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Abstract: Fungal infections are human infections that topically affect the skin, mucous membranes, or more serious, invasive, and 
systemic diseases of the internal organs. The design and advancement of the formulation and approach of administration for therapeutic 
agents depend on many variables. The correlation between the formulations, mode of administration, pharmacokinetics, toxicity and clinical 
indication must be thoroughly studied for the successful evolution of suitable drug delivery systems. There are several NP formulations that 
serve as good delivery approaches for antifungal drugs. This paper covers various groups of nanoparticles utilized in antifungal drug 
delivery, such as phospholipid-based vesicles (nanovesicles), non-phospholipid vesicles, polymeric nanoparticles, inorganic nanoparticles 
and dendrimers, whereby their advantages and drawbacks are emphasized. Many in vitro or cell culture studies with NP formulations 
achieve an adequate high drug-loading capacity; they do not reach the clinically significant concentrations anticipated for in vivo studies. 
Because of this, the transfer of these nano-formulations from the laboratory to the clinic could be aided by focusing studies on overcoming 
problems related to nanoparticle stability, drug loading, and high production and standardization costs. 
Keywords: nano-scaled, anti-fungal drugs, nano-vesicles, polymeric nanoparticles, inorganic nanoparticles

Introduction
Fungal infections are one of the major contributors to skin diseases worldwide. Fungi can affect human life and cause 
various diseases, from superficial infections of the skin and mucosal surfaces to invasive infections of internal organs, or 
from superficial infections to systemic infections. They are human diseases that affect topical skin and mucous 
membranes, or more severe, invasive and systemic infections of the internal organs.1 Over the past two decades, the 
incidence of invasive fungal disease has increased in parallel with the number of patients at risk for opportunistic fungal 
infections (eg patients with AIDS or neoplastic diseases, recipients of organ transplants or patients who have undergone 
aggressive surgery).2 Superficial fungal diseases are a main cause for patient visits to dermatologists, and superficial 
mycoses suffer from about 2025% of the human population.3 It is estimated that more than 10% of the German 
population are affected by fungal infections. The prevalence of invasive fungal infections varies from country to 
countryfor instance, in France the total frequency of this invasive fungal infection is around 5.9 cases per 100,000 -
per year, with a mortality rate of 27.6%.4

Approximately 1.5 million people die each year from an invasive fungal infection, making it one of the deadliest 
communicable diseases along with lower respiratory infections, tuberculosis, and diarrhea. They are increasingly 
becoming a major cause of morbidity and mortality, especially in patients with acquired immunodeficiency syndrome 
(AIDS), hematologic malignancies, severe aplastic anemia, myelodysplasia, immunocompromised patients, organ trans-
plant recipients, premature babies, and the elderly. The study reports that the total deaths from invasive fungal infections 
are expected to be 1.5 million people per year.5

Globally, fungal infection is very diverse with three million to six million fungal species. From those fungal species, 
approximately around 150–300 species are most common cause of disease in human being. There are two mechanisms 
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that are required for pathogenesis (Figure 1). The first process is survival and growth of the infecting microorganism, and 
the second process is damage to the host, a disruption of homeostasis manifested as disease symptoms.6

Acquisition of essential micro- and macronutrients is a well-known pathogenic for fungi virulence. Phosphorus, 
copper and iron are some of the essential macronutrient for all organisms as it is contained in nucleic acids, sugars, 
proteins and phospholipids. There is much known about the relationship between phosphate acquisition strategies that 
promote the virulence of many bacterial pathogens. However, there is less known about the relationship between 
phosphate acquisition and virulence in pathogenic fungi. Currently, study shows that there is occurrence of perturbation 
of phosphate acquisition in two common species of human fungal pathogens (Candida albicans and Cryptococcus 
neoformans).7 The strategy to acquire Fe ions employed by the host is similar, which is indicative of the typical response 
of the host to fungal pathogens. C. albicans, C. neoformans and A. fumigatus typically face low Fe levels in the host. The 
pathogenicity of fungi uses different processes in their iron acquisition, including Fe uptake from ferritin, hemoglobin or 
through siderophores (Figure 2).8

To ensure its direct consequence and attain a higher retention rate at the target, topical administration of fungal 
medications is the suitable method to combat superficial fungal infections. In addition to this topical antifungal administra-
tion, they assist in reducing systemic toxicity and circumventing presystemic metabolism. Great progresses in the growth of 
new antifungal agents have resulted in the accessibility of recent generations with improved therapeutic results in these 
vulnerable patient populations. Various drugs such as ketoconazole, itraconazole, clotrimazole are adopted as topical 
administration to the skin by spreading or rubbing.9 Although there is advancement in the efficacy and safety profile of 
the drugs, some invasive fungal infections such as Aspergillus spp., Zygomycetes, Fusarium spp., Scedosporium spp. and 
non-Albicans Candida spp. pose a major [main] risk to vulnerable patients. In addition, numerous of these recently 
established antifungal agents have important limitations in terms of their spectrum of activity, their physicochemical and 
biopharmaceutical properties, their pharmacokinetics, drug interactions, and pharmacodynamic properties.5,10

Objective
This review aimed to provide an in-depth presentation of the types, benefits, and drawbacks of various NPs used for 
topical and systemic antifungal drug delivery. It also highlights the potential of various antifungal NPs against superficial, 

Figure 1 Virulence attributes of a prototypic human pathogenic fungus in interaction with the host.
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systemic fungal infections, and also discusses the challenges this area is facing that are hampering the clinical 
implementation of some promising nano-formulations.

Method
The current work summarizes the approaches of novel drug delivery systems for antifungal agents from secondary 
sources and discusses published information with the ultimate aim of bringing the reader up-to-date with the current 
literature considering into account the articles published since 2008. This has been achieved by using large electronic 
databases, such as PubMed, Medline, Google Scholar, Scientific Journals, Cochrane Library (library genesis) and Science 
Direct, which provide access to scientific and medical research.

Need to Develop Novel Drug Delivery Systems for Antifungal Agents and 
Strategies for Treating Fungal Infection
The design, formulation development, and drug delivery system for therapeutic agents depend on numerous variables. 
The researcher should cautiously consider the association between formulation, route of administration, toxicity, 
pharmacokinetics, and clinical indication in order to successfully develop a relevant drug delivery system.11 Several 
antifungal agents are hydrophobic, resulting in limited water solubility, poor oral bioavailability, and limited formulation 
approaches. The most hydrophobic and poorly watersoluble antifungals encompass clotrimazole, miconazole, econazole, 
oxiconazole, tioconazole and sertaconazole, while amphotericin-B (AmB) is one of the most notorious toxic antifungal 
drugs (infusion-related reactions) and enhances the toxicity of several different drugs, such as nephricin and cyclospor-
ine, and aminoglycosides.12

Despite the accessibility of numerous conventional dosage forms for antifungal drugs including tablets, creams, IV 
infusions, etc., they appeared to be ineffective in overcoming these limitations. Hence, there is a strong desire to develop 
innovative drug delivery approaches to address these problems. In order to improve drug performance and overcome the 
above limitation, the production of a rationally designed drug is very important. Indeed, lipid-based formulations of 
amphotericin-B (AmB), such as the AmB-lipid complex (ABLC), the AmB colloidal dispersion (ABCD) and the 
liposomal AmB (L-AmB), showed a substantial reduction in AmB nephrotoxicity,while having their broad spectrum 

Figure 2 Iron homeostasis in Saccharomyces cerevisiae and major human pathogenic fungi.
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antifungal activity. For treating validated invasive fungal infections, liposomal amphotericin B was more effective than 
amphotericin B deoxycholate in patients with disseminated histoplasmosis and AIDS, while it was in patients with acute 
cryptococcal meningitis and AIDS.13

In order to improve the safety profile of antifungal drugs while maintaining or optimizing their effectiveness, the 
production of nanoparticles is a promising result of the application of various recent drug delivery systems. These 
nanoparticles (NPs) have developed into an innovative and promising platform that is able to minimize undesirable drug 
side effects, maintaining and optimizing therapeutic efficacy.

