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ABSTRACT 

The current COVID-19 epidemic is a sobering reminder that human susceptibility to infectious diseases remains even in our modern 

civilization. After all, infectious diseases are still the major reason of death globally. Healthcare authorities have often 

underestimated and ignored the threat posed by “microbial dangers,” although they put millions of lives at risk every year. 

Overlooked developing diseases including fungal infections (FIs) contribute to roughly 1.7 million fatalities per year. As many as 

150 million cases of severe and potentially life-threatening FIs are reported each year. In the last few years, the number of instances 

has steadily increased. Most of them are invasive fungal infections that require specialized treatment and hospital care. In recent 

years herbal antifungal compounds have been explored to acquire effective and safe therapy against fungal infections. However, 

potential therapeutic effects are hampered by the poor solubility, stability, and bioavailability of these important chemicals as well 

as the gastric degradation that occurs in the gastrointestinal tract. To get around this issue, researchers have turned to novel drug 

delivery systems such as nanoemulsions, ethosomes, metallic nanoparticles, liposomes, lipid nanoparticles, transferosomes, etc by 

improving their limits, nanocarriers can enhance the medicinal effects of herbal oils and extracts. The present review article focuses 

on the available antifungal agents and their characteristics, mechanism of antifungal drugs resistance, herbal oils and extract as 

antifungal agents, challenges in the delivery of herbal drugs, and application of nano-drug delivery systems for effective delivery of 

antifungal herbal compounds. 

Keywords: Fungal infection; Antifungal compounds; Herbal extract; Essential oils; And nanocarriers, Design of Nano system in 

fungal infection  
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INTRODUCTION –  

The existing COVID-19 outbreak serves as a depressing reminder that infectious disease vulnerability exists even in modern 

civilization [1]. After all, infectious diseases remain the leading cause of death worldwide. Even though “microbial hazards” put 

millions of lives at risk every year, healthcare authorities have frequently underestimated and neglected the damage they pose [2]. 

FIs are one of the most commonly overlooked emerging diseases, accounting for nearly 1.7 million deaths each year. Every year, 

up to 150 million cases of severe and potentially fatal FIs are documented. The number of cases has progressively climbed during 

the last few years. The majority of them are invasive fungi that necessitate specific treatment and hospitalization [3,4]. FIs can range 

in severity from superficial (affecting only the skin) to systemic (affecting multiple organs). 

The high mortality and morbidity rates associated with invasive fungal infections place a major strain on healthcare systems [5]. 

Rates of opportunistic infections in immunocompromised patients, such as AIDS, those whose immune systems have been 

suppressed to avoid organ rejection, and those undergoing immunosuppressive chemotherapy or immunosuppressive therapy for 

autoimmune conditions, are particularly concerning [6,7]. In terms of mechanism of action, there are four broad types of currently 

available drugs for treating invasive fungal infections: echinocandins, polyenes, azoles, allylamines, and allylamines [8,9]. Azoles 

prevent the fungal cell wall to form sterol (ergosterol) by obstructing the oxidative enzymes of the fungal cell membrane. This leads 

to incomplete synthesis and enhanced permeability of the fungal cell wall. While, echinocandins prevent the formation of key 

polysaccharides (1,3-β-glucan) of the fungal cell wall, and polyenes directly interact with the ergosterol and pass inside the fungal 

cell by creating pores, leading to leakage of cellular organelles from the cell causing cell death [10]. However, there are a variety of 

side effects associated with the use of topical antifungal medications for the treatment of fungal infections, such as burning and 

redness at the site of application [11]. In some cases, treatment may need to be continued due to the rapid drug release causing 

limited drug penetration. Likely, these drugs won't go to where they're supposed to, leaving the illness unattended. Additionally, 

antifungal resistance is again the cornerstone of new therapeutic methods for antifungal infections because it affects all of the 

currently available antifungal treatments [12]. 

