Poor solubility, variable | Stability, sterility, | 2-**
challenges penetration, retention | absorption, food and pH | formulation toxicity
effects
Common  dosage | Creams, gels, | Tablets, capsules, | Liposomal injections, IV | #
forms ointments,  sprays, | suspensions solutions, lyophilized
nail lacquers powders
Representative Clotrimazole, Fluconazole, itraconazole, | Amphotericin B, | -
drugs ketoconazole, terbinafine echinocandins
ciclopirox
Cost and | Low and widely | Moderate High »
accessibility accessible
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Oral Antifungal Dosage Forms

Biological Barriers Limiting Antifungal Drug
Delivery

Despite the availability of potent antifungal agents,
successful therapy is often constrained by multiple
biological barriers that limit drug penetration, retention,
and therapeutic concentration at the site of infection.
These barriers vary depending on the anatomical
location of the infection and the physicochemical
characteristics of the antifungal drug. Understanding
these biological obstacles is essential for the rational
design of effective antifungal dosage forms and
advanced drug delivery systems.

Skin Barrier

The skin represents the primary biological barrier to
topical antifungal therapy, with the stratum corneum
serving as the most significant obstacle to drug
permeation. This outermost layer is composed of
densely packed corneocytes embedded within a highly
ordered lipid matrix consisting mainly of ceramides,
cholesterol, and free fatty acids.*® While this architecture
provides effective protection against environmental
insults and microbial invasion, it simultaneously
restricts the penetration of many antifungal agents,
particularly those that are hydrophilic or possess high
molecular weight.>!

Several commonly used antifungal drugs exhibit
suboptimal lipophilicity or unfavorable molecular
dimensions that limit passive diffusion across the
stratum corneum, resulting in inadequate drug
concentrations within deeper epidermal layers where
fungal pathogens may persist> Furthermore,
pathological conditions such as inflammation,
hyperkeratosis, or chronic infection can increase stratum
corneum thickness and lipid density, thereby further
reducing drug permeation.>* As a consequence, topical
antifungal therapy often requires prolonged treatment
durations and repeated applications to achieve
therapeutic efficacy.**

Nail Plate Barrier

Onychomycosis presents a distinct therapeutic challenge
owing to the dense and highly keratinized structure of
the nail plate. The nail plate is composed of tightly
packed keratin fibers interconnected by disulfide bonds,
forming a rigid matrix with very low permeability to
exogenous compounds.*®* This compact structure
markedly restricts the transungual diffusion of
antifungal drugs, particularly those with high molecular
weight or limited affinity for keratin.>

In addition to structural resistance, the inherently slow
growth rate of the nail further prolongs treatment
duration, often requiring therapy to be continued for six
months or longer to achieve clinical and mycological
cure.*” Conventional topical antifungal formulations
frequently fail to deliver fungicidal drug concentrations
to the nail bed, where the fungal pathogens reside,
leading to incomplete eradication and high rates of
relapse.*® Consequently, effective drug delivery across
the nail plate remains one of the most formidable
biological barriers in antifungal therapy and continues to
drive the development of specialized transungual
delivery systems.*

Mucosal Barriers

Mucosal fungal infections involving the oral, vaginal, or
gastrointestinal mucosa are associated with distinct
biological challenges that limit effective antifungal drug
delivery. The presence of a protective mucus layer,
continuous epithelial cell turnover, and variable local pH
conditions can significantly reduce drug residence time
and compromise local bioavailability.* In cases of
vaginal candidiasis, fluctuations in vaginal pH and
enzymatic activity may lead to premature degradation or
inactivation of antifungal agents before sufficient
absorption can occur.*!

Similarly, in oral fungal infections, salivary flow and the
swallowing reflex rapidly clear administered drugs from
the oral cavity, thereby limiting the effectiveness of
conventional dosage forms such as lozenges or mouth
rinses.* These dynamic physiological conditions
necessitate the development of specialized antifungal
formulations capable of prolonged mucosal adhesion
and sustained drug release in order to maintain
therapeutic concentrations at the site of infection and
improve clinical outcomes.*

Biofilm Formation

One of the most critical biological barriers in antifungal
therapy is the formation of fungal biofilms, particularly
by Candida species. Biofilms are structured
communities of fungal cells embedded within a self-
produced extracellular polymeric matrix that markedly
impedes the diffusion of antifungal agents.** Cells
residing within biofilms exhibit altered metabolic states
and phenotypic resistance, rendering them up to several
hundred times less susceptible to antifungal drugs
compared with their planktonic counterparts.*