Many of the unfavorable features of active ingredients can be overwhelmed by nanoparticles due to their versatility, 
multi-functionality and wide range properties or their ability to kill different species of fungi. The other advantage of this 
preparation is its capability to improve the penetration of the drug through the skin and consequently help eliminate deep 
fungal infections, sustained drug release, improved drug stability, targeted infected tissue, reduction of side effects 
outside of the target area, increase in residence time in the blood and improved effectiveness of drugs.14,15

The antifungal drugs act on different targets. Drugs that act on the cell membrane encompass polyene antibiotics such 
as amphotericin B lipid formulations, nystatin (topical), and azole antifungal drugs, such as ketoconazole, itraconazole, 
fluconazole, voriconazole, miconazole, and clotrimazole. DNA synthesis is another target for antifungal therapy, and this 
therapy encompasses drugs such as pyrimidine analogs, eg Flucytosin; the antifungal agents that act on the cell wall are 
echinocandins, and caspofungin acetate.16 Novel topical formulation approaches, such as solid lipid nanoparticles, 
liposomes, niosomes, microemulsions, nanoemulsions, etc., are appearing to be superior for overcoming the skin 
permeation barrier. The main objective of this review is to provide a detail of the types, benefits, and limitations of 
various NPs used for topical and systemic antifungal drug delivery. It also highlights the capability of these nanoparticles 
in the fight against superficial and invasive fungal diseases.

Nanomaterial’s and Nano-Scaled Systems Used in Antifungal Drug 
Delivery
Fungal infections are one of the biggest health issues in the world. The administration of antifungal agents, which are 
utilized to treat superficial and systemic infections, has great consequences in terms of both therapeutic aspects and 
safety. Although there are multiple conventional dosage forms, they have some disadvantages. In order to overcome the 
drawbacks of this conventional DF, nanoscale active ingredient carriers play a crucial role in improving the efficacy and 
guaranteeing the safety of the treatment. According to their composition, NPs used in drug delivery applications can be 
generally classified into phospholipid vesicles (liposomes, malleable liposomes, ethosomes, transfersomes, transetho-
somes, etc.), non-phospholipid vesicles (niosomes and chip plastics), polymeric NPs, polymeric micelles, solid lipid 
nanoparticles, nanostructured lipid carriers, nanoemulsions and dendrimers. Nanoscale active ingredient carriers dom-
inate the superiority of enhancing the water solubility of lipophilic active ingredients, prolonging the release of active 
ingredients, minimizing side effects of active ingredients such as irritation, keeping active ingredients away from 
environmental determinants and targeting active ingredients in certain tissues. Schematic representation of the most 
commonly used nanomedicine types composed of different kinds of materials is shown in Figure 3.

Phospholipid-Based Vesicles (Nanovesicles) Antifungal Drug Delivery
Liposomes
Liposomes are tiny spherical vesicles containing one or more phospholipid bilayer vesicles with an aqueous core and one 
or more concentric phospholipid membranes. Depending on their size, liposomes are divided into unilamellar vesicles, 
multilamellar vesicles and multi-vesicular vesicles. It consists of natural or synthetic phospholipids, which primarily 
contain phosphatidylethanolamine and phosphatidylcholine. The incorporation of cholesterol to saturated phospholipids 
increases the fluidity of the bilayer, whereas the incorporation of cholesterol to unsaturated phospholipids improves the 
packing and provides controlled release of drugs. In addition, liposomes have both lipophilic and lipophobic properties 
and can consequently all kinds of drugs.2,17 Other interesting features of liposomes as drug delivery systems encompass 
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biocompatibility, minimal toxicity, high drug loading capacity, improved drug bioavailability and stability, sustained drug 
release, and minimization of drug side effects.18

The study on nystatin by Saadat et al, 2016 illustrated that liposomal nystatin was as active or more active as the free 
drug or more active than the free drug 0.5 g/mL compared to the free drug with an MIC of 2 g/mL (p < 0.05). In addition, 
it facilitated intravenous administration of nystatin, heightened the maximum tolerated dose in mice from 4 to 16 mg/kg 
body weight, dramatically improved the survival rate of Candida albicans infected mice, and offered a therapeutic benefit 
in systemic urinary tract infections and were at high level encapsulation stable.19

Liposomal amphotericin B is another antifungal agent that has been successfully included into liposomal formulations 
for the treatment of systemic fungal infections. It is the first and highly successful commercial nano-formulation of 
antifungal drugs. Today, most patients with disseminated histoplasmosis and AIDS, candidal meningitis, or endophthal-
mitis are treated with liposomal AmB as first-line therapy. Liposomal AmB achieves dose-dependent higher drug 
concentrations in the liver, spleen, lung tissue and brain, while renal drug levels are similar to those of conventional 
AmB.20,21

Since (Zoubek et al, 2009) AmBisome improves the tolerability of AmB treatment, significantly improve the 
antifungal activity in infected mice with no obvious toxicity compared to the free drug, reduces toxicity in recipients 
of bone marrow and organ transplants, the dosage became good tolerated and consequently the dose have consistently 
increased with conventional AMB to a daily dose of 4.0 mg/kg/day to 6.0 mg/kg/day. AmBisome seems to be able to 
attain higher tissue concentrations of AMB than with conventional AMB. This observation corroborates the low toxicity 
of AmBisome compared to conventional AMB. After infusions of liposomal AMB, there were neither chills nor high 
fever, and no kidney failure happened despite too high doses.21,22

The desirability of topical drug delivery depends on achieving a high drug concentration in a local area, resulting in 
a lower drug dose, fewer side effects and decreased therapy costs. In addition to this topical antifungal agent, it offers 
improved patient compliance with simple application and removal. Liposomal topical antifungal agents have an 
advantage over traditional ones in their localized active ingredient for extended time, sustained release, biocompatibility, 

Figure 3 Schematic representation of the most commonly used nanomedicine types composed of different kinds of materials.
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good skin penetration, improved therapeutic efficiency and decreased side effects. For example, prepared miconazole 
nitrate-loaded liposomes illustrated better penetration and retention into the skin layers, fighting fungi in deep layers of 
the skin, and overcoming the inadequacies of conventional miconazole creams.23,24

As mentioned above, liposomal nanoscale formulations have the capability to overcome the limitations of traditional 
eye drops, such as through the subconjunctiva. Encapsulating drugs in liposomes could defend drugs from degradation by 
metabolic enzymes on conjunctival and corneal surfaces and in tear fluids. As Salem, Ahmed and Omar, 2016, 
flucytosine encapsulated in liposomes improved its intraocular penetration and illustrated a cure of 86.4% after 3 
weeks, compared to a 50% cure for fluconazole solution after the same time.25 The liposomes significantly slowed the 
clearance of the drug, resulting in a higher concentration in the vitreous humor. This led to an approximately 7-fold 
increment in the fluconazole half-life.26

Transfersomes
Transfersomes are referred to as highly deformable or elastic liposomes or edge activators, which lead to the so-called 
deformable liposomes or transfersomes, which gives the liposome structure flexibility. The edge activator is responsible 
for weakening the lipid bilayers of the vesicles and increasing their deformability. Transfersomes have been successfully 
assessed as topical and transdermal carriers for drugs and have also been demonstrated to be effective carriers for genetic 
material and vaccines. Voriconazole transethosomes showed significantly enhanced skin permeation of drugs compared 
to regulatory and other vesicles, such as deformable and classical liposomes.27 The study illustrates deformable 
membrane vesicles (DMVs) for topical administration of griseofulvin as a potential treatment for dermatophytosis and 
achieved substantially higher drug permeation and skin retention compared to classical liposomes.28

Ethosomes
Ethosomes are classic liposomes with a high alcohol content that demonstrate penetration into deeper layers of the skin 
and the systemic circulation. The high ethanol content of ethosomes can enhance the solubility of more lipophilic drugs 
and make it easier to enhance permeation. Ethanol disrupts the intercellular lipid structure of the stratum corneum owing 
to the phospholipids in their content.29 Compared to liposomes, ethosomes attain improved penetration through the skin 
owing to the ability of ethanol to fluidize ethosomal lipids and intercellular lipids of the stratum corneum.30 As topical 
delivery approaches for antifungal drugs, ethosomes showed great potential and had better drug entrapment effectiveness, 
improved transdermal flow, and deeper skin penetration. Ethosomes had the highest zone of inhibition against Candida 
albicans compared to liposomes and drug formulations and showed noticeably higher drug permeation and flux through 
the skin of rats, as well as better antifungal activity compared to liposomal gel and hydroethanolic gel.