Antifungal medicines derived from natural plant extracts and oils may be a viable solution to this problem. Antifungal properties of 

many plants, including Vangueria infausta, Bucida buceras, Olinia ventosa, Breonadia salicina, Harpephyllum caffrum, and 

Xylotheca kraussiana, have been studied [13]. Cinnamon, peppermint, anise, citronella, pepper, clove, and camphor EOs, on the 

other hand, have been used in the creation of antimycotic medications because of their potent antifungal properties [14]. However, 

potential therapeutic effects are hampered by the poor solubility, stability, and bioavailability of these important chemicals as well 

as the gastric degradation that occurs in the gastrointestinal tract. To get over herbal extracts' drawbacks, new drug delivery systems 

have been developed as adaptable assemblies. Additionally, the resistance mechanisms could be avoided by encapsulating 

antimicrobial bioactive inside nanoparticles [15]. 

To get around this issue, researchers have turned to novel drug delivery systems such as nanoemulsions, ethosomes, metallic 

nanoparticles, liposomes, lipid nanoparticles, transfersomes, etc by improving their limits, nanocarriers can enhance the medicinal 

effects of herbal oils and extracts. The present review article focuses on the available antifungal agents and their characteristics, 

mechanism of antifungal drugs resistance, herbal oils and extract as antifungal agents, challenges in the delivery of herbal drugs, 

and application of nano-drug delivery systems for effective delivery of antifungal herbal compounds. 

Available antifungal agents and their characteristics – 

Antifungal agents comprise azoles and polyenes, as well as benzylamines and methylamines. To treat fungal infections other than 

trioconazole, ketoconazole, econazole, miconazole, and terbinafine, clotrimazole, and amorolfine are also commonly prescribed. 

Shampoo containing ketoconazole is used for fungal infections of the scalp. Depending on the kind of fungal infection, amphotericin, 

micafungin itraconazole, flucytosine, anidulationfungin, voriconazole, caspofungin, and injections are also available [16].Both 

imidazoles and triazoles are antifungal azoles. Both function by blocking the enzyme lanosterol 14-alpha-demethylase, which stops 

the translation of lanosterol into ergosterol, causing the fungal cell wall to become porous. Both groups reveal their activity at 

distinct locations in the spectrum and have structural differences: imidazole is made up of two nitrogen atoms, whereas triazole has 

three [10]. Aspergillosis and mucormycosis are among the most prevalent fungal infections that can be treated with polyene 

antifungals such as nystatin and amphotericin B. Because ergosterol is the primary membrane sterol, polyene antifungals generate 

a polyene–ergosterol complex, which opens up pores and increases cell permeability. Despite this, amphotericin B has fungicidal 

efficacy against Histoplasma capsulatum, Candida species, Blastomyces, Coccidioides immitis, and Cryptococcus 

neoformans, however active therapy depends on criteria such as the medication dosage and pH. (6.0–7.5). It falls under the polyene 

class and is efficient against candida infections on the mucous membrane, but less effective against dermatophytes on the skin 

[8,17]. Dermatophytosis is treated with butenafine and allylamines, two forms of benzylamine medicines. Ergosterol production is 

disrupted by the inhibition of the production of the squalene epoxidase enzyme, which inhibits ergosterol production. Although 

allylamines are considered to be less effective antifungal drugs, they have a distinct benefit in the treatment of tineapedis. As a 
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second-line therapy option, oral antifungal medicines such as fluconazole, griseofulvin, and terbinafine are commonly utilized, with 

allitraconazole being found to be particularly beneficial [18,19] 

Mechanism-Clinical and microbiologic resistance, or any combination of the two, are two ways to characterize antifungal 

resistance. Infectious organisms and pathogens are stated to be resistant to antimicrobial agents if their growth is hindered by 

concentrations higher than those seen in wild-type strains. When an antimicrobial agent is inhibiting the infecting organism at a 

concentration that is linked with a high risk of treatment failure, clinical resistance is said to exist [19,20]. Antibiotic resistance can 

be defined as the ability of an organism to evade typical concentrations of an antibiotic and/or to demonstrate a minimum inhibitory 

concentration (MIC) that falls within the range where particular mechanisms of resistance are likely and clinical benefit has not 

been reliably demonstrated in treatment studies [21,22]. Fungi have adopted a variety of ways for drug resistance and the main 

mechanisms against azoles, echinocandins and polyenes have been discussed below in detail. 