The extracellular Dbiofilm matrix can sequester
antifungal agents, thereby reducing the effective drug
concentration at the target site and limiting therapeutic
efficacy.*® This protective environment facilitates
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persistent and recurrent infections, particularly on
medical devices, mucosal surfaces, and chronic wounds,
where biofilm-associated fungal growth is common.*’
Consequently, biofilm formation represents a major
contributor to antifungal treatment failure and
underscores the need for delivery systems and
therapeutic strategies capable of overcoming biofilm-
mediated resistance.*

Efflux Pumps and Cellular Resistance Mechanisms
At the cellular level, fungal pathogens possess active
defense mechanisms that significantly limit intracellular
accumulation of antifungal drugs. One of the most
important mechanisms involves the overexpression of
efflux pumps, particularly ATP-binding cassette (ABC)
transporters and major facilitator superfamily (MFS)
transporters, which actively expel antifungal agents
from fungal cells.*,*® This phenomenon is frequently
observed in azole-resistant strains of Candida and
Aspergillus, where enhanced efflux activity contributes
directly to reduced drug susceptibility.*!

Even when antifungal agents successfully traverse
external biological barriers and enter fungal cells, rapid
efflux mediated by these transport systems can lower
intracellular drug concentrations below therapeutic
thresholds.”> This reduced intracellular exposure
compromises antifungal efficacy, promotes treatment
failure, and accelerates the development and persistence
of antifungal resistance.>® Consequently, efflux pump—
mediated resistance represents a major cellular barrier in
antifungal therapy and remains a critical target for the
development of novel antifungal agents and advanced
drug delivery strategies.>
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Figure 4.Integrated schematic illustrating the major
biological barriers limiting antifungal drug delivery,
including the skin and nail plate barriers, mucosal
clearance mechanisms, fungal biofilm formation, and
cellular resistance mediated by efflux transporters,
which collectively reduce local drug concentration and
contribute to therapeutic failure or disease relapse.

Limited Vascularization at Infection Sites

Certain fungal infection sites, including the nail bed,
corneal tissue, and necrotic skin lesions, are
characterized by poor vascularization, which
significantly limits the effectiveness of systemically
administered antifungal agents.>* Reduced blood flow to
these tissues restricts drug transport from the systemic
circulation to the site of infection, resulting in sub-
therapeutic local drug concentrations despite adequate
plasma levels.>

This limitation is particularly pronounced in chronic
onychomycosis and deep-seated cutaneous fungal
infections, where compromised perfusion and tissue
necrosis further hinder drug penetration.*” In such cases,
systemic antifungal therapy alone may be insufficient to
achieve complete eradication of fungal pathogens,
underscoring the need for adjunctive topical therapy or
specialized delivery strategies capable of enhancing
local drug availability.®

Physicochemical Constraints of Antifungal Drugs
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In addition to anatomical and biological barriers, the
intrinsic physicochemical properties of antifungal drugs
further complicate effective drug delivery. Many
antifungal agents are characterized by poor aqueous
solubility, high crystallinity, and strong plasma protein
binding, which collectively limit drug dissolution,
membrane permeation, and tissue distribution.>*,*
These unfavorable physicochemical characteristics can
significantly exacerbate the impact of biological
barriers, particularly in topical and mucosal drug
delivery, where adequate drug solubilization is a
prerequisite for effective penetration across epithelial
surfaces.®’ As a result, even potent antifungal agents
may fail to achieve therapeutic concentrations at the site
of infection unless appropriate formulation strategies are
employed to enhance solubility and bioavailability.*

Implications for Dosage Form Design

The presence of these biological barriers underscores the
critical need for advanced formulation strategies capable
of enhancing antifungal drug delivery. Innovative
approaches such as the use of penetration enhancers,
bioadhesive delivery systems, lipid-based -carriers,
nanotechnology-enabled formulations, and stimuli-
responsive drug delivery platforms are increasingly
being investigated to overcome these limitations.®*,%*
Rational dosage form design that integrates an
understanding of biological barriers with the intrinsic
physicochemical properties of antifungal agents is
essential for improving drug penetration, achieving
sustained therapeutic concentrations at the site of
infection, and enhancing overall treatment efficacy.®
Such strategies have the potential to reduce treatment
duration, improve patient adherence, and minimize the
recurrence of fungal infections, thereby addressing key
challenges in contemporary antifungal therapy.*

Table 3. Biological Barriers Limiting Antifungal Drug Delivery and Corresponding Formulation Strategies