The ethosomes attain deeper penetration into the skin, with confocal laser scanning microscopy showing that the 
ethosomes reached the final layer of the epidermis (stratum basale).31 A recent study showed that ethosomal voriconazole 
was 2 times more efficient against Aspergillus flavus compared to the drug solution in dimethyl sulfoxide, but less active 
than the hydroalcoholic drug solution. Voriconazole ethosomes had a 6-fold higher permeability through the abdominal 
skin of rats compared to the hydroalcoholic solution of the drug. The drawbacks of the ethosomes encompass higher 
release rates of the trapped active ingredients at an ethanol concentration >30%, skin irritation and contact dermatitis due 
to repeated topical utilization of high ethanol concentrations, which can be overwhelmed by prepared Cavamax W7 
composite ethosomes in order to reduce the amount of ethanol in the vesicles.3

Ufasomes
Ufasomes (unsaturated fatty acid vesicles) are suspensions of closed lipid bilayers, which consist of fatty acids and their 
ionized species (soap) and are limited to a narrow pH range of 7 to 9. In Ufasomes, the fatty acid molecules are aligned 
so that their hydrocarbon tails are directed towards the inside of the membrane and the carboxyl groups come into 
interact with water. A stable Ufasome formulation crucially relies on the correct selection of fatty acid, the amount of 
cholesterol, the buffer, the pH range, and the amount of lipoxygenase and the existence of divalent cations.32 The study 
indicates that fatty acid vesicles (ufasomes) for topical administration of clotrimazole have high drug entrapment, 
sustained release of the drug from the vesicular dispersion, and accumulation of the drug in the epidermal part of the 
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skin. The in vivo investigation confirmed the prolonged release of drugs from oleic acid vesicles for up to five days, 
indicating their efficacy for long-term therapy.

Non-Phospholipid Vesicles Antifungal Drug Delivery
Niosomes
Niosomes are analogous to liposomes, but their bilayers are generated up to nonionic surfactants with a single alkyl chain 
instead of phospholipids. These are types of spherical lipid vesicles manufactured by nonionic surfactants. Its skin 
permeation relies on the nature of surfactants, the characteristics of the drug adopted and the morphological character-
istics of the niosome preparations. It has been observed that the therapeutic activity of ketoconazole is increased in 
niosomal preparations. Itraconazole and miconazole niosomes have also been proven to be effective and proven to be 
effective carrier approaches for antifungal drugs. Fluconazole-loaded niosomes made using multiple surfactants (Span 
40, Span 60) showed prolonged localized and sustained implications of fluconazole.2,33 The study illustrated that 
niosomal gel was approximately 6.5 times higher drug localization in the skin compared to pure carbopol gel, which 
signifies better target accumulation of niosomal gel. The outcome of niosome gel loaded with clotrimazole illustrates 
a sustained and controlled-release pattern with good tolerance at the tissue level in rats for suitable local vaginal 
therapy.34

The advantages of niosomes over liposomes include improved chemical stability, cheaper price, and the ability to 
store them under normal conditions.35 Niosomes have a high drug loading capacity, and their properties can be tailored 
by carefully selecting their composition and manufacturing method. The niosomal formulations showed a gradual 
increase in the zones of inhibition due to the controlled release of the active ingredient.

Purified niosomes containing only the trapped drug and niosomes containing all of the drug (trapped and free drug) 
were incorporated into the gel, and their antifungal properties were compared to the marketed drug formulation.36 An 
improvement in the antifungal effect of ketoconazole against Aspergillus niger was observed for the drug incorporated in 
niosome gel.37 The nystatin release from niosome gel was greatly prolonged compared to conventional gel. In addition, 
the niosome gels showed a two-fold improvement in nystatin deposition in pig skin compared to conventional gels. The 
in vitro antifungal activity against Candida albicans was higher with the niosome dispersion than with the niosome gel, 
probably due to the faster release of nystatin from the dispersion.38

Solid Lipid Nanoparticles
Solid lipid nanoparticles (SLNs) are colloidal, nanostructured active ingredient carriers that consist of physiologically 
compatible lipids that are dispersed in aqueous surfactant solutions. SLNs offer numerous drug delivery benefits, 
including improved permeability through biological barriers, lipid chemical stability, and the ability to modify their 
surface, the ability to deliver multiple drugs together, and protect the built-in drug from degradation. However, SLNs 
have several disadvantages including poor drug loading capacity and drug expulsion during storage. Amphotericin NP 
stabilizes amphotericin B against degradation at different pH values (1.2, 4, 6.8) and increases its relative BA compared 
to a drug alone. In a recent study, AmbiOnp was found to contain a non-toxic super-aggregated form of AmB resulting 
from the probe sonication-assisted nano-precipitation technique used in SLN preparation.39

The relative bioavailability of AmbiOnp was 1.05-fold with a Cmax of 1109.31–104.79 ng/mL at the end of 24 hours, 
which was comparable to a Cmax of 1417.49_85.52 ng/mL obtained with IV Fungizone1 was achieved which confirms 
the potential of this new oral formulation. For AmbiOnp, compared to Fungizone1, very low AmB levels and lower 
kidney toxicity were found.39

Solid lipid nanoparticles (SLN) designed for topical administration of econazole nitrate (ECN) show encapsulation 
efficiency values of 100%. According to Sanna et al, 2007, SLNs show in ex vivo tests that they were able to control drug 
release by the SC; the release rate depended on the lipid content of the nanoparticles, while an in-vitro study shows that 
SLN promoted rapid penetration of ECN through the SC after 1 hour and improved the diffusion of the drug in deeper 
skin layers after 3 hours of use compared to the reference.40 In another study, fluconazole-loaded solid lipid nanoparticles 
(FLZ-SLNs) were prepared and the effectiveness of the preparation was investigated for optimal formulation on 
fluconazole (FLZ)-resistant strains of several Candida species. In this study, the author creates FLZ SLN using probe 
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ultrasound techniques and identifies the morphology by field emission scanning electron microscopy. In addition, the 
minimum inhibitory concentrations of the new formulations against fluconazole-resistant Candida strains were investi-
gated. The result of the study shows that FLZ-SLNs have a spherical shape with a mean diameter, zeta potential and 
inclusion efficiency of 84.8 nm, 25 mV and 89.6%, respectively.

The drug release from fluconazole (FLZ) showed a burst release in the initial stage (1.30 minutes), followed by 
a sustained release over 24 hours. FLZ-resistant yeast strains behaved as susceptible strains after treatment with FLZ- 
SLNs (8 g/mL). The MIC50 drug concentrations were 2 g/mL, 1 g/mL and 2 g/mL for FLZ-resistant strains of 
C. albicans, C. parapsilosis and C. glabrata, respectively. A novel drug delivery system thus shows that it combats the 
Candida strain better than the conventional formulation, which shows a lower susceptibility as a first-line treatment.41

Nanostructured Lipid Carriers
To overcome the limitations of SLNs, a second-generation SLN, called Nanostructured Lipid Carriers (NLCs), was 
introduced. NLC has a solid lipid matrix at room and body temperature, which consists of a mixture of a solid lipid and 
oil in certain proportions, which leads to better drug loading, modulation of the drug release and long-term stability.42,43 

For pulmonary use, an itraconazole-loaded formulation with nanostructured lipid carriers (NLC) was developed. NLC 
loaded with itraconazole had a narrow particle size distribution with inclusion efficiency of 99.98%; the formulation was 
found to have a good storage stability over 6 months, which indicates good tolerability after inhalation.

