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ABSTRACT

Fungal infections have become more common in recent decades, and they are now 
recognized as major sources of morbidity and mortality. New antifungal therapies 
are undeniably required to combat harmful fungi. Some current antifungal agents 
present significant challenges, such as hydrophobic character, toxicity, pharmacological 
interactions, low aqueous solubility, and low oral bioavailability, which limit their clinical 
benefits. The oral mucosa is a potential site for drug delivery. Oral mucosa has several 
advantages for drug administration, including the avoidance of first-pass metabolism 
and low enzymatic activity, which may improve drug bioavailability and, as a result, 
patient compliance. Antifungals are effective against numerous types of infectious fungal 
diseases of mouth and are usually meant for the topical application to the oral mucosa. 
There are a number of possible applications for biopharmaceutical delivery to the oral 
mucosa. These include antimicrobial peptides as a treatment for bacterial and fungal 
infections. Mouthwashes, gel tablets, and dissolvable films are the most commonly 
used formulations for targeting the oral mucosa. Polyenes, azoles, allylamines, and 
echinocandin are the four primary types of currently available medicines for the 
treatment of invasive fungal infections, based on their mechanism of action. A review 
explores the most current discoveries in drug resistance mechanisms and their avoidance. 
Focusing on various types of antifungal agents and their therapies, such as combination 
therapy, may improve antifungal therapy. We also explain new strategies for developing 
antifungal agents that can be used to treat oral mucosal infections.
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a basement membrane, lamina propria, and an innermost layer 
of submucosa.[4]

Oral mucosa offers several advantages for drug delivery, such as the 
avoidance of the occurrence of first-pass metabolism and relatively 
low enzymatic activity, which could improve drug bioavailability and, 
therefore, patient compliance.[5] Drug delivery through the oral mucosa 
can be divided into transmucosal and mucosal administration.[6] In contrast, 
mucosal administration affords a local effect.[7] The oral mucosa acts as a 
barrier between the all-soft tissue and the environment, retaining tissue 
fluids and not including extrinsic materials. The main permeability barrier 
to external materials is in the lower to middle third of the epithelium.[8-10] 
The various absorptive mucosae, including nasal, ocular, pulmonary, rectal, 
vaginal, buccal, and sublingual, have been explored for systemic delivery. 
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INTRODUCTION

The oral mucosa has several properties that make it an appealing 
site for drug delivery, but it also presents some challenges for 
investigators developing new delivery systems to overcome. 
Formulations, including sprays, tablets, mouthwashes, gels, 
pastes, and patches, are now used for delivery across the oral 
mucosa.[1] The oral mucosa epithelium is around 40–50 cell layers 
thick and the surface area is about 200 cm2.[2,3] The oral mucosa is 
made up of an outermost layer of stratified squamous epithelium, 
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The buccal and sublingual routes of drug administration, being convenient 
and easily accessible sites, would appear attractive alternatives to drug 
administration for both systemic and local drug deliveries.[11] The oral 
mucosal routes bypass the first-pass metabolism and avoid contact with 
the drug in the gastrointestinal fluids. Additional compensation includes 
easy access to the membrane sites so that the delivery system can be 
applied, localized, and easily removed. Further, there is good potential 
for prolonged delivery through the mucosal membrane inside the oral 
mucosal cavity.[12] Drug delivery through the mucosa presents several 
distinct advantages. For example, absorption of a medication through 
both the sublingual and buccal mucosae limits the degree of enzymatic 
or acid-catalyzed degradation of the drug substance that could potentially 
occur followed by oral administration.[13]

There are numerous potential applications for biopharmaceutical 
delivery to the oral mucosa. These include antimicrobial peptides as a 
treatment for bacterial and fungal infections.[14,15] The most commonly 
used formulations targeting the oral mucosa include mouthwashes,[16] 
gels,[17] tablets,[18] and dissolvable films.[19] These drug delivery systems 
work well for highly permeable drugs.[20] However, the release of the 
active ingredient is often non-specific, across the entire oral cavity 
rather than localized into a specific region of the oral mucosa where 
the drug is required.[21] The site of drug administration in the oral 
mucosa is subdivided into buccal and sublingual mucosae.[22] The 
order of permeability of the oral cavity is given as sublingual buccal 
palatal.[3] The buccal mucosa, being comparatively immobile mucosa 
than sublingual mucosa and readily available, makes it more retentive 
system used for oral-mucosal drug delivery.[23]

Because the occurrence and severity of fungal infections have increased 
significantly in recent decades, with high rates of morbidity and mortality, 
antifungal treatments against pathogenic fungi are required.[24] Antifungal 
drugs are commonly delivered topically to the oral mucosa to treat 
oral candidiasis.[25] The current antifungal arsenal is very limited due 
to the paucity of selective targets.[26] Various systemic antifungal agents 
available for the treatment of invasive candidiasis include polyenes, azoles, 
echinocandins, and flucytosine. Azoles are inactive against biofilm, while 
echinocandins show variable efficacy.[27] The management of oral mucosal 
infections has traditionally been via topical administration of antimicrobial 
agents, of which the most common are antifungal products. There are few 
topical formulations used for oral medicine applications, most of which 
have been developed for the management of dermatological conditions. 
As such, numerous obstacles are faced when utilizing these preparations 
in the oral cavity, namely enzymatic degradation, taste, limited surface 
area, poor tissue penetration, and accidental swallowing. Some topical 
formulations have been designed specifically for oral mucosal diseases. 
Most topical therapies currently used by oral medicine specialists 
for treating oral mucosal diseases are those used in the treatment of 
dermatological conditions.