Herbal oils and extract as antifungal agents- 

Herbal extracts 

Plant extract is a general term used for a product of natural origin whose chemical constituents have not been expounded. A variety 

of extracts have exhibited explicit antifungal activity including Curcuma zedoaria [32], Plectranthus barbatus, Hydrocotyle 

bonariensis, Lippia alba, Aristolochia cymbifera, Hydrocotyle bonariensis, Plectranthus amboinicus, Herreria 

salsaparilha [33,34], Mentha X piperita, Justicia pectoralis, Calamintha adscendens, Eleutherine bulbosa, Albizia inundata, 

Baccharis trimera, Plectranthus grandis, Cymbopogon citratus, Bauhinia forficate [35,36] and Euphorbia hirta L. [37]. 

The initial discovery of phytochemicals in Carya illinoensis leaves by Bottari et al. led to the development of plant extracts with 

antifungal properties against Candida species with MIC values ranging from 25 mg/mL to 6.25 mg/mL. Some of the efficacy against 

Candida strains was probably a result of the phenolic acids, flavonoid (rutin), and tannin compounds (catechin and epicatechin) 

[38]. In vitro biofilms developed by Candida tropicalis (fluconazole-resistant) significantly reduced when the berberine was 

isolated from natural herbs like Coptis chinensis, Phellodendron amurense, Berberis aristata, Berberis vulgaris, Berberis 

aquifolium, and Tinospora cordifolia's roots, rhizomes and treated with the test fungal strain [39]. 

Some plants in the Lamiaceae family were studied by Waller and his colleagues for their antifungal properties. Antifungal activity 

was found in the extracts and EOs of 55 botanical species belonging to 27 genera. Plants belonging to the Lamiaceae family were 

found to be in vitro susceptible to pathogenic fungus of Candida spp, Aspergillus spp., Malassezia and Cryptococcus spp., 

Sporothrix spp, Epidermophyton spp., Microsporum spp, Trichophyton Spp [40]. Recently, Barros and their group reported that 

ethanolic extracts of stems, leaves, and rhizomes of Chamaecostus cuspidatus against Candida and Trichophyton species and 

reported good antifungal activity [41]. In another study, Terças found antifungal effects in the leaf extract of Terminalia 

catappa when tested against Candida spp [42]. 

In vitro studies by Akroum et al. indicated that Vicia faba acetylic extract had antifungal activity against C. albicans (MIC 

0.010 mg/mL). Moreover, the extract (20 g/mL) reduced mortality in mice with candidiasis after administration [43]. Todorovic et 

al. examined polyphenols of powders of Theobroma cacao against C. albicans. They reported good antifungal activity by the extract 

with a MIC of 5.0 mg/mL [44]. Numerous more plants, in addition to those listed above, are being studied for antifungal properties. 

Even though screening plant extracts can speed up the discovery process, research has focused on the identification of chemical 

components. Crude extract research may be the first stage in discovering a new promising drug, which is followed by an 

identification of the chemical components responsible for the antifungal action. 

Essential oils (EOs) 

Essential oils (EOs) are combinations of volatile components that can be found in various plant sections (flowers, bark, leaves, 

fruits, and rhizomes). Steam distillation is the most common method for extracting these oils. Mono- and sesquiterpenes and 

phenylpropanoids are the main components of EOs, which are responsible for the plant's olfactory qualities, as well as its ability to 

fight off microbes [45]. EOs cause yeast cell wall damage by creating a potential gradient across the cell wall and disrupting ATP 

synthesis [46]. The ability of EOs to infiltrate and tear fungal cell walls and protoplasm membranes facilitates the disintegration of 

mitochondrial membranes. In the electron transport chain, a modification in the flow of electrons can lead to this. Cells infected 

with fungi may have their lipids, proteins, and supermolecules damaged as a result of this. The microbe and fungal cell walls as 

well as the living material membrane are destroyed by the oil elements, resulting in an overly run protoplasm and its actions [47]. 