When the formulation was nebulized with a new nano-nebulizer in a therapeutic chamber for the treatment of falcons, 
no physical instabilities of the itraconazole-loaded NLC could be detected. It could be shown that the particle size of the 
aerosol, which was generated when nebulizing itraconazole-loaded NLC with the nebuliser, was in the nanometer range, 
which offers the possibility of penetrating into the respiratory tract of hawks. The deposition of itraconazole-loaded NLC 
in the lungs and alveoli of a patient could be demonstrated by means of scintigraphy, as a prerequisite for the pulmonary 
treatment of aspergillosis in falcons.44

NLC dispersion loaded with voriconazole (VRC), consisting of Precirol ATO 5, Labrafil 1944 CS and Tween 80, was 
produced by high-pressure homogenization and embedded in Carbopol 940 hydrogel. The lipid nanoparticles in the 
hydrogel were approximately 210 nm in size, had a spherical shape and a zeta potential of 30 mV. In this study, the skin 
permeation of the NLC gel was superior to the conventional gel formulation based on cream and microemulsion and 
showed 2.8 and 1.7 times higher flow values and a significantly higher accumulation of VRC in deeper skin layers 
compared to the reference formulations, and finally the author suggests that there is an alternative treatment for skin 
infections like candidiasis, with less potential for systemic side effects than oral therapy45 (Song et al, 2014). A (Singh 
et al, 2016) study evaluated the potential of ultra-small nanostructured lipid carriers (USNLC)-based topical gels made 
from miconazole nitrate for the treatment of athlete’s foot. It shows that the drug release from usNLC showed an initial 
rapid release followed by a sustained release with 91.99% of the drug release in 24 hours. The antifungal activity against 
trichophyton mentagrophytes showed a wider zone of inhibition, 6.6 1.5 mm for the optimized usNLC3 gel, while the gel 
formulation marketed was 3.71.2 mm. An improved dermal delivery of miconazole by usNLC gel was achieved for the 
treatment of athlete’s foot.46

Nanoemulsions Antifungal Drug Delivery
The nanoemulsions have similar droplet dimensions as the microemulsions in the range of <200 nm and in some cases 
<100 nm. Nanoemulsions are thermodynamically metastable because phase separation occurs over time. However, 
nanoemulsions are given kinetic stability because there is no gravitational separation and droplet aggregation due to 
the reduced force of attraction between the small droplets.47 NE has interesting properties for antifungal drug delivery, 
such as small size, good kinetic stability, high drug solubility capacity and improved penetration through the skin. In 
addition, NE can be used as an alternative to the less stable lipidic nanocarriers (eg liposomes).

NE also achieved better antifungal activity of the drug compared to free drugs due to the presence of the drug in 
solubilized nanospheres form. The large surface area due to the reduced particle size and the lipophilic nature of the NE 
formulation improved the drug permeation through biological membranes, which led to better drug effectiveness.48,49 NE 
formulations could also enable targeted topical antifungal drug delivery to maximize local drug effects and avoid 
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systemic toxicity such as nephrotoxicity. The AmB-NE gel (18.09 0.6 mg/cm2/h) and NE (15.74 0.4 mg/cm2/h) showed 
the highest percutaneous permeation flow rate of the skin compared to the drug solution (4, 59 0.01 mg/cm2/h), which 
suggests a better alternative to painful and nephrotoxic intravenous administration. Hemolytic and histopathological 
results indicated the safe administration of the drug. Based on the combined results, NE and AmB-NE gel could be 
viewed as an efficient, stable and safe carrier for improved and sustained topical delivery of AmB for local skin fungal 
infections. AmB-laden NE achieved a 3.3- or 2.2-fold higher drug permeation through the skin of albino rats compared to 
AmB solution or commercial cream Fungisome1.48

Better drug permeability of NE has been attributed to its ability to alter both the lipophilic and polar pathways through 
synergistic interaction of its component with the stratum corneum. In other studies, excipients with innate antifungal 
activity were used to formulate AmB-laden NE in order to exploit a possible synergistic effect between AmB and NE 
excipients.50 Nystatin NE was manufactured and tested as a potential treatment for oral and skin candidiasis. NE-loaded 
nystatin had a minimal inhibitory concentration against Candida albicans and Saccharomyces cerevisiae that was two- 
fold lower than that of the free drug, confirming the drug’s improved antifungal efficacy. Systemic administration of 
nystatin leads to serious toxicities. Therefore, ex vivo porcine oral permeability studies were performed to confirm the 
safety of nystatin NE. Negligible drug permeation through the mucosa was observed, confirming the safety of this 
delivery system. Studies on drug retention on oral pig mucosa showed that about 50% of the applied drug dose remained 
in the tissue after 6 hours. This was about 310 times higher than the minimum inhibitory concentration value of the drug 
against Candida albicans, confirming the effectiveness of this treatment.51

NE has also been used to improve ocular delivery of antifungal drugs. Thus, terbinafine hydrochloride was loaded 
into NE and dispersed in an in situ gel. The NEs were small in size (<30 nm) and had good thermodynamic stability. In- 
situ NE gel showed the lowest eye irritation potential, a 1.7-fold higher mean residence time of the drug in the aqueous 
humor and a 2.7-fold higher bioavailability of the drug in the eye compared to the oily drug solution.52 NE has also been 
a proven useful vaginal antifungal drug delivery system. Therefore, ITZ was encapsulated in NE with tea tree oil (TTO) 
as a potential treatment for recurrent vaginal Candidiasis.53 NE mucoadhesive gel had a significantly higher ITZ 
permeability compared to conventional gel. In vivo studies on oophorectomized rats treated with estradiol and infected 
with Candida albicans showed synergistic and accelerated fungal clearance for an optimized NE gel with ITZ and TTO 
compared to a gel with an individual ITZ or TTO. In addition to the above-mentioned studies of improved topical 
antifungal drug delivery, NE formulations have also been found useful in improving the oral bioavailability of drugs. 
Thus, ITZ NE was tested for its ability to improve the intestinal permeability and oral bioavailability of the drug ex vivo. 
Antifungal studies showed a much higher zone of inhibition against Aspergillus niger for ITZ NE (42 mm) compared to 
drug suspension (12 mm) or pure NE (11 mm). In addition, ITZ NE had better permeation through both the stomach and 
the intestines compared to the drug suspension and the marketed preparation (Sporanox1). In vivo studies on healthy 
male Wistar rats showed an approximately 2-fold higher bioavailability for ITZ NE compared to the drug suspension.54

Spanlastics
Spanlastics are compositional edge activators that form a new class of malleable nanovesicular carriers to improve 
niosome permeability across biological membranes. They mainly consist of spans as well as edge activators like tweens 
or others. They are analogues of transfersomes and transethosomes in the sense that they all contain edge activators. The 
first reported Spanlast ik-based delivery system was designed for ocular delivery of ketoconazole using Span1 60 and 
Tween1 80 as edge activators.55 The spanlastics had a 2-fold better ketoconazole corneal permeation compared to 
conventional niosomes. They showed good stability and were safe from genotoxicity, cytotoxicity, acute skin/eye 
irritation/corrosion, and chronic eye irritation/corrosion tests. Fluconazole-loaded spanlastics were 3 times smaller than 
their corresponding niosomes and had three times higher drug permeability through the cornea of the pig compared to the 
commercially available drug eye drops.56 Spanlastics loaded with itraconazole had a drug entrapment efficiency of 
greater than 88%, slower drug release, and better permeability through excisions. The bovine cornea is compared to 
conventional niosomes.57 Terbinafine hydrochloride was encapsulated in Span1 60 or 65 Spanlastics, which contained 
Tween1 80 or sodium deoxycholate as edge activators for the treatment of onychomycosis.58 Spanlastics loaded with 
terbinafine showed better ex vivo permeability through the nails than the commercial cream. With the exception of this 
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later study, spanlastics were used solely for ocular administration of antifungal agents. Therefore, their potential for 
systemic and topical administration of antifungal agents has yet to be recognized.

Polymeric Nanoparticles Antifungal Drug Delivery
Polymer nanoparticles can be defined as solid colloidal particles in the size range of 1100 nm and preferably consist of 
polymers that are obtained from natural, synthetic or semi-synthetic sources and can be either biodegradable or non- 
biodegradable. The functionalized polymeric nanoparticles have a variety of uses ranging from drug delivery to the 
vagina, the brain, cancer treatment, gene therapy, and much more.59 NPS has shown an excellent ability to improve the 
therapeutic properties of drugs while minimizing its side effects/toxicity. Nanoparticles are promising candidates for 
ocular drug delivery because of their small size, which results in little irritation, and a sustained-release property that 
avoids frequent administration offers advantages. Enormous types of nanocarriers have been studied by researchers to i) 
improve the permeation of drugs through the horny layer of the skin, ii) achieve controlled and prolonged drug release, 
and iii) improve the effectiveness of topical treatment.17 Many polymeric NP-based cytotoxic drug formulations have 
already made it into the clinic, while many others are in the development phase. According to their manufacturing and 
architectural methods, polymeric nanoparticles are divided into nanospheres, nanocapsules and polymeric micelles.5

Nanospheres and Nanocapsules
Drug-loaded nanoparticles can be nanocapsules or nanospheres. In nanocapsules, the drug is enclosed in the polymer 
shell, while it is in nanospheres; the drug is evenly distributed in the polymer matrix.60 Nanospheres are solid NPs of the 
colloidal matrix type in which the active ingredient is dissolved or enclosed in the matrix or adsorbed on the surface, 
while nanocapsules are colloidal particles with a core that is liquid or semi-solid at room temperature, surrounded by 
a solid polymer shell. The core is a lipophilic solvent, usually an oil, and is used as a reservoir for the encapsulation of 
hydrophobic drugs.61,62 Several studies have shown that incorporating antifungal drugs into nanospheres and nanocap-
sules prolongs their release, increases their antifungal potency, and decreases their toxicity. The following sections 
summarize some of these studies based on the antifungal drug tested.