OVERVIEW OF THE FUNGAL INFECTIONS, 
PREVALENCE, AND MARKET

Fungal infection is one of the world’s major problems, killing 
approximately 1.7 million people each year. Literature suggests that 

the fungal diseases as the major global heath burden.[28] Infections 
can be generally classified into two types.[29] The first group is 
diseases of superficial surfaces such as the skin, skin structures, and 
mucosa. Specific examples include oropharyngeal candidiasis and 
dermatophyte infections of various regions of the body. Although 
immunocompromised people may have increased rates or severity 
of disease, superficial mycoses are common among those with 
intact immune function. The second major group is invasive fungal 
infections, which, by definition, involve sterile body sites such as the 
bloodstream, central nervous system, or organs including the lungs, 
liver, and kidneys.[30] The immune response against microorganisms 
such as fungi consists of two major systems: the innate and adaptive 
immune responses. The adaptive immune response is constituted by 
cellular and humoral immune responses. The innate response is the 
first pathway for fungal detection. Immune cells recognize fungal 
pathogen-associated molecular patterns through pattern recognition 
receptors present in host cells. After being invaded by pathogens 
and recognized, cells are recruited and stimulated to the infection 
site, such as monocytes, neutrophils, macrophages, natural killer 
cells, and dendritic cells, which develop an important role in linking 
and stimulating the adaptive immune response.[31,32] Antifungals are 
medications that are effective against a wide range of fungal infections. 
Different antifungal medications target different targets. Currently, 
the four classes of antifungal drugs are used for system treatment in 
both clinical and veterinary settings.[33] The significance of antifungal 
drugs in modern medicine has grown dramatically. Because the vast 
majority of life-threatening fungal infections affect people with 
impaired immune function, the increased incidence of invasive 
fungal infection can be corrected by increasing the number of people 
living with immune-compromising conditions or treatments, such as 
HIV/AIDS, primary immune deficiency, cancer chemotherapy, and 
hematologic and solid organ transplants. Antifungal drug discovery 
is challenging as fungal pathogens use much of the same eukaryotic 
machinery as humans, thus reducing the number of pathogen-specific 
targets. Therefore, it is essential to identify biochemical mechanisms 
unique to fungi as drug discovery targets in order to develop the 
next generation (S) of antifungal therapies.[34,35] In comparison to 
the development of new antimicrobials targeting bacteria, antifungal 
drug development faces a key fundamental challenge in that fungal 
pathogens are closely related to the host.[36] Currently, the gold 
standard therapy for cryptococcosis, one of the most prevalent 
invasive life-threatening fungal infections on the planet, is based on 
drugs that were developed in the 1950s, when penicillin was a state-
of-the-art anti-infective. Since the introduction of amphotericin, 
only two additional classes of antifungals have been developed. This 
rate of antifungal drug discovery is unlikely to be sufficient for fungal 
infections and is increasing as immunomodulatory therapies continue 
to expand and our ability to support highly immunocompromised 
patients improves. Consequently, we are faced with the challenge of an 
expanding set of at-risk patients, an increasing prevalence of difficult-
to-treat organisms, and a slow pace of new drug development.[37] 
Antifungal medication like morpholines and terbinafine inhibits 
the change of lanosterol to ergosterol. Since the therapeutic target 
(squalene epoxidase) is a lipid, lipids in nanoparticles such as solid 
lipid nanoparticles and liposomes will improve the permeability of the 
drug to the skin.[38] It is, therefore, sobering to consider that two of 
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the three classes of antifungal drugs (azoles and polyenes) in current 
use had already been introduced into clinics by 1980 and the third 
class (echinocandins) had been discovered.[39] The therapeutic options 
for invasive fungal infections are quite limited and include only three 
structural classes of drug: polyenes, azoles, and echinocandins. Indeed, 
there are now more classes of antiretroviral drugs than antifungals. The 
oldest class of antifungal drug is the polyenes, of which amphotericin 
B is the only example used to treat systemic infections. Amphotericin 
B binds to ergosterol, a membrane sterol that is unique to fungi, 
as part of its mechanism of action.[40] For the treatment of fungal 
infections, various antifungal drug formulations are used. Figure 1 
represents some of the most important antifungal drug targets. 
Table 1 summarizes the number of antifungal drug formulations to 
treat invasive fungal infections. Table 2 summarizes the formulations 
of antifungal drugs for the treatment of oropharyngeal candidiasis.