Biological Barrier | Nature of | Impact Formulation Representative Key
Barrier Antifungal Strategies to | Dosage Forms / | References
Therapy Overcome  the | Systems
Barrier
Stratum corneum | Highly Limits penetration | Penetration Nanoemulsions, 6769
(skin barrier) organized lipid | of hydrophilic and | enhancers, lipid- | liposomes,  solid
matrix with | high-molecular- based carriers, | lipid nanoparticles
low weight antifungal | nanosized (SLNs), occlusive
permeability drugs; requires | systems, occlusive | ointments
frequent formulations
application
Hyperkeratotic or | Increased Reduced drug | Keratolytic Gels with salicylic | 7.
inflamed skin barrier diffusion and | agents, enhanced- | acid, polymeric
thickness and | prolonged retention matrices, | nanoparticles, film-

altered  lipid | treatment duration | controlled-release | forming systems
composition systems
Nail plate | Dense keratin | Extremely low | Keratin-affinitive | Nail lacquers, | 7>
(onychomycosis) | network with | drug permeability; | drugs, penetration | nanolipid carriers,
disulfide cross- | long treatment | enhancers, drug-loaded
linking periods nanoscale carriers, | polymeric films
film-forming
polymers
Mucosal mucus | Rapid turnover, | Short residence | Mucoadhesive Mucoadhesive gels, | 7°.7°
layer enzymatic time and reduced | polymers, vaginal tablets, in
degradation, local sustained-release | situ gelling systems
variable pH bioavailability matrices, pH-
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responsive
systems
Salivary and | Continuous Rapid drug | Bioadhesive Buccal films, | 77,78
vaginal fluid | fluid flow and | removal from | delivery systems, | vaginal rings,
clearance dilution infection site controlled-release | prolonged-release
formulations pessaries
Fungal biofilms Extracellular Reduced drug | Biofilm- Liposomal 81
polymeric diffusion; high | penetrating formulations,
matrix and | resistance to | nanocarriers, high | polymeric
altered fungal | conventional local-dose nanoparticles,
metabolism therapy systems, combination
combination antifungal systems
therapy
Efflux pumps in | Active  drug | Reduced High-drug- Nanoparticles, co- | 8-
fungal cells extrusion intracellular loading carriers, | delivery systems,
mechanisms concentration; efflux pump | lipid-based carriers
resistance inhibitors,
development sustained local
exposure
Poor Limited blood | Inadequate Localized delivery | Nail lacquers, | ®.%¢
vascularization at | supply (e.g., | levels systems, topical depots,
infection site nail bed, | systemic therapy prolonged- localized sustained-
necrotic skin) residence topical | release systems
formulations
Poor aqueous | High Low bioavailability | Solubility Solid dispersions, | 8-
solubility of | crystallinity and  inconsistent | enhancement, nanoemulsions,
antifungal drugs | and low | therapeutic amorphous cyclodextrin
dissolution rate | response systems, lipid | complexes
encapsulation

Parenteral Antifungal Dosage Forms for Systemic
Mycoses

Parenteral antifungal dosage forms are indispensable for
the management of severe, invasive, and life-threatening
systemic mycoses, particularly in critically ill or
immunocompromised patients where rapid and reliable
systemic drug exposure is essential. These formulations
are predominantly administered via the intravenous
route, enabling immediate entry of the antifungal agent
into the systemic circulation while bypassing
gastrointestinal absorption barriers and first-pass
metabolism.*® Parenteral antifungal therapy is commonly
indicated in conditions such as invasive candidiasis,
aspergillosis, cryptococcosis, and mucormycosis, where
topical or oral treatments are insufficient to achieve
therapeutic drug concentrations at the site of
infection.”',”

Conventional parenteral antifungal agents include
polyenes, echinocandins, and selected azoles formulated
for intravenous administration. These agents exhibit
potent antifungal activity and relatively predictable
pharmacokinetic profiles; however, their clinical use has
historically been limited by dose-dependent toxicity.** In
particular, conventional amphotericin B deoxycholate is
associated with significant nephrotoxicity and infusion-
related adverse reactions.” To address these limitations,
advanced parenteral formulations such as liposomal
amphotericin B and lipid-complex amphotericin B have
been developed. These lipid-based systems modify drug
biodistribution, reduce non-specific interactions with
host cell membranes, and significantly lower the risk of
renal toxicity while maintaining antifungal efficacy.*.
From a formulation standpoint, parenteral antifungal
dosage forms must comply with stringent pharmaceutical
requirements, including sterility, physicochemical
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stability, isotonicity, and controlled particle size,
particularly for lipid-based and nanoscale delivery
systems.” Many parenteral antifungal products are
supplied as lyophilized powders that require
reconstitution prior to administration in order to enhance
shelf life and ensure chemical stability during storage.®
Despite their therapeutic advantages, parenteral
antifungal therapies are associated with higher treatment
costs, the necessity for hospital-based administration,
and the requirement for careful clinical monitoring to
manage adverse effects and optimize dosing regimens.*®
Nevertheless, ongoing advancements in lipid-based
carriers, controlled-release injectable formulations, and
targeted parenteral delivery strategies continue to
improve the safety profile and therapeutic performance
of parenteral antifungal agents.'® These developments
reinforce the critical role of parenteral dosage forms in
the effective management of systemic fungal
infections. '’