Campos et al, (2016) show that the fungicides tebuconazole and carbendazim were synthesized with phenyleneethy-
nylene polymer and characterized by UV-Vis spectroscopy, fluorescence spectroscopy and TEM and were used to color 
polymeric nanocapsules. The nanocapsules showed good stability over time without changes in shape or fluorescence and 
were suitable for use in drug delivery systems with an average particle size of about 430 nm, a polydispersity index of 
less than 0.2 and a zeta potential of about −13 mV. It was observed that nanocapsules containing the fluorescent polymer 
retained the ability to modulate the release of the fungicides tebuconazole and carbendazim (used as a model drug) even 
after 4 days. Preliminary results indicated that staining with the fluorescent phenyleneethynylene polymer could be used 
as a valuable tool to follow the behavior of polymer systems in the environment.63

Nanocapsules were loaded with amphotericin B (AMB) with encapsulation efficiencies (EE%) depending on the 
active ingredient and the concentrations and degrees of substitution (DS) of the acetylated Sterculia striata polysaccharide 
(ASSP). A maximum EE% of 99.2% was achieved and the loaded AMB was found to be in a monomeric form, even at 
a concentration hundreds of times higher than that commonly used for commercial aqueous AMB solutions. Loaded 
nanocapsules show an in vitro controlled release of AMB. Because the AMB monomeric state reduces drug toxicity, 
AMB loaded ASSP nanocapsules have the potential for use as a drug delivery system. NC loaded with AMB retains its 
activity against 5 tested strains of Candida albicans.64 In another study, a nanocapsule with a degree of substitution (DS) 
of 2.53 (NCP 2.53) was selected for encapsulation, biocompatibility and antifungal evaluation against Candida albicans 
strains. A maximum of 98.3% of the AMB encapsulation was achieved. Encapsulated AMB was in its monomeric form 
and showed good biocompatibility and antifungal activity against four C. albicans strains. The data suggest that 
propionate Sterculia striata polysaccharide (PSSP) has potential as a nanocarrier system for AMB.65

Another study also shows that PLGA-NPs with AmB drug improve oral bioavailability (8 times higher than just 
AmB) and minimize side effects. The release of AmB NPS was biphasic, with an initial rapid-release phase followed by 
a sustained-release phase. It also lowers hemolysis and nephrotoxicity in rats compared to bare AmB.66 The NPS showed 
good biocompatibility, which was demonstrated by a non-significant decrease in hemoglobin concentration and 
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hematocrit and a non-significant increase in blood urea nitrogen and serum creatinine level when tested on adult male 
Swiss albino mice. Candida albicans antibody (CDA) AmB NPs had significantly lower hemolytic activity against red 
blood cells and lower in vitro toxicity compared to the immortalized human renal tubular epithelial cell line (HKC) and 
lower in vivo nephrotoxicity. In addition, in vivo studies showed that CDA-AmB-NPS effectively eliminates fungi in the 
kidney, liver and spleen compared to free AmB.67,68

Incorporation of PLGA nanospheres into itraconazole with the optimal nanospheres had an average diameter of about 
200 nm with a unimodal size distribution, a negative surface charge, and an encapsulation efficiency of about 72%. It 
shows a sustained-release formulation for intravenous administration and in vivo studies in rats showed that the 
nanosphere formulation had similar systemic bioavailability as the commercial drug formulation and sustained plasma 
levels (>100 ng/mL) for up to 24 hours exhibited.69 Another study shows that itraconazole-PLGA nanospheres 
completely inhibited the growth of Aspergillus flavus for 11 days at a drug concentration of 30 mg/mL, improved the 
antifungal efficacy of ITZ, no cytotoxicity on HeLa cells and fibroblasts at a high concentration of 25 mg/mL had a high 
survival rate and duration in mice after loading with Da-tocopheryl PEG 1000 succinate-b-poly (e-caprolactone-ran- 
glycolide). Pectin NPS improved ITZ dispersibility in water, the rate of dissolution and changed its crystallinity. The 
highest resolution was observed for NPs made from HMP. The improved dissolution properties were retained after 6 
months of storage. In vivo studies on fasting rats showed that ITZ/pectin-NP had a 1.3-fold higher absorption rate than 
the commercial drug formulation.60,70

The reuse of itraconazole-loaded PLGA nanoparticles was more effective than ITR solution in inducing pro-apoptotic 
Bax and p53 while reducing anti-apoptotic Bcl2 protein expression. ITRNPs were more effective than ITR solution in 
arresting cells in both the G0/G1 and G2/M phases of the cell cycle. Therefore, reusing itraconazole by encapsulating it 
in chitosan-coated PLGA NPs is a potentially promising approach in the treatment of lung cancer.71

The nanocapsules were stable for up to 2 months and improved the clotrimazole stability to UV radiation. In addition, 
clotrimazole loaded with nanocapsules was more effective than the free drug against Candida albicans and Candida 
glabrata strains, which are sensitive and resistant to fluconazole. Clotrimazole and econazole were loaded into PLGA 
NPs and alginate NPs stabilized with chitosan to improve the bioavailability of the two active ingredients. The 
encapsulation efficiency of alginate NPs was almost twice that of PLGA NPs. Biodistribution/pharmacokinetic data 
following oral administration of the NPS to mice indicated controlled drug release for 56 days. In contrast, the 
unencapsulated drugs were excreted within 34 hours of oral and intravenous administration. NP-loaded drugs were 
detected in the tissues (lungs, liver, and spleen) for up to 68 days, while the free drugs were eliminated within 12 hours. 
In general, the alginate formulation was better than PLGA for drug encapsulation effectiveness, biodistribution, and 
pharmacokinetic profile.72

According to (Endo et al, 2020) Ketoconazole-PLA, the characterization and improvement of the antifungal activity 
in vitro against Candida and dermatophytes shows that nanoparticles containing ketoconazole exhibited superior 
antifungal activity against all tested fungal strains than free ketoconazole. Inhibition of yeast biofilm formation was 
also achieved. Ketoconazole PLA nanoparticles resulted in better antifungal activity of ketoconazole nanoparticles as 
a free agent against dermatophytes and Candida species, indicating a promising tool for developing therapeutic 
strategies.73

Polymeric Micelles
Micellar delivery systems are self-organizing nanoscale (100 nm) and most commonly used carrier systems to formulate 
therapeutic agents in clear aqueous solutions. In general, these nano-micelles are made with amphiphilic molecules. 
These molecules can be surface-active or polymeric. Because of its high drug encapsulation ability, ease of manufacture, 
small size, and hydrophilic nanomicellar corona-generating aqueous solution, nanomicell-based drug delivery technol-
ogy has grown dramatically in recent times.60 The hydrophilic corona maintains the water solubility and colloidal 
stability of the micelles, reduces their uptake by the cells of the immune system and extends their circulation time in the 
blood. Due to its hydrophilicity and biocompatibility, poly(ethylene glycol) (PEG) is the most frequently used polymer 
as a hydrophilic micellar corona and forms a steric barrier that reduces the adsorption of opsonin proteins on the micelle 
surface, which leads to a prolongation of the micelle circulation time in the blood.1 As (Oerlemans et al, 2010), due to 
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their lower critical association concentration, polymeric micelles show better stability towards dilution, a property that is 
of the greatest importance due to the high degree of dilution after intravenous injection compared to surfactant 
micelles.74