CURRENT ANTIFUNGAL DRUGS AND 
THEIR CLINICAL USES

Polyenes, azoles, allylamines, and echinocandin are the four primary 
types of currently available medicines for treatment of invasive fungal 
infections, based on their mechanism of action.[70] They all have 
disadvantages in terms of activity spectrum, drug–drug interactions, 
pharmacokinetics and pharmacodynamics, resistance mechanisms, and 
chemical toxicity. Furthermore, there are certain limits in terms of 
clinical efficacy and efficiency, primarily due to their physical-chemical 
features, such as their hydrophobic nature, which results in low water 
solubility, and selectivity issues resulting from the similarities between 
fungal and human cells.[71,72] To address the aforementioned issues 
with drug delivery to the oral mucosa, a nanotechnological-based 
approach has been vigorously researched, with new hope and success.

The scarcity of fungicidal drugs is one of the key factors leading to the 
high degree of illness and death caused by fungal infections. Fungi, like 
humans, are eukaryotic creatures with a limited number of selected 
aims that can be exploited for the creation of antifungal drugs. The new 
fungicidal armamentarium is quite imperfect,[73,74] which is a major and 

obvious difference in antiseptics. Several prominent pharmaceutical 
companies were actively interested in the discovery and growth of 
new fungicides, making the 1990s the “golden period” of fungicidal 
agent growth. Despite this, the discovery of antifungal medicines has 
slowed. After two decades, a new class of antifungal medicines has been 
introduced to the market. Polyenes, flucytosine, and echinocandins 
and azoles are four types of FDA-approved antifungal medicines now 
available.[75]

Since the discovery of the first active antimycotic, griseofulvin, in 
1939, a plethora of antifungal agents have been used in clinical trials. 
The three main types currently used in the clinic are polyenes, azoles, 
and echinocandins. In fungi, ergosterol, located in the cell membrane, 
regulates membrane structure permeability, mobility, and substance 
transportation by making direct linkages with the phospholipid 
membrane. The representative polyene drug is amphotericin B, which 
can bind to ergosterol from lipid bilayers and form large and extra 
membranous aggregates. These extra membranous aggregates lead 
to the formation of transmembrane pores, which can leak cellular 
components. This results in the death of pathogenic fungi.[76] Due to 
their safety and wide availability, the azoles (including fluconazole, 
itraconazole, voriconazole, posaconazole, and isavuconazole) are 
the most widely used antifungal agents, and can be used against the 
majority of fungi as they inhibit the cytochrome P450-dependent 
enzyme 14α-demethylases (Cyp51).[77] Lanosterol generation into 
ergosterol was blocked when azole inhibited Cyp51. The sterol 
intermediates can also promote accumulated toxicity.[78] Azoles are 
fungicidal against molds and fungistatic against yeasts.[79] For example, 
voriconazole is an effective frontline therapy for invasive aspergillosis, 
and the curative rate was 52.8% in a randomized trial.[80] However, 
the extensive use of azoles has subsequently led to the emergence 
of acquired azole resistance, particularly in Aspergillus species.[81] A 
resistance rate of 26% was found in A. fumigatus culture-positive 
patients in the ICU.[82] Azoles can also bind to the human cytochrome 
P450 enzyme system (CYP450), leading to reduced antifungal 
efficiency.[83]

Figure 1: Mechanisms involving antifungal drug target
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Types Drug Polymer Release time Outcomes References
Hydrogel Terbinafine 

hydrochloride
HPMC, SCMC, 
Poloxamer

F4-F6 (6 h) F2, F7 
(9 h)

F8, F3 (10 h) F9 
(11 h)

Kumar et al. create a terbinafine hydrogel that is effective against Candida albicans. 
Hence, after the formulation of hydrogel, the side with oral terbinafine

[41]

Mucoadhesive buccal 
films

Miconazole Chitosan F2 - 15-35% - 30 
min. after 4 h -96%

Rasool et al. showed significant enhancement of miconazole in vitro release and 
antifungal activity against Candida albicans. By using chitosan and PG (propylene 
glycol) 2% w/w.

[42]

Mucoadhesive in 
situ gel

Clotrimazole Poloxamer 407 
and 188, HPMC 
K100M

F1 and F2 – 86.082 
and 100% - 24 h

The developed mucoadhesive in situ gels showed promising in vitro performance 
due to the antifungal activity obtained. Finally, studies indicate that F1 * and F2 * 
could be used successfully as in situ mucoadhesive gels of CLO for future vaginal 
applications.

[43]

Hydrogel-loaded 
nanosponges

Itraconazole Ethyl cellulose F-4 - 70.62% - 120 
min.

Ghurghure et al. studied that itraconazole-loaded nanosponges increase solubility and 
have good potential for prolonged drug release, which is beneficial for the treatment 
of mycosis. The additional benefit also increases bioavailability and stability.