Toxicity and Pharmacokinetic Considerations
Parenteral antifungal dosage forms are critical for the
treatment of invasive and disseminated fungal infections,
where rapid attainment of therapeutic plasma
concentrations and predictable pharmacokinetics are
essential for clinical success. Intravenous administration
ensures complete bioavailability and bypasses
limitations associated with oral delivery, including poor
aqueous solubility, variable gastrointestinal absorption,
and first-pass metabolism.'”> However, the clinical
effectiveness of parenteral antifungal therapy is closely
dependent on both pharmacokinetic behavior and
toxicity profile, which vary considerably among
different antifungal classes and formulation types.'®
Conventional amphotericin B deoxycholate exhibits
broad-spectrum antifungal activity but is associated with
dose-limiting nephrotoxicity, electrolyte imbalance, and
infusion-related adverse reactions.'*
Pharmacokinetically, this formulation demonstrates
extensive tissue binding, slow elimination, and a
prolonged terminal half-life, resulting in drug
accumulation within renal tissue and subsequent
toxicity.'® To overcome these drawbacks, lipid-based
formulations such as liposomal amphotericin B and
amphotericin B lipid complex were developed. These
advanced formulations significantly alter drug
biodistribution by  preferentially targeting the
reticuloendothelial system while minimizing renal
exposure.'® As a consequence, liposomal amphotericin
B exhibits improved pharmacokinetic stability, allows
administration of higher tolerated doses, and is
associated with markedly reduced nephrotoxicity and a

lower incidence of infusion-related reactions compared
with the conventional formulation.'?’,'%8

Echinocandins, including caspofungin, micafungin, and
anidulafungin, represent another important class of
parenteral antifungal agents characterized by favorable
safety and pharmacokinetic profiles. These drugs display
linear pharmacokinetics, minimal renal clearance, and a
low potential for drug—drug interactions due to negligible
involvement of cytochrome P450 enzymes.'” Their
selective inhibition of fungal cell wall B-(1,3)-D-glucan
synthesis contributes to a low incidence of systemic
toxicity, making echinocandins particularly suitable for
critically ill patients and individuals with renal
impairment.''°

Intravenous azole formulations also provide effective
systemic antifungal coverage; however, they may still be
associated ~ with  hepatotoxicity, = pharmacokinetic
variability, and clinically relevant drug—drug
interactions, particularly in patients receiving multiple
concomitant ~ medications.'"",!"? Careful  dose
optimization and therapeutic drug monitoring are
therefore often required to ensure efficacy while
minimizing toxicity.

Overall, the integration of pharmacokinetic optimization
with toxicity reduction has been a major driving force in
the evolution of parenteral antifungal dosage forms.
Advances in lipid-based carriers, nanoscale delivery
systems, and controlled-release injectable formulations
continue to enhance therapeutic indices by improving
tissue targeting, stabilizing plasma drug concentrations,
and minimizing off-target toxicity."'3.,'""* These
developments highlight the critical role of formulation-
driven strategies in maximizing the safety and efficacy
of parenteral antifungal therapy for the management of
systemic mycoses.''