Polymer micelles have become one of the most promising platforms for drug delivery due to their improvement in 
water solubility, biodegradability, and/or biocompatibility, in that they can target drugs to specific tissues in the body and 
achieve high drug concentrations in tumor and inflammatory tissues and to increase the effectiveness of antifungal drugs. 
Polymer micelles are one of them with their specific ability to encapsulate hydrophilic active ingredients. These carriers 
can enhance the therapeutic effectiveness and minimize the systemic side effects of the drugs. In normal and dermato-
logical diseases such as psoriasis and acne, polymer micelles could improve the deposition of active ingredients on 
specific areas of the skin. Nevertheless, there is still a need to investigate the mechanism of action of these carriers and 
the fate of polymeric micelles in the skin.75–77

Ketoconazole loaded with methoxy-poly (ethylene glycol) -b-poly (-valerolactone) copolymer micelles improved skin 
penetration and distribution. The micelles loaded with active ingredient were obtained with an encapsulation efficiency of 
86.39% and a particle diameter of about 12 nm. It increases the water solubility of ketoconazole by 86 times over the raw 
one. Micelles loaded with ketoconazole increased skin deposition and exhibited an antifungal effect similar to that of 
ketoconazole cream available on the market. Fluorescein-loaded micelles showed higher skin deposition than fluorescein- 
water solution. These results indicate that the MPEG-PVL micelle is a potential delivery system for ketoconazole in the 
area of skin delivery.78 Bachhav et al (2011) show that clotrimazole (CLZ), econazole nitrate (ECZ) and fluconazole 
(FLZ) identify micelles with the help of novel amphiphilic methoxy-poly (ethylene glycol)-hexyl-substituted polylactide 
(MPEG-hexPLA) block copolymers which preparation is used can improve the encapsulation efficiency.79

ECZ was incorporated into MPEG-dihexPLA micelles with an efficiency of 98.3%, while others have lower 
encapsulation efficiency. The ECZ micelle formulation showed significantly higher penetration than the commercial 
liposomal gel in both pig and human skin. (Bachhav et al, 2011) concluded that better skin release is due to the smaller 
size of the formulation, while the commercial formulation contains numerous penetration enhancers.79

According to (Rodriguez et al, 2020), AmB encapsulated in polymer micelles showed improved antifungal activity 
against Candida albicans and Candida auris strains compared to AmB alone (Fungizon), which was derived from the 
low minimal inhibitory concentration.80

In another study, polymeric micelles from AmB: lecithin: d-alpha-tocopheryl-polyethylene glycol succinate and 
1,2-stearoyl-sn-glycerol-3-phosphoethanolamine-methoxy (poly (ethylene glycol) −2000 (DSPE-PEG2K) (Ambicelles) 
shows that the effectiveness of the active ingredient encapsulation was 90.14% and the active ingredient loading (7.51%) 
and the solubility was increased from 0.001 to 5 mg/mL and orally increased 2.18 and 1.50 times, respectively. In terms 
of in vitro cytotoxicity, Ambicelles had higher cell viability than AmB free solution or Fungizone.67

Another attempt to increase the concentration of AmB in the brain for the treatment of candidal meningitis was made 
using antitransferrin receptor-modified AmB-loaded PLA-PEG micelles. Micelle-laden AmB had a significant reduction 
in fungal exposure in the brain and increased mouse survival. Polymeric micelles showed improved water solubility, 
antifungal efficacy, and controlled release of several other antifungal drugs.81

Dendrimers Antifungal Drug Delivery
Dendrimers are macromolecular compounds that consist of a series of branches around an inner core and are character-
ized as nanoscale, highly branched, star-shaped polymer systems. The terminal functional group plays an important role 
in dendrimers. These branched polymer systems are available in various molecular weights with terminal amine, 
hydroxyl or carboxyl groups.82 They are novel synthetic polymer systems with improved physical and chemical 
properties due to their unique three-dimensional architecture. They have a well-defined size, shape, molecular weight 
and monodispersity. These are compatible with drug groups as well as bioactive molecules such as DNA, heparin, and 
other polyanions, and can include hydrophobic and hydrophilic drugs in their dendritic structures by modifying the end 
groups for targeting purposes and providing miscibility, reactivity, and solubility. Toxicity problems associated with 
cationic dendrimers are avoided by using PEGylation, which neutralizes their charge.83
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To improve the water solubility and potency of clotrimazole, clotrimazole has been loaded into generation 2 (G2) and 
generation 3 (G3) PAMAM dendrimers with amine (PAMAM-NH2) or hydroxy surface groups (PAMAM-OH). 
PAMAM-NH2 dendrimers showed better drug solubilization than that of PAMAM-OH. Drug-loaded PAMAM-NH2 
had a 4–32-fold increase in antifungal activity compared to drug-neat and the most potent dendrimer was G2 PAMAM- 
NH2. A similar improvement in the water solubility and antifungal activity of drugs (up to 16-fold against Candida 
strains) was achieved for ketoconazole-loaded PAMAM-NH2-G2 dendrimers.84

A novel formulation of ketoconazole called poly(amidoamine) PAMAM dendrimers was developed and characterized 
and it was found that the surface charge had a strong influence on its solubility and antifungal activity. The MIC and 
MFC values obtained by the broth dilution method indicated that PAMAM-NH2 dendrimers increased the antifungal 
activity of ketoconazole against Candida strains by up to 16-fold and the antifungal activity produced by the Plate 
diffusion method was higher than pure drug hydrogel and the commercially available product, proving that it is 
a significant drug delivery system.85 Similar studies showed an increase in solubility and antifungal activity (4–32 
fold) of clotrimazole only in PAMAM-NH2 dendrimers compared to the pure drug.86 Various drugs such as nystatin and 
terbinafine showed antifungal activity against Candida albicans, Aspergillus niger and Saccharomyces cerevisiae when 
incorporated into PAMAM and poly(propyleneimine) (PPI) dendrimers, compared to pure nystatin and terbinafine 
dissolved in DMSO (Dimethyl sulfoxide). These observations indicate that dendrimers could be considered as potential 
carriers for antimycotics and provide further impetus to evaluate these polymers for use in basic drug delivery studies and 
to develop semi-solid dosage forms based on dendrimers with antimicrobial agents.87

Nanofibers
Polymeric nanofibers have been extensively studied for their potential application in the delivery of biopharmaceuticals 
due to their interesting properties such as fine diameters from submicrometers to several nanometers, large surface area 
per unit mass, high porosity, high gas permeability, and small pore size.88 In a study conducted by (Imren Esentrk, 2019), 
voriconazole-incorporated polyvinyl alcohol/sodium alginate electrospun nanofibers were made and then crosslinked 
with glutaraldehyde for topical antifungal treatment. The study shows that the release rate of voriconazole from 
nanofibers crosslinked with glutaraldehyde was slower than that of non-crosslinked nanofibers, their deposition in deeper 
skin layers from nanofiber formulations was higher than in the control formulation (voriconazole solution in propylene 
glycol (1% (w/v)), antifungal activity against Candida albicans, with no confirmed cytotoxicity on mouse fibroblast 
cells.3

The antifungal activity of eugenol on polyacrylonitrile (PAN) nanofibers against Candida albicans was determined 
by.89 The average diameter of nanofibers in pure PAN nanofibers was 127 nm. The results showed that the average 
diameter of the nanofibers was increased after increasing the eugenol ratio (from 127 to 179–218 nm). The drug release 
profile of the samples was gradual and was completed after 150 hours. According to the results, these nanofiber mats 
loaded with eugenol can be used as a coating on a tissue substrate or as a temporary wound dressing for the treatment of 
cutaneous mucocutaneous candidiasis in high-risk patients.89

Another study aims to investigate the localized delivery of fluconazole using mucoadhesive polymeric nanofibers. 
Active ingredient-loaded polymeric nanofibers were produced by the electrospinning process using polyvinyl alcohol 
(PVA) as the polymeric component. The result shows that the nanofibers produced are uniform, not bead-shaped and not 
woven, with a fiber diameter of 150 to 180 nm, which indicates a sustained release of fluconazole over 6 hours.