[44]

Mucoadhesive oral 
strips

Fluconazole EUD RS100 and 
HPMC K100M

O29 and O30 - 96% 
- 4 h

Rencber et al. showed that a mucoadhesive FLZ OS for the treatment of OC was 
prepared. The selected O29 with FLZ formulation has an appropriate weight, 
thickness, tensile strength, swelling behavior, disintegration time, and high 
mucoadhesiveness value. It also had a positive impact by lowering the required 
dosage, reducing side effects, and eliminating the possibility of drug interactions.

[45]

Mucoadhesive tablet Posaconazole Carbopol and 
HPMC

F1-F2 – 98 – 100% 
- 10 h

Mohiuddin et al. designed a mucoadhesive tablet of posaconazole for controlled 
release in the buccal mucosa. Posaconazole is a poorly water-soluble drug. Hence, 
β-cyclodextrin was used to improve the solubility and bioavailability of the drug. 
The formulation of posaconazole was chosen for the treatment of oral candidiasis.

[46]

In situ gel Fluconazole Sodium 
carboxymethyl 
cellulose

98% - 8 h The in situ gel formulation of fluconazole has shown significant clinical efficacy in 
the treatment of oropharyngeal candidiasis in patients with partial or complete 
dentures or HIV/AIDS.

[47]

Orodispersible films 
(fast dissolving)

Amphotericin 
B

Dextran, 
maltodextrin

80% - 10 min. Serrano et al. prepared a fast-dissolving orodispersible film by using a solvent-
casting film method which contains the very poorly soluble and unstable drug 
amphotericin B. These novel or disposable films may be useful in the treatment of 
oropharyngeal and pharyngeal candidiasis.

[48]

Polymeric films Ketoconazole Eudragit RL100 72% - 5 h Salama et al. prepared Eudragit RL100 containing glyceryl triacetate as a water-
soluble plasticizer. They also assess the efficacy of medicated films in the treatment 
of tinea pedis. The medicated polymeric film has proved to be more effective than 
other topical preparations in the treatment of fungal infections.

[49]

Topical gel Fluconazole Carbopol 940, 
HPMC E4M

F3 - 91.3% - RT 
– 2 h

The fluconazole was successfully incorporated into the different topical gel 
preparations. From among all the developed formulations, the formulation F3 
shows good spreadability, viscosity, drug release, and antifungal effect.

[50]

Topical gel Fluconazole Carbopol 934P F1 - 97.84% -4⅟2 h Basha et al. developed a topical gel by using a Carbopol 934P polymer. The 
developed formulation was evaluated by physiochemical parameters such as drug 
content viscosity, spreadability, and in vitro diffusion. The topical gel formulation F1 
shows better antifungal activity and viscosity compared to others.

[51]

Topical hydrogel 
containing 
ketoconazole-loaded 
cubosomes

Ketoconazole Poloxamer 407 
and Carbopol 
971P

92.72% RT - 24 h Development of ketoconazole-loaded cubosomes using a quality by design approach 
was successful. Ketoconazole incorporates the optimized batch of hydrogels 
composed of Carbopol 971P 1%. They also overcome the problem related to 
highly viscous and poor spreadability by incorporating the ketoconazole-loaded 
cubosomes. 1% w/w Carbopol 971P.

[52]

Tablet Voriconazole Poloxamer 188 RT - 105 min. The formulation’s release profile revealed that voriconazole was released more 
quickly from a tablet formulation containing solid dispersion using poloxamer 
in a 1:5 drug carrier ratio. They also performed stability testing and indicated 
accelerated stability conditions for up to 3 months.

[53]

Ethosomal gel Amphotericin 
B

Carbopol 934 95.56 RT - 12 h. Paroliya et al. successfully formulated the ethosomal gel of amphotericin B and also 
showed that the higher affinity at the target site for a longer period of time with a 
zero-order release profile.

[54]

Nanosponges Luliconazole Polyvinyl alcohol 
and ethyl cellulose

70–80% RT - 8 h. It was confirmed by DSC, FTIR, and PXRD studies that luliconazole was 
encapsulated in the fabricated nanosponge system. Formulated gels are non-irritant 
with good viscosity and spreading properties. Further in vitro permeation studies 
using rat skin membrane revealed that permeation was sustained for up to 8 h, 
resulting in an increased time as compared to pure luliconazole. 

[55]

Nanoemulsion Itraconazole Poloxamer 407 
and Poloxamer 
188

94.87 RT - 24 h.
57.14% RT - 24 h.

The nanoemulsion was prepared by an Ultra-sonication method. The droplet size 
was below 150 nm. This lipid-based nanoemulsion increases the oral bioavailability 
of itraconazole by enhancing drug solubilization in the GIT. 

[56]

Thermoreversible gel Clotrimazole Polycarbophil, 
PEG 400

F-B – 95.2% RT 
- 11 h
F-B - 98.5% RT 
- 11 h

The formulated thermoreversible vaginal gel is effective for the management 
of skin fungal infections. In comparison to the marketed gel formulation, it has 
acceptable rheology and diffusion properties.