Regulatory and Safety Considerations in Antifungal
Formulations

Regulatory approval and patient safety are central to the
successful development and clinical translation of
antifungal formulations. Because antifungal therapies are
often administered for prolonged durations and are
frequently used in vulnerable populations, including
immunocompromised, critically 1ill, pediatric, and
geriatric patients, regulatory agencies mandate rigorous
evaluation of product quality, safety, and efficacy
throughout the entire product lifecycle.''s,"'” The
regulatory framework varies according to the route of
administration (topical, oral, or parenteral) and the
complexity of the formulation, with advanced and nano-
enabled delivery systems subjected to enhanced
regulatory scrutiny.''®
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From a quality standpoint, antifungal formulations must
comply with Good Manufacturing Practice (GMP)
requirements to ensure batch-to-batch consistency in
drug content, stability, purity, and performance.'"’
Critical quality attributes (CQAs), including particle size
distribution, polymorphic form, dissolution behavior,
sterility (for parenteral products), and preservative
efficacy (for topical and liquid formulations), must be
thoroughly characterized and tightly controlled.'*® For
topical antifungal products, regulatory authorities place
particular emphasis on in vitro release testing (IVRT)
and, where appropriate, in vitro permeation testing
(IVPT) to establish formulation equivalence and ensure
reproducible drug delivery to the target tissue.'?!,!?
Safety evaluation is of paramount importance given the
well-documented toxicity profiles of several antifungal
agents. Oral and parenteral antifungals are carefully
assessed for systemic adverse effects, including
hepatotoxicity, nephrotoxicity, cardiotoxicity, and
clinically significant drug—drug interactions, particularly
for azole antifungals that inhibit cytochrome P450
enzymes.'?,'>* For topical antifungal formulations,
regulatory focus is directed toward local tolerability,
including skin irritation, sensitization, and phototoxicity,
as well as the potential for unintended systemic
absorption during prolonged use or application on
compromised skin.'?* Parenteral antifungal products are
additionally required to meet stringent criteria related to
sterility, pyrogenicity, hemocompatibility, and infusion
safety.'¢

The development of novel drug delivery systems,
including lipid-based carriers and nanotechnology-
enabled antifungal formulations, has introduced new
regulatory challenges. In such systems, safety
assessment extends beyond the active pharmaceutical
ingredient to encompass excipients, carrier materials,
degradation products, and the potential for long-term
tissue accumulation.’?” Regulatory agencies increasingly
require comprehensive characterization of nanocarrier
physicochemical properties, biodistribution,
immunogenicity, and environmental safety.'*® A risk-
based regulatory approach is commonly applied,
whereby the extent of nonclinical and clinical testing is
proportional to the degree of formulation novelty,
systemic exposure, and anticipated clinical risk.'?
Following regulatory approval, pharmacovigilance and
post-marketing surveillance play a crucial role in
ensuring continued patient safety. Certain adverse drug
reactions, resistance patterns, and rare toxicities may
only become evident during large-scale clinical use.'*®
Consequently, regulatory authorities require ongoing
safety monitoring, periodic risk—benefit reassessment,
and timely reporting of adverse events, particularly for

antifungal agents indicated for invasive mycoses or long-
term prophylactic use.'?!

CONCLUSION

Antifungal drug delivery remains a complex and
evolving challenge due to the diverse nature of fungal
pathogens, the wide range of infection sites, and the
presence of multiple biological, physicochemical, and
pharmacokinetic  barriers that limit therapeutic
effectiveness. As discussed throughout this review, the
success of antifungal therapy is not solely dependent on
the intrinsic potency of the drug but is critically
influenced by the choice and design of the dosage form.
Topical formulations are effective for localized
superficial infections when adequate penetration and
retention are achieved, oral dosage forms provide
convenience and systemic coverage but are often
constrained by poor solubility and variable
bioavailability, and parenteral formulations remain
indispensable for severe and invasive mycoses despite
their higher toxicity risk and cost.

Biological barriers such as the stratum corneum, nail
plate, mucosal clearance mechanisms, fungal biofilms,
efflux pumps, and poor vascularization significantly
compromise drug delivery and contribute to treatment
failure and recurrence. These challenges are further
amplified by unfavorable physicochemical properties of
many antifungal agents, including poor aqueous
solubility and high protein binding. Consequently,
advanced formulation strategies—such as lipid-based
carriers, bioadhesive systems, nanotechnology-enabled
delivery platforms, and controlled- or stimuli-responsive
systems—have emerged as critical tools to enhance drug
penetration, improve local and systemic bioavailability,
and reduce toxicity.

Regulatory considerations and patient safety play a
central role in translating these advanced formulations
from bench to bedside. Rigorous quality control,
comprehensive safety evaluation, and post-marketing
surveillance are essential, particularly given the
prolonged use of antifungal therapies and their frequent
administration in vulnerable patient populations.
Overall, rational, formulation-driven approaches that
integrate an understanding of biological barriers, drug
properties, and regulatory requirements are essential for
optimizing antifungal therapy. Continued innovation in
antifungal dosage form design is expected to improve
therapeutic  outcomes, minimize resistance and
recurrence, and ultimately strengthen the clinical
management of fungal infections.
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