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Treatment modalities for systemic mycoses are still limited. Currently, the main antifungal therapeutics include polyenes, azoles, and echinocandins. However, even in the setting of appropriate administration of antifungals, mortality rates remain unacceptably high. Moreover, antifungal therapy is expensive, treatment periods can range from weeks to years, and toxicity is also a serious concern. In recent years, the increased number of immunocompromised individuals has contributed to the high global incidence of systemic fungal infections. Given the high morbidity and mortality rates, the complexity of treatment strategies, drug toxicity, and the worldwide burden of disease, there is a need for new and efficient therapeutic means to combat invasive mycoses. One promising avenue that is actively being pursued is nanotechnology, to develop new antifungal therapies and efficient vaccines, since it allows for a targeted delivery of drugs and antigens, which can reduce toxicity and treatment costs. The goal of this review is to discuss studies using nanoparticles to develop new therapeutic options, including vaccination methods, to combat systemic mycoses caused by Candida sp., Cryptococcus sp., Paracoccidioides sp., Histoplasma sp., Coccidioides sp., and Aspergillus sp., in addition to providing important information on the use of different types of nanoparticles, nanocarriers and their corresponding mechanisms of action.
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INTRODUCTION

Fungal diseases are broadly classified according to the degree of interactions between the pathogen and the host tissue in superficial, subcutaneous, and systemic infections (Tiew et al., 2020). Superficial mycoses, which are estimated to occur in 25% of the world population, are the most common form of fungal infection. Systemic mycosis, however, is most severe since it is associated to a high mortality rate, significant morbidity, limited chemotherapeutic options, and the diagnosis is frequently difficult and complex (Kauffman, 2007; Brunet et al., 2018).

Opportunistic fungal infections usually occur in immunocompromised individuals as a result of subjacent infection or the treatment itself. Infections of endogenous origin caused by pathogens such as Candida albicans can also occur (Colombo et al., 2017; Rautemaa-Richardson and Richardson, 2017). Species of Aspergillus, Candida, Cryptococcus, and Trichosporon are the main agents of opportunistic mycoses. Endemic fungal infections are usually caused by dimorphic fungi, found in the soil or in animal feces. Host acquisition occurs by inhalation of infectious spores/infective propagules (Rodríguez-Cerdeira et al., 2014). In the case of endemic mycoses, immunocompetent individuals dwelling in endemic areas may develop severe disease following inhalation of fungal particles, associated or not to a competent immune response (Edwards et al., 2013). The main species that cause endemic mycoses are Blastomyces dermatitidis, Coccidioides immitis and Coccidioides posadasii, Histoplasma capsulatum, Paracoccidioides, particularly P. brasiliensis and P. lutzii, Sporothrix, primarily S. brasiliensis and S. schenckii, and Talaromyces marneffei (Brown et al., 2012; Limper et al., 2017).

In the second half of the 20th century, a worldwide, progressive increase in the number of immunocompromised individuals took place, paralleling the outcome of HIV epidemics as well as the expanded use of immunosuppressive drugs in cancer, autoimmune disease, and transplant patients (Coelho and Casadevall, 2016; Armstrong-James et al., 2017). As a consequence, systemic mycoses have been considered an emergent threat, because immunocompromised individuals are more susceptible to fungal infection (Lockhart, 2019). Cryptococcosis is an excellent example of the profound impact of fungal infections over time, in humans. The number of infections caused by Cryptococcus has increased from 300 cases in 1,950 to ~1 million cases in 2008 causing ~600,000 deaths per year in patients with HIV (Park et al., 2009; Del Poeta and Casadevall, 2012). Currently this number is closer to ~180,000 deaths annually (Rajasingham et al., 2017). Globally, the estimated number of deaths per year has been 6 million among invasive fungal infections (Stop neglecting fungi, 2017). In the case of invasive Candida and Aspergillus infections, the mortality rate could reach 60–80%, respectively (Perlroth et al., 2007; Moriyama et al., 2014). Bongomin et al. (2017) estimated the number of mycoses in the Leading International Fungal Education (LIFE) portal, which covers 80% of the world's population (5.7 billion people), and estimated that there occurred annually ~3,000,000 cases of pulmonary aspergillosis, ~250,000 of invasive aspergillosis, ~700,000 of invasive candidiasis, and ~500,000 of histoplasmosis of which ~100,000 were disseminated cases. The global estimate of Paracoccidioides and Coccidioides cases is 4,000 and 25,000, respectively. It must be emphasized that these are considered neglected diseases, therefore the number of reported cases can be an underestimate of the actual burden of the disease. In Brazil, paracoccidioidomycosis (PCM) ranks as the 8th death causing infectious disease in patients without immunosuppression, surpassing histoplasmosis, or cryptococcosis in this group of patients. In fact, there is no compulsory notification of fungal infections in Brazil and the disease frequently occurs in rural and poor farmer populations. They frequently lack access to medical care, therefore the presumed incidence of the mycoses that differ from the real one (Shikanai-Yasuda and Mendes, 2007; Giacomazzi et al., 2016).