[57]

Table 1: Antifungal drug formulations for treatment of fungal infections

(Contd...)
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Azole resistance among Candida species such as C. auris and Aspergillus 
species, as well as echinocandin resistance in C. glabrata, is an alarming 
problem. In addition, other molds such as Scedosporium and Fusarium 
species have reduced susceptibility to clinically available antifungal 
drugs.[81] Although amphotericin B is recognized to have excellent 
antifungal activity, there are still fungi, such as Candida lusitaniae 
and Aspergillus terreus that show intrinsic resistance to amphotericin 
B.[84] Consequently, the development of new antifungals is needed to 
resolve these issues.

COMBINATION THERAPY

Due to monotherapy’s poor efficacy and the difficulties of bringing 
new antifungal medications to market, antifungal medication 
combinations are an essential treatment strategy. In the lack of effective 
monotherapy, combination treatments are being employed to treat 
potentially fatal invasive fungal infections in the clinic. Combination 

therapy may have the following advantages:  (i) Different mechanisms 
acting together allow complementary targeting within fungal cells; 
(ii) broadening of the action spectrum; (iii) possible fungicidal activity 
when two fungistatic agents are combined; (iv) reduced toxicity due 
to lower dosage use; and (v) fewer resistant organisms.[71]

Most significant combination of antifungals is with the natural 
compounds. The use of natural items in conjunction with antifungal 
medications is also being investigated as an approach to combating 
microbial resistance. In vitro tests revealed that both drugs had lower 
inhibitory concentrations.[85-88] By blocking the efflux pumps and 
morphogenesis of drug-resistant C. albicans and potentiating its effects, 
naturally generated compounds may aid in raising the intracellular 
concentration of related antifungals (e.g. FLZ).[87] Brazilian red 
propolis.[85] and A. sellowiana have been linked in studies. FLZ showed 
significant in vitro action against C. parapsilosis and C. glabrata, including 
resistant isolates[86] Propolis acted on the cell wall, allowing FLZ to 

Table 2: Various oral mucosal formulations for the treatment of oropharyngeal candidiasis
Disease Drugs Formulations Polymers used Solubility enhancer Methods References
Oropharyngeal 
candidiasis

Fluconazole Proniosomal gel Carbopol-934 Span-20 Coacervation phase separation 
method

[62]

Oropharyngeal 
candidiasis

Clotrimazole In situ gel Carbopol 934P and HPMC-E50LV In situ gelling system [63]

Oropharyngeal 
candidiasis

Fluconazole Mucoadhesive oral strips Combination - EUD RS100, HPMC 
K100M, HPMC E50

Solvent-casting method [43]

Oral candidiasis Posaconazole Mucoadhesive tablet Carbopol and HPMC β-cyclodextrin Direct compression method [46]
Oral candidiasis Clotrimazole Buccoadhesive tablet HPMC and SCMC Direct compression method [64]
Oral candidiasis Clotrimazole Buccal bioadhesive film SCMC Solvent-casting method [65]
Oropharyngeal 
candidiasis

Miconazole Mucoadhesive tablet Chitosan and HPMC Direct compression method [66]

Oral candidiasis Clotrimazole Mucoadhesive tablet HPMC-K4M and Carbopol 934P β-cyclodextrin Direct compression method [67]
Oropharyngeal 
candidiasis

Miconazole nitrate Mucoadhesive gel Combination - lactose, β-CD, and 
PEG 6000

β-cyclodextrin Solvent deposition and 
inclusion complex

[68]

Oral candidiasis Chlorhexidine 
diacetate

Mono-layered films HPMC, chitosan, Glycerol Casting solvent evaporation 
technique

[69]

Types Drug Polymer Release time Outcomes References
Topical gel Fluconazole Carbopol 940 and 

NaCMC
The developed topical gel of fluconazole was evaluated for the data obtained from 
drug content, pH, spread-ability studies. All the formulations were odorless. The 
pH of the topical gel formulation was as similar as skin pH.

[58]

Buccal mucoadhesive 
films

Methylene 
blue

Poloxamer 407 73% - RT - 240 min.The mucoadhesive film formulation composed of the least amount of polyvinyl 
alcohol and poloxamer 407 (F2) would be the best, since it demonstrated more 
swelling and quicker drug release, resulting in more photosensitizer availability 
for photodynamic inactivation. Furthermore, this method showed significant 
mucoadhesion and retention time on the administration site.

[59]

Solid lipid 
nanoparticles

Miconazole Gelucire, 
poloxamer, 
labrasol

⁓ 45 % in 2 hrs The formulation of miconazole in oral SLNs, which is a novel drug delivery system, 
enhanced bioavailability when compared with the marketed capsules and was 
more efficient in the treatment of candidiasis. The usage of this formulation could 
eliminate the major drawbacks of the conventionally used capsules.