Activity against Candida albicans compared to the pure drug.88

Studies show that poly(d, l-lactide-co-glycolide) poly(-caprolactone) nanofibers encapsulated in quercetin were 
produced using electrospinning technology, which showed an effect against prodimorphic sessile fungal growth. The 
subsequent characterization showed the formation and encapsulation of active ingredients in the nanofibers, which 
proved to be effective against Candida albicans. The cytocompatibility of quercetin-encapsulated nanofibers was similar 
to that of control and pure polymeric nanofibers based on the 3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium 
bromide test against human embryonic kidney (HEK-293) Cell lines. These manufactured nanofibers showed the 
potential as a coating on biomedical devices to inhibit microbial contamination. Other modifications involved embedding 
silver nanoparticles in poly(vinyl alcohol) (PVA) and poly(vinylpyrrolidone) (PVP) nanofibers with a particle size of 518 
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nm. The biological activity of yeast cells was enhanced by these PVP nanofibers with embedded Ag-effectively inhibited 
nanoparticles.90,91

Nanosponges
NS is a class of polymer-based colloidal structures with nanoscale cavities. A wide variety of topical agents can be safely 
incorporated into NS to take advantage of these systems. This is a tiny, net-like, nano-porous structure in which a wide 
variety of substances can be encapsulated or suspended and then incorporated into a dosage form. Nanosponges are more 
of a three-dimensional network or scaffold. The predictable release is one of the main advantages of this system 
compared to other nanoparticle delivery systems under development.92 These are used for passive targeting of cosmetic 
active ingredients on the skin and thereby achieve great advantages such as reducing the total dose, avoiding systemic 
absorption and keeping the dosage form on the skin.

Nanosponges (NS) loaded with fluconazole (an antifungal agent) were produced by an emulsion- solvent diffusion 
process using ethyl cellulose as the polymer and tested for various physicochemical parameters and in vitro drug release. 
Fluconazole NS were discrete, free-flowing nanoparticles with perforated orange peel-like morphology as shown by SEM 
analysis.

A topical hydrogel formulation based on the drug-loaded NS showed a prolonged-release profile of the drug. Kinetic 
modeling of the released data indicated that the best-fit model was the Higuchi model and the release mechanism was 
through Fickian diffusion. The lack of any drug–polymer interaction and stability of the drug in the delivery system is 
confirmed by FTIR and PXRD.93 Another study shows that the sustained-release pattern of the drug-loaded nano-sponges 
of fluconazole was 43.9 3.2% of the drug release after 6 h.94

According to,92 Clotrimazole nanosponge loaded, hydrogel-based gel formulation was made using Carbopol 934 and 
estimated for pH, viscosity, spreadability and in vitro drug release. The author concludes that the formulations have been 
optimized to be safe and effective for topical application and show a controlled-release effect with reduced side effects. 
A feasibility study of the same using econazole nitrate containing polyvinyl alcohol: ethyl cellulose (3: 2) has been 
formulated. A hydrogel with Carbopol 934 NF as the polymer with different concentrations of permeation enhancers 
such as propylene glycol and N-methyl-2-pyrrolidone was used to load these nanosponges. The optimization studies 
showed that econazole nitrate was stable in the nano-sponge delivery system and that there was no drug–polymer 
interaction in nano-sponges.95

Inorganic Nanoparticles Antifungal Drug Delivery
Silver Nanoparticles
About 12% of all metallic nanoparticles are used in cosmetics. It is used to impart improved sensory properties, stability 
to cosmetics, to impart better aesthetic properties and spreadability to the cosmetic formulation, to impart better sun 
protection and to have a unique property of an improved antimicrobial spectrum. A study of the clinical activity of 
synthesized silver nanoparticles against isolates and strains of Trichophyton mentagrophytes and Candida species shows 
a strong activity inhibition concentration (IC80, 1–7 g/mL). This activity of Nano-Ag was comparable to that of 
amphotericin B and superior to that of fluconazole (amphotericin B IC80, 1–5 g/mL; fluconazole IC80, 10–30 g/ 
mL)96,97 The research used a green approach to synthesizing the nanoparticles with yeast that involved extracellular 
biosynthesis of silver nanoparticles (Ag-NPs) with Kluyveromyces marxianus, C. Utilis. The author assessed antifungal 
activity against various species and particle sizes ranging from 3 to 12 nm and 6 to 20 nm. This is considered to be 
a promising environmentally friendly alternative to chemical methods that show maximum absorption in the visible range 
at 430–450.98

A novel process called the Tollens process has been used to produce silver nanoparticles that are further sensitive to 
pathogenic Candida spp. were examined by determining the minimum inhibitory concentration (MIC), the minimum 
fungicidal concentration (MFC) and the time dependence of the inhibition of yeast growth. It showed an inhibitory effect 
against the yeasts tested at a concentration of only 0.21 mg/L silver. The inhibitory effect of silver NPs was increased by 
their stabilization and the lowest MIC of 0.05 mg/L was determined for silver NPs which were stabilized against 
C. albicans by sodium dodecyl sulfate. The MICs obtained for the silver NPs and in particular the stabilized silver NPS 
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were comparable and in some cases even better than the MICs of conventional antimycotics determined in the E-test. The 
silver NPs effectively inhibited the growth of the tested yeasts at concentrations below their cytotoxic limit against the 
tested human fibroblasts, determined at a concentration of 30 mg/l Ag. In contrast, ionic silver inhibited the growth of the 
tested yeasts at concentrations comparable to the cytotoxic level (approx. 1 mg/L) of ionic silver against the tested human 
fibroblasts.99

Gold Nanoparticles
Gold nanoparticles are among those nanoparticles that have received a great deal of attention due to their unique physical 
and chemical properties. Their surfaces can be easily modified chemically and can be modified by many bioactive 
molecules. These properties allow for widespread use in a variety of biological applications including dermal drug 
delivery. However, the cost remains worrying. Novel Approaches for Antifungal Therapy Summery  is shown in Table 1.

Gold nanoparticles have been successfully synthesized by the solvothermal method using tin chloride (SnCl2) and NaBH4 as 
reducing agents. Studies have shown the highly crystalline and monophasic nature of gold nanoparticles with a face-centered 
cubic structure by X-ray diffraction. Transmission electron microscopic examinations showed the formation of nearly spherical 
gold nanoparticles with an average size of 15 nm using SnCl2, however NaBH4 produced very uniform, monodisperse and 
spherical gold nanoparticles with an average grain size of 7 nm. A high surface area of 329 m2/g was found for 7 nm and 269 m2/ 
g were observed for 15 nm gold nanoparticles. The gold nanoparticles showed excellent size-dependent antifungal activity and 
a greater biocidal activity against Candida isolates for 7 nm gold nanoparticles, which restricted the transmembrane H + outflow 
of the Candida species than 15 nm gold nanoparticles.100 Gold nanoparticles improved the photodynamic therapy of methylene 
blue against recalcitrant pathogenic Candida albicans biofilm. The characterization of these conjugate systems showed 
a significant reduction in the biofilm and undesirable effects against Candida cells in the presence of conjugate. 
A fluorescence spectroscopic study confirmed the phototoxicity of type I against biofilm. A photodynamic therapy mediated 
by gold nanoparticle conjugate can be used against nosocomially acquired refractory Candida albicans biofilms.101

Triangular gold nanoparticles are new inhibitors of the sap enzyme that may be useful in the treatment of candidiasis. 
The synthesis of this enzyme requires the incubation of hydrogen tetrachloroaurate and hexadecyltrimethylammonium 
bromide in tin meso-tetra (N-methyl-4- pyridyl) porphintetratosylate chloride. In addition, clinical isolates of C. albicans 
were obtained and the required treatment was carried out, resulting in nanoparticles with a particle size of 70 nm. The 
evaluation of the juice activity showed that this system can inhibit the enzyme and was inversely proportional to the 
incubation time and concentration.102

Challenges Facing Clinical Translation of NPS
There are several NP formulations that serve as efficient delivery systems for antifungal drugs.