The EOs have been employed for a wide variety of plant pathogens. The EOs extracted from several plants such as Allium cepa, 

Eugenia cariophyllata, Curcuma longa, Ocimum basilicum, Moringa olifera, Cymbopogon, Thymus vulgaris and Salvia 

rosmarinus have shown significant antifungal activity against a large variety of fungi [48].Some EOs, such as yarrow oil, pepper 
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oil, cinnamon oil, and carrot oil, are more potent against fungi than bacteria. C. suvabenium essential oil was reported effective 

against Trichophyton mentagrophytes, Microsporum canis, and T. rubrum, along with C. albicans and C. glabrata with a MIC of 

0.47–2.52 g/ml [49]. E. citriodora EOs from Algerian E. citriodora leaves was shown to have a stronger antifungal potential against 

the investigated microorganisms, with MFC ranging from (0.6–5L/mL and 1.25–5L/mL) respectively [50]. Antifungal properties 

of Rosmarinus officinalis EOs (REO) against A. flavus have recently been studied by da Silva and his team. MIC and MFC were 

both reported to be 500 g/mL. At a dosage of 250 g/mL, REO also repressed the growth of A. flavus [51]. Maccioni and the group 

explored the antifungal activity of essential oil from Teucrium capitatum L. and reported that the sample significantly inhibited C. 

albicans [52]. Ghasemi and colleagues tested the antifungal potential of Artemisia Siebert's EOs composition against Botrytis 

cinerea. When tested at concentrations of 1000 and 1500 ll-1, they found that A. Siebert's essential oil considerably slowed the test 

microorganism's mycelial development. They concluded that the tested essential oil has good antifungal properties [53]. Apart from 

the above discussed antifungal herbal extracts and EOs other antifungal herbal constituents showing effectiveness against various 

fungi have been elaborated. 

Challenges in the delivery of the Herbal drugs- 

Because of their delicate structure, most herbal extracts are vulnerable to exposure to moisture, light, air, heat, metal ions, and pH 

variations. Therefore, they are unable to continue their operations for the duration of their designated shelf life. Because of their 

sensitivity to light, heat, and oxygen bioactive quickly oxidized and damaged, and hence lose their active properties. The main 

drawbacks of herbal extracts are related to their ability to penetrate and reach their target cells and organs in the active form 

[[77], [78], [79], [80]]. To use herbal extracts in a drug delivery system, their low permeability and low solubility must be taken 

into consideration. Permeability and solubility issues of herbal extracts have been the subject of numerous investigations [80,81]. 

Many herbal bioactives such as resveratrol, curcumin, naringenin, etc have limited solubility in water and lipophilic solutions, 

meaning that it has low bioavailability and cannot reach the organ or cell it is intended to benefit. As a solution, new drug delivery 

carriers have been created to address these issues and constraints, as well as to increase bioavailability and therapeutic efficacy [82]. 

Herbal NDDS against fungal infection-  

To solve the shortcomings of conventional drug delivery methods, NDDS employs a revolutionary approach to drug delivery. Many 

unique herbal formulations have been described using proactive and plant choices, including nanocapsules, liposomal delivery 

systems, microsphere-based delivery systems, and ethosome-based delivery systems. The major advantages of the novel formulation 

over conventional formulations, include enhanced solubility, enhanced bioavailability, protection from toxicity, improved cellular 

distribution, constant delivery, shielding from physical and chemical breakdown, enhanced pharmacological activity, and improved 

stability [83]. Incorporating natural medicines into modern dose forms allows them to be administered more appropriately and 

effectively. Novel herbal medicine delivery systems employing liposomes, SLNs, polymeric nanoparticles, NLCs, metallic 

nanoparticles, etc can be developed to achieve this specifically for the treatment of fungal infections (Fig. 2 ) [84]. Various novel 

drug delivery systems used for encapsulating herbal extracts and EOs for antifungal treatment have been elaborated below 
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Liposomes – 

For the preservation of natural antimicrobials, liposomes are among the most widely investigated lipid-based nanostructures. 

Liposomes are self-assembled closed vesicular structures constituted from one or more lipid bilayers that distinguish them from the 

adjacent aqueous milieu [[85], [86], [87]]. Liposomes have an amphiphilic character, and as a result, these structures can be utilized 

to encapsulate chemicals of different polarities [88,89]. In this context, Dave and the team formulated liposomal gel enriched with 

neem extract and ketoconazole for the effectual treatment of seborrheic dermatitis. They developed liposomes by thin-film hydration 

method 88.9 ± 0.7% drug entrapment with 141.6 nm particle size of optimized liposomes. The anti-fungal activity of liposomal 

formulation exhibited good antifungal activity against A. niger and C. tropicalis with an inhibition zone of 8.9 and 10.2 mm, 

respectively. Overall, they concluded that the developed novel gel could have great antifungal potential and synergetic effect on 

seborrheic dermatitis [90]. Mittal and group developed PEGylated Curcumin nanoliposomes and reported a 1000-fold enhancement 

in curcumin hydrophilicity and a tenfold increase in drug stability. Overall findings confirmed enhanced bioactivity of nano 

curcumin than plain curcumin suggesting curcumin nanoliposomes to be an effective modality to treat fungal and other infectious 

diseases [91]. 