[60]

Mucoadhesive buccal 
patches

Miconazole 
nitrate

Sodium 
carboxymethyl 
cellulose, chitosan

76.03% in 5 h Miconazole nitrate-loaded mucoadhesive patches use anionic, cationic, and non-
ionic polymers that show satisfactory mucoadhesive characteristics. PVA patches 
improved uniform and effective miconazole levels in vitro and in vivo without being 
drastically influenced by aging.

[61]

Polymeric films Ketoconazole Eudragit RL100 72 % in 5 h Films are prepared with Eudragit RL100 glyceryl triacetate as a water-soluble 
plasticizer. Furthermore, medicated polymeric films have proved to be more 
effective than other topical preparations in the treatment of the fungal infection, 
tinea pedis.

[49]

Table 1: (Continued)
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enter the cells more easily.[85] It was also shown that volatile oils and 
their isolated components have a synergistic impact on antifungal 
medicines. The antifungal absorption into the cell is facilitated by the 
hydrophobicity of the volatile oils, which changes the cytoplasmic 
membrane permeability.[89] This mechanism was observed in the 
fight against dermatophytes with Nectandra lanceolata essential oil 
and ciclopirox (CIP).[88]

Furthermore, natural substances are complex combinations, requiring 
consideration of intermolecular interactions with other chemicals.[87] 
Pippi et al. have shown a synergistic effect between the fraction of 
U. tomentosa mixed with FLZ and TEF against C. non-albicans, and this 
effect is most likely due to antifungal-fraction interactions occurring 
outside the cell wall. Antifungal therapy that combines antifungals 
with immune system stimulants,[85] anti-inflammatories, and 
antioxidants,[88,90] is also a viable option. These medications can help 
lesions heal faster and alleviate some of the symptoms of cutaneous and 
subcutaneous fungal infections.[88] As a result, phytotherapy adjuvants 
should be included in the pharmaceutical industry’s available fungal 
infection therapies in the near future.

ANTIFUNGAL DRUG RESISTANCE

The failure to respond to antifungal therapy is complex and depends 
on factors associated with microorganisms (microbiological resistance) 
and the host (clinical resistance).[91] Microbiological resistance is the 
lack of susceptibility of the microorganism to an antimicrobial. This 
evaluation is performed through in vitro tests and the microorganism 
is defined as resistant when the minimum inhibitory concentration 
of the drug exceeds the limits of susceptibility for that organism. 
Microbiological resistance can be defined as intrinsic or extrinsic. 
The first occurs when a microorganism is inherently less susceptible 
to a given antifungal agent, while the second is the development of 
resistance in response to exposure to an antimicrobial agent and is 
dependent on altered gene expression.[91,92]

Clinical resistance is a persistent infection despite the patient receiving 
appropriate antifungal therapy.[92] The favorable clinical response 
depends not only on the susceptibility of the microorganism but also 
on the host’s immune system, penetration, and distribution of the 
drug, and patient adherence to the correct treatment. Furthermore, 
during the widespread use of antifungal agents, microorganisms can 
remain exposed to drugs at suboptimal levels, resulting in cells that 
persist during therapy and may cause new infection.[91] Thus, a better 
understanding of resistance mechanisms and fungal adaptation to 
drugs is essential for developing new therapies, since the emergence 
of antifungal resistance among common pathogens restricts treatment 
options, emphasizing the search for new antifungal agents.[93]

STRATEGIES TO COMBAT FUNGAL 
RESISTANCE

Antifungal drug discovery

Undeniably, new antifungal treatments are necessary against 
pathogenic fungi and numerous approaches have been taken during 

the last decade to find new alternatives. A better understanding 
of already available drugs, natural (plants or microorganisms) or 
synthetic compounds, and a systematic screening of their antifungal 
activities, through both in vivo and in vitro tests, are essential steps for 
discovering/developing new drugs.[24]

Antifungal pipeline

Despite the importance and necessity of the discovery of new 
antifungals, the financial resources for this field of research are still 
restricted, which limits the expansion of the antifungal pipeline.[94] In 
addition, new antifungal drug development, from the earliest stages 
to drug approval, is long, time-consuming, and expensive. For a new 
antifungal candidate, the following characteristics should be present: 
(i) selective mechanisms of action, (ii) reduced/no host toxicity, 
(iii) few antagonistic interactions with other drugs, (iv) improved 
pharmacodynamics and pharmacokinetics, (v) preferably fungicidal 
rather than fungistatic activity, and (vi) extended spectrum of activity 
against (multi) drug-resistant pathogenic fungi. Due to this demanding 
list of qualities, no new classes of antifungals have been approved since 
2006.[24] Nevertheless, the existing antifungal pipeline contains many 
new compounds at different stages of experimentation.