Although there have been various types of research in the field and many published articles on NP, the only 
commercially available antifungal in the world is AmB. This large gap can be due to several reasons, the main ones 
being industry-related issues, limitations of the NPS itself, and issues related to preclinical and clinical trials. Most of the 
research in the field of NP is done in the academic field with no real support from the pharmaceutical industry.15

In addition, complex nano-architectures with surface coatings or multiple components require complex production and 
evaluation steps that could significantly increase production costs and make the scale-up process inaccessible. Poor physical 
stability, insufficient uptake capacity for drugs, drug leakage during storage and problems with pharmacokinetics/biodistribution, 
premature drug release when administered in vivo, NP aggregation or precipitation when mixing with biological fluids, or 
accumulation in off-target sites of NPs are boundaries in vivo areas that prevent the clinical translation of NPs. Quality assurance 
and high production costs are major barriers to NP production in the pharmaceutical industry. Even if many in vitro or cell culture 
studies with NP formulations achieve a sufficiently high drug loading capacity, they have not reached the clinically relevant 
concentrations required for in vivo studies.103–105 Regulatory problems, the lack of standardized methods for NP synthesis, 
preparation and in-vitro/in-vivo characterization also delay the implementation of NP formulations from the laboratory to the 
market.106 In addition to the above limitation, many promising NP formulations exhibit some degree of cytotoxicity and/or 
immunogenicity, and the effects of their chronic use on the human body are not certain.107 A summary of the challenges in 
translation of nanoparticles in stages of development and different steps in the clinical trial is shown in Table 2.
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Table 1 Novel Approaches for Antifungal Therapy Summery

Antifungal 
Agent

Novel Formulations Benefits

Nystatin Solid Lipid Nanoparticles ● It delivers the active substance to the target organ at therapeutically significant levels.
● Absorption-increasing effects.
● Controlled-release properties. Accommodate a high amount of drugs.
● Negligible side effects.

Liposomal Gel ● Excellent vehicle for topical delivery of drug as it increases the drug permeation.

Nanoemulsions ● Avoiding undesirable side effects
● Prevent the toxicity of potential systemic absorption of the drug.

Niosome ● Increases the efficacy and safety of nystatin.
● Use as an alternative to liposomes.
● Niosomal encapsulation provides means for parenteral administration

Liposome ● Increase efficacy
● Useful in prophylactic perspectives

Amphotericin B Nano-emulsions ● Cost-effective, non-nephrotoxic, and thermodynamic stability.
● Nanoemulsion formulation has potentials
● Antifungal activity than commercial formulations.

Solid Lipid Nanoparticles ● Increase in percent relative bioavailability and half-life in comparison to the plain drug.
● Provide successful oral administration.
● Controlled-release property.

Liposomes ● Lower incidence of infusion-related adverse events and nephrotoxicity.
● It improves the efficacy of the drug.

In situ Gel ● Effectively delivers the drug for an extended duration of time in a controlled-release manner.
● Improve therapeutic efficacy.

Niosomes ● Sustained release of drug
● Greatly enhance retention of the drug over the surface.

Ethosomes ● Enhance antifungal activity by enhancing the permeation of the drug.

Microspheres ● High entrapment.
● Effective drug release for an extended period of time.

Microemulsions ● Provide thermodynamic stability.
● Enhance drug solubility.

Itraconazole Microparticles ● Increase the rate of drug release.
● Stable formulation

Transfersomes ● High entrapment efficiency.
● Enhance permeation.
● Sustained drug release

Buccal adhesive in-situ gel ● Better bioavailability
● Longer residence time over the applied surface.
● Controlled release of the drug.

Mucoadhesive Tablets ● Sustain the drug release.
● Improved oral bioavailability.
● Enhanced the dissolution rate of itraconazole

(Continued)
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Table 1 (Continued). 

Antifungal 
Agent

Novel Formulations Benefits

Solid lipid nanoparticles ● Improve therapeutic efficacy.
● Reduction of toxicity of this broad-spectrum antifungal agent.
● Targeting potential.

Gastroretensive tablets ● Increase mean residence time of tablet in gastrointestinal tract.
● Enhance the solubility of the drug.
● Controlled release of drugs for a prolonged period of time

Niosomes ● Increases permeation compared to the itraconazole solution.
● Stable formulation.

Nanosuspension ● Increases the aqueous solubility of itraconazole.
● Higher drug release.
● Increase oral absorption of the drug

Clotrimazole Polymeric Nanoparticles ● Significantly higher anti-fungal activity then conventional formulations.

Solid lipid nanoparticles ● Prolonged-release of the drug.
● Successfully localize the drug in the skin to treat topical fungal infections.

Nanofibres ● Release drugs in a predetermined way for a prolonged period of time.
● Reduce the frequency of drug administration.

Mucoadhesive tablets ● Increase its solubility by complexation with β-cyclodextrin.
● Improve the bioavailability of drugs through the buccal mucosa.

In-situ Gels ● Control drug release and protect the medicaments from a hostile environment.
● Represent sustained-release behavior.

Table 2 Summary of Challenges in Translation of Nanoparticles in Stage of Development and Different Steps in the Clinical Trial

Stage of Development and Different Steps in the 
Clinical Translation of Nanoparticles

Challenges

Synthesis ✓ Extreme temperature and solvent incompatibility for low-cost polydimethyl-
siloxane micro channels

✓ Higher costs and complexities in the fabrication of glass and silicon

Characterization ✓ Current methods are not applicable to all classes of nanoparticles
✓ Not all properties can be characterized, such as drug encapsulation and 

release, and signal-to-noise ratio

In vitro ✓ Higher costs and complexities in the fabrication and operation compared with 
well plates

✓ Might not be reusable and if reusable, it would be difficult to keep sterile

In vivo ✓ Lack of methods to translate data from small-scale organisms to other species
✓ Pharmacokinetics or biodistribution cannot be determined

Large-scale synthesis ✓ Difficult to build systems at low-cost that are comparable to a batch reactor 
able to prepare grams or kilograms of nanoparticles
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Future Prospective
In the case of antifungal agents currently in clinical use, new formulations and delivery systems may, in principle, enable 
the development of targeted therapies that should lead to improved efficacy and reduced toxicity, leading to overall 
improved patient outcomes. The same applies to the application of antifungal pharmacokinetic/pharmacodynamic (PK/ 
PD) principles, better in vitro and in vivo PK/PD models, more accurate clinical antifungal PK/PD predictions, and 
therapeutic monitoring can result in optimized antifungal dosing lead and increase the likelihood of a successful outcome 
in patients with fungal infections. Finally, we would like to highlight the use of nanotechnology using nanoscale 
materials as an alternative strategy for the development of antifungal drugs, which has grown in importance in recent 
years. These so-called nanomaterials or nano-antibiotics can be described as individual structures whose size in at least 
one of their three dimensions is less than 100 nm. The increasing interest in nanomaterials is due to their new or 
improved physicochemical properties such as durability, chemical reactivity, biocompatibility, conductivity and reduced 
toxicity. Although a wide variety of nanomaterials have been evaluated, the majority of research on the topic has used 
metal nanoparticles synthesized by various methods and assessed their direct antifungal activity.108

Conclusion
Fungal infections are a major contributor to skin diseases worldwide, causing significant morbidity and mortality. 
Although there are several effective antifungal agents, their therapeutic utility is limited by high toxicity or poor 
physicochemical properties. Due to their favorable properties, such as small size, multifunctionality and biocompatibility, 
nanoparticles, have the potential to overcome many of these limitations. Lipid-based nanocarriers (liposomes, solid lipid 
nanoparticles, and nanostructured lipid carriers) have been studied best for antifungal drug delivery compared to other 
nanocarriers. Many of these nanocarriers (eg liposomes) have undergone multiple clinical trials for the treatment of 
invasive mycoses. Indeed, the commercialization of liposomal amphotericin B has been a major advance, allowing this 
potent antifungal agent to be used in clinical practice with minimal or no toxicity. Many other nanoparticle formulations 
have shown promising results in improving the water solubility of antifungal drugs, improving their antifungal efficacy, 
improving stability, and targeting infected tissue. However, amphotericin B is almost the only antifungal agent that has 
made it to market in clinical trials and in nano formulations. Therefore, research in the area of antifungal drug delivery 
should focus on overcoming the challenges that hinder the clinical translation of nanoparticle-based formulations.

Abbreviations
ABLC, AmB lipid complex; ABCD, AmB colloidal dispersion; L-AmB, liposomal AmB; MIC, minimum inhibitory 
concentration; DMVs, deformable membrane vesicles; PLGA, poly(lactic-co-glycolic acid); CDA, Candida albicans 
antibody; SLNs, solid lipid nanoparticles; NLCs, nanostructured lipid carriers; NS, nanosponges; MFC, minimum 
fungicidal concentration.
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