Solid lipid nanoparticles (SLNs)- 

SLNs are nanoparticle constituted from one or more solid lipids. Their diameter ranges from 50 to 1000 nm, they don't require 

organic solvents for synthesis, they are inexpensive, and they can be easily scaled up. They are fascinating lipid-based carriers for 

several reasons [92]. Because of this, SLNs were created to circumvent the drawbacks of previous lipid-based nanocarriers. 

Substitution of liquid oil was done with solid oil, which had an ordered crystal structure and so allowed the bioactive components 

to be contained inside the matrix of lipids, thereby making the emulsion more stable [93,94]. In this regard, Lima and the group 

developed phytol-loaded solid lipid nanoparticles (SLN) and assessed the antifungal efficacy of the formulation against different 

strains of Candida species. Phytol's MIC against 15 Candida species strains was significantly improved by the encapsulating phytol 

inside SLN. Finally, they suggested, that the developed SLN could be an efficient cargo for phytol transport in anticandidal therapy 

[95]. 

Nanostructured lipid carriers (NLCs)- 

NLCs are the carriers made from a mixture of solid lipids and liquid lipids, which boost loading capacity and limit bioactive 

ingredient ejection [[96], [97], [98]]. Lipids distributed in water provide the basis of these nanostructures, which have a solid to 

liquid lipid ratio of 70:30. Liquid lipids in NLCs, as opposed to SLNs, prevent the particle from merging with the solid matrix, 

allowing bioactive substances to be encapsulated and better solubilized. NLCs, on the other hand, is created from a mixture of lipid 

molecules that are spatially distinct, resulting in a matrix that is more prone to encapsulating bio compounds than SLNs 

[[99], [100], [101]]. In recent research, Baldim et al., encapsulated Lippia sidoides essential oil (LSEO) in NLCs and examined its 

antifungal activity against C. auris. Both the LSEO-loaded NLC and plain LSEO showed strong activity against the yeast and did 

not exhibit any toxicity in the in vivo model [102]. 

Ethosomes- 

It's a non-intrusive vesicular carrier made up of the following components: ethanol; phospholipids; and water. Because of the high 

quantity of ethanol contained in the carrier, the skin's lipid bilayer is easily disrupted by a soft, flexible carrier. Ethosomes, on the 

other hand, has been widely used in topical medication delivery for antifungal agents [103]. Shetty et al., developed clove oil-

enriched ethosomal gel and assessed its effectiveness for the treatment of cutaneous candidiasis. Compared to pure clove oil, the 

ethosomal gel has acceptable antifungal efficacy against the pathogen C. albicans. Based on the results, the new formulation for 

clove oil administration could be a promising one for treating cutaneous candidiasis [104]. 

Nanoemulsions – 

Several active substances may be made more bioavailable through the use of a colloidal dispersion called a nanoemulsion. 

Nanoemulsions have excellent stability, rapid digestion, protection from degradation, controlled release, and a high ability to 

enhance the bioavailability of drugs. Because nanoemulsions are highly flexible, they can be used to transport a variety of different 

drug moieties. To create nanoemulsions with various physicochemical and biological features, lipids and oils such as triglycerides 

and EOs can be used to construct the oily phase. It is also possible to alter the aqueous portion by introducing various water-soluble 

components [105]. Das et al., developed chamomile EO (CPe) enriched pickering nanoemulsion and examined the antifungal 

potential of the antifungal nanoemulsion against the Candida species. CPe showed significantly higher antifungal activities and 

overall findings suggested that the applicability of CPe nanoemulsion as a potential delivery system to fight against fungal infections 

[106]. In research, Mahajan et al., obtained essential oil obtained from fresh leaves of Ocimum gratissimum and developed essential 
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oil-based nanoformulations to explore its antifungal potential against P. digitatum. Stable O. gratissimum. With an average droplet 

diameter of 259.4 nm and sonication period of 10 min, essential oil-enriched nanoemulsions with a 1:1 (v/v) ratio of essential oil 

and surfactant were produced. P. digitatum spore germination and hyphal extension were suppressed by O. gratissimum essential 

oil nanoemulsions more effectively than by pure oil, according to the results [107]. 