Strategies to develop new antifungal agents

Fungal infections are a serious medical problem, especially for 
immunocompromised patients, such as those who have had organ 
transplants or who have cancer or HIV infection, for whom fungal 
infections are sometimes fatal. In recent decades, the rate of fungal 
infections has risen dramatically; pathogenic fungi are responsible for 
nearly 1.5 million cases of infection each year.[28,95-98] Despite these 
worrying figures, the impact of fungal infections on human health has 
been largely ignored.[99]

Antifungal medications are available. However, their number is 
restricted when compared to antibacterial medications. While the 
discovery of drugs based on polyenes, azoles, and allylamines may 
represent significant advances in the field of antifungal agent research, 
several challenges common to other pathogenic organisms must be 
overcome, including side effects, a narrow spectrum of activity, and the 
development of drug-resistant fungi.[100,101] Except for amphotericin 
B, the majority of antifungal medications have a fungistatic action. 
The use of amphotericin B, on the other hand, is restricted due to its 
negative effects.[102,103] Furthermore, fungi are eukaryotic parasites 
that colonize a eukaryotic host, and the small range of physiologic 
variations between the colonizer and the host may pose challenges to 
producing safe and broad-spectrum antifungal medicines.

To develop medications, a variety of methodologies can be used. 
One of the most important criteria for drug development is the 
identification of suitable cellular targets to test these therapies. 
Discovery and development of novel antifungal drugs with low host 
toxicity, as well as identification of fungal-specific molecular targets, 
are critical in this regard. Specifically, many tactics can be used to 
create new antifungal drugs in order to overcome fungal resistance 
or improve the quality of life for patients with fungal infections. 
Identifying bioactive chemicals existing in plants, animals, and 
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microbes is one of the most widely used strategies for the creation 
of new therapeutics.[34,101,104-107] Furthermore, a recent strategy[108-110] 
uses bioinformatics analysis to search for genomic databases for 
peptide sequences with the physical-chemical properties of antifungal 
medicines. This might include a variety of strategies, such as global 
techniques such as transcriptome and proteomic technologies, which 
could help researchers better understand how these novel medications 
work.[111,112] The following sections go through various ways that could 
lead to the creation of novel antifungal chemicals.

Current antifungal strategies

Some current antifungal agents present major obstacles, such as 
hydrophobic character, toxicity, pharmacological interactions, low 
aqueous solubility, and low oral bioavailability, which limit their 
clinical benefits. Thus, the development of drug delivery systems is a 
promising strategy for improving the performance and safety profile 
of antifungals, maintaining or increasing their therapeutic efficacy, and 
overcoming many of these associated limitations.[113] Nanotechnology 
is a new research area that has proven to be extremely versatile and has 
boosted a revolution in medical treatments, faster diagnosis, cellular 
regeneration, and medication delivery. Figure 2 represents a novel 
drug delivery system to the oral mucosa.

WHY DO ANTIFUNGAL DRUGS NEED 
DELIVERY SYSTEMS?

Because many antifungal medicines are hydrophobic, they have low 
water solubility, poor oral bioavailability, and limited formulation 
options.[114] Many antifungal azole medications, such as clotrimazole, 
miconazole, econazole, oxiconazole, tioconazole, and sertaconazole, 
are hydrophobic and have poor aqueous solubility.[115,116] Systemic 
antifungal drugs’ toxicity and drug–drug interactions are two 
other important roadblocks that limit their therapeutic utility.[117] 
Amphotericin B (AmB), for example, is a well-known example of 
antifungal medication toxicity, with dose-limited toxicities such 

as infusion-related events and nephrotoxicity. AmB also increases 
the nephrotoxicity of a variety of other medications, including 
cyclosporine and aminoglycosides.[118] Despite the availability of a 
variety of traditional antifungal drug dosage forms, such as tablets, 
lotions, and IV infusions, they appear to be ineffectual in overcoming 
these constraints. As a result, developing novel drug delivery systems 
to overcome these challenges is critical.

Drug delivery systems that are rationally designed have the potential to 
increase drug performance and overcome many of these restrictions. 
Indeed, formulations of amphotericin B (AmB) based on lipids, such 
as AmB lipid complex (ABLC), AmB colloidal dispersion (ABCD), 
and liposomal AmB (L-AmB), showed a significant reduction in 
AmB nephrotoxicity while preserving broad-spectrum antifungal 
efficacy.[119] The use of several innovative drug delivery systems to 
improve the safety profile of antifungal drugs while preserving or 
boosting their efficacy was inspired by these encouraging outcomes. 
Nanoparticles (NPs) have emerged as a unique and promising 
platform capable of minimizing unwanted drug side effects while 
maintaining or improving therapeutic efficacy, among several new 
drug delivery methods currently under active development in 
business and research.[116,120] NPs can overcome many of the negative 
pharmacological qualities due to their versatility, multifunctionality, 
and wide range of qualities. Furthermore, NPs may improve drug 
penetration into the skin, assisting in the eradication of deep fungal 
infections.[121] Sustained drug release, increased drug stability, 
targeting of infected tissue, reduced off-target side effects, longer 
blood residence duration, and improved medication efficacy are some 
of the other advantages of NPs.[122,123] Particles with a diameter of 
1–1000 nm are referred to as nanoparticles (NPs).[124,125] However, 
the phrases “nanomaterials” and “nanoscale” are used to designate 
items with a diameter of 1–100 nanometers.[126-128]