Metallic nanoparticles – 

When it comes to biological applications, metallic nanocarriers have been widely tested. Because of their small size, high surface 

area, ability to be surface modified, and high responsiveness towards living cells, they have achieved an extraordinary position in 

the field of diagnosis and drug delivery. When it comes to antifungal drug delivery, silver nanoparticles (AgNPs) are a common 

choice [109,110]. 

Mohammadi et al., investigated the potential of green synthesized silver AgNPs against Candida albicans. They adsorbed the plant 

extract on the surface of the pre-prepared AgNPs. To treat superficial fungal infections, the created AgNPs showed greater 

suppression of the test pathogen than fluconazole (FLZ), showing that the developed formulation is a suitable alternative to FLZ 

[111]. Nguyen and group developed AgNPs of leaf extracts of Pouzolzia zeylanica, Scoparia dulcis and Phyllanthus 

urinaria, namely P. zey.AgNPs, S. dul.AgNPs and P. uri.AgNPs, demonstrated antifungal capacity. P. zey.AgNPs, S. dul.AgNPs 

and P. uri.AgNPs, exhibited a good efficacy against A. niger, Fusarium oxysporum, and A. flavus, demonstrating their potential as 

antifungals [112]. 

Paul and their group developed, CUR-AgNPs to examine antifungal activity against fluconazole-resistant Candida spp. Isolated 

from HIV patients. Compared to silver nitrate and free CUR, CUR-AgNPs had a stronger antifungal activity against C. glabrata; 

C. albicans, C. tropicalis, C. parapsilosis, C. kefyr; and C. krusei [113]. In another research, Karkhane and team developed Zinc 

oxide nanoparticles (ZnO-NPs) using aqueous extract of Sargassum vulgare (SVE) as a reducing and capping agent. The particle 

size of ZnO NPs ranged from 50 to 150 nm (diameter) with spherical configuration. The ZnO-NPs demonstrated wide-spectrum 

antifungal action against Aspergillus, Candida and saccharomyces cerevisiae (Fig. 3 ). However, the antifungal activity against S. 

cerevisiae was found to be moderate. The results of the well-diffusion assay established highest efficacy of developed formulation 

on Candida and Aspergillus species [114]. 

Conclusion- 

Multidrug-resistant fungal strains are spreading, which necessitates the development of novel natural antifungal classes as well as a 

new and effective drug delivery technology. Due to the existence of active phytoconstituents, recent research on medicinal plants 

has revealed their significant pharmacological relevance. Due to high death rates associated with invasive mycoses and the need to 

create better fungicidal medications and thus reduce treatment lengths and costs, novel drug delivery vehicles encapsulating plant-

based antifungals are being designed and developed. 

As encapsulation technology and materials science have advanced, antifungal chemicals can be transported and released in a range 

of lipid, polymer, and metal nano-drug delivery systems. Natural antifungal chemicals can be effectively transported in these 

nanostructures because they can be manufactured to have different compositions, surface characteristics, and membrane fluidity. 

Nanostructures can contain hydrophobic, hydrophilic, and amphiphilic chemicals, making them excellent carriers for antifungal 

extracts and essential oils. Different researchers have been able to successfully encapsulate various antimicrobial peptides, enzymes, 

EOs, and antimicrobial phytoconstituents within lipid nanostructures. Different polysaccharides and proteins from biopolymers can 

also be incorporated into nanocarrier formulations, as well as metals such as silver and gold, resulting in increased stability and 

release properties and compatibility with various delivery systems. The development of nanocarriers that can be used in conjunction 

with traditional methods and/or that encourage prompted antifungal release is also useful to encourage microbial protection in 

healthcare and other sectors, even though herbal extracts and oils have been extensively studied using nanoencapsulation. 
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