Antifungal agents’ discovery has resulted in important breakthroughs 
in medical care, allowing for the control and cure of fungal 
infections, as well as modifying their natural evolution. However, 

Figure 2: The novel nanotechnology-based drug delivery system that is currently being used to improve drug delivery, target, and reduce the toxicity of 
conventional antifungal medications to the oral mucosa
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the emergence of antifungal resistance and the spread of fungal 
infections in the immunocompromised population have contributed 
to an increase in the appearance and severity of these diseases in 
recent decades, making them a leading cause of hospital deaths.[129] 
Immunocompromised patients, who include not only those infected 
with the human immunodeficiency virus (HIV) but also transplanted 
and cancer patients.[93,130] are particularly susceptible to systemic 
fungal infections. Although most infections are present superficially, 
such as on the skin, hair, nails, or mucous membranes, some fungal 
species are capable of producing systemic infections that can lead to 
mortality when the immune system is compromised.[93] Invasive fungal 
infections represent a severe hazard to public health, accounting for 
approximately 1.5 million deaths each year with a mortality rate of 
up to 90%,[93,129-131] and are linked to species belonging to the genera 
Candida, Aspergillus, Cryptococcus, Pneumocystis, Mucor, and Rhizopus. C. 
albicans is the most common cause of fungal infections in the genus 
Candida, accounting for 50 to 70% of cases. Recent epidemiological 
data, however, has shown an increase in candida non-albicans species 
that are resistant to most or all antifungal classes. Primary (intrinsic) 
resistance mechanisms or the development of secondary (acquired) 
resistance from the inappropriate use of antifungal drugs have given 
rise to these species.[132-134]

FUTURE PROSPECTS

Fungal disease has a huge worldwide burden that, as some researchers 
have pointed out, is undervalued and underfunded in comparison to 
other diseases.[28,135] The gold standard therapy for cryptococcosis, 
one of the most common invasive life-threatening fungal diseases 
on the globe, is now based on medications discovered in the 1950s, 
when penicillin was the most effective anti-infective available. 
Only two more families of antifungals have been produced since 
the launch of amphotericin. Antifungal medication development at 
this rate is unlikely to meet future demand. This is especially true 
when the number of individuals at risk for fungal infections rises as 
immunomodulatory medications become more widely available and 
our ability to care for immunocompromised people improves. As a 
result, we are dealing with an increasing number of people who are 
at risk, a rise in the number of difficult-to-treat species, and a sluggish 
rate of new drug development.

However, it is critical to combine this traditional methodology with 
genomic era tools that speed up the discovery process. Forward 
genetics systems, such as the S. cerevisiae haploinsufficiency profiling 
(HOP) [136-140] or a fitness test for Candida albicans, that provides 
target-specific assays, have been extremely successful in the discovery 
and determination of novel mechanisms of actions of antifungal 
drugs.[140]

The need for alternative treatment options has prompted researchers 
to look for novel compounds that could be used to treat fungal 
infections.[141,142] To find new antifungal drugs, systematic screening of 
chemical compound libraries is becoming more popular. The majority 
of these compounds are purposefully created with mammalian targets 
and physiology in mind.[101] As a result, in the screening step, the 
chemical features and origin of the molecules have become more 

important. Genomic-era technologies, when combined with this 
method, promise to make substantial progress in the discovery of 
effective antifungal drugs.[101,143] Because fungi are eukaryotic-like 
mammals, developing antifungal medications that examine unique 
aspects of fungi is difficult. Essential genes for fungal survival 
are intriguing targets that are already being used in medication 
development.[143,144] Agents that block genes linked to medication 
resistance could also be an effective option.[144,145]

CONCLUSION

Fungal infection is becoming a global problem, causing significant 
morbidity and mortality. While there are several efficient antifungal 
medicines, their therapeutic benefits are restricted due to excessive 
toxicity or undesirable physicochemical features. Due to an increase 
in the number of cases and the emergence of resistance, there are 
many challenges to the treatment and prevention of fungal infections. 
This review focused on several techniques to discuss solutions for 
treating resistant pathogenic fungi. Many of the challenges in drug 
delivery are being investigated using novel formulations and methods, 
including overcoming the permeability barrier, protecting medicines 
from enzymatic conditions, and ensuring that medications reach their 
target in therapeutic quantities. A nanotechnological-based approach 
has been vigorously investigated to treat oral mucosa. Based on this 
review, it is evident that formulations targeting the oral mucosa include 
mouthwashes, gels, tablets, and dissolvable films, all of which play 
an important role in resolving this issue. Furthermore, researchers 
aim to discover new antifungals to manage oral mucosal infections.
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