Fungal infections are often defined as difficult to treat, including the toxicity of antifungals and their interaction with other drugs (Westerberg and Voyack, 2013; Bicanic, 2014; Brunet et al., 2018). There is broad consensus that currently available antifungal therapy is limited and far from ideal (LaSenna and Tosti, 2015; Armstrong-James et al., 2017; Brunet et al., 2018). In the USA, fungal diseases may cost more than 7.0 billion dollars a year (Benedict et al., 2019), and the treatment of invasive fungal infections 70,000 dollars per patient (Ashley et al., 2012). Particularly in under resourced populations, the long periods and high costs of treatment contribute to patients abandoning their chemotherapy, when clinical symptoms may disappear, but are frequently followed by disease recurrences.

Systemic fungal infections are largely treated with polyenes, azoles or echinocandins, depending on the fungal pathogen and the clinical condition of the patient (Polvi et al., 2015; Souza and Amaral, 2017). The traditional antifungal agent is amphotericin B (AmB), a polyene with a broad spectrum of action, involving interaction with fungal ergosterol, destabilization of the cell membrane and, consequently, the death of the pathogen (Palacios et al., 2011). The drug interacts also with mammalian sterols, such as cholesterol, which can lead to treated patient collateral effects (Carmona and Limper, 2017). Azoles are widely prescribed against invasive fungal infections, mainly represented by fluconazole, voriconazole, itraconazole (ITZ), posaconazole, and isavuconazole (Gintjee et al., 2020). Azoles act by inhibiting lanosterol 14α-demethylase (Erg11), which converts lanosterol into ergosterol (Di Mambro et al., 2019). Its activity is also associated to inhibition of cytochrome P450 with undesired side effects. Echinocandins, micafungin, caspofungin, and anidulafungin target, on the other hand, receptors that do not exist in human cells such as β(1,3)-D-glucan synthase, an enzyme responsible for the synthesis of β-1,3 glucan, a structural component of the fungal cell wall (Di Mambro et al., 2019). Such reactivity makes echinocandins more tolerable, with limited toxicity and drug interaction. However, a limited spectrum of action is exhibited toward certain yeasts and molds, with no activity against important opportunistic yeasts such as Cryptococcus sp. and dimorphic fungi (Lewis, 2011; Gintjee et al., 2020).

Azole resistance is well-recognized in Aspergillus fumigatus, Cryptococcus neoformans, Coccidioides spp., H. capsulatum, and Candida sp. (Wheat et al., 2001; Kriesel et al., 2008; Snelders et al., 2011; Vincent et al., 2013; Fontes et al., 2017). The resistance to azoles is mainly due to mutations in fungal DNA, which reduce the interactions between the drug and the cell target (Hagiwara et al., 2016). As examples, in A. fumigatus azole resistance mechanisms include the insertion of repeated sequences in tandem into the cyp51A promoter, amino acid substitutions in the structure of the target Cyp51A protein, and overexpression of the ABC transporter Cdr1B (Hagiwara et al., 2016). Although rare, resistance to AmB can occur intrinsically or it may be induced. Candida tropicalis resists the action of AmB by reducing mitochondrial production of reactive oxygen species (ROS) (Vincent et al., 2013). In Aspergillus terreus the genes encoding catalase (CAT) and superoxide dismutase (SOD) are essential for intrinsic resistance, since the inhibition of these enzymes makes the isolates susceptible to treatment by the drug (Jukic et al., 2017). Low levels of β-1,3 glucan lead to the lack of efficacy of echinocandins against certain species, but resistance can also develop, primarily through hotspot mutations, such as changes in glucan synthase genes (Huang et al., 2016).

An intact immune system prevents the development of most invasive fungal infections. Hence, there is significant interest in stimulating the immune system to get a more effective response against pathogenic fungi primary or during treatment of the installed disease. Studies supported that therapeutic or prophylactic vaccines can stimulate the immune system in experimental mycosis models, even in immunosuppressed mice (Silva et al., 2017). The combination of vaccination and antifungal chemotherapy leads to improved treatment efficacy and reduction of treatment period, which would also potentially prevent relapses (Travassos and Taborda, 2017). Currently there is no licensed vaccine, prophylactic or therapeutic, to treat human systemic mycoses (Travassos and Taborda, 2017). Experimental vaccines have been developed for histoplasmosis, aspergillosis, candidiasis, cryptococcosis, coccidioidomycosis, and PCM (Brown et al., 2012), but none have progressed to market. Such delay is linked to a myriad of obstacles, which include lack of adequate formulation, high development costs, and lack of market interest (Cassone and Casadevall, 2012). In addition, the fact that some fungal diseases mainly affect immunocompromised individuals is an obstacle to the generation of an effective vaccine for this population. Currently, different research groups have focused on the development of a vaccine that can be used both in healthy patients and in immunodeficient ones or otherwise high-risk patients, providing protection without aggravating the patient's clinical condition (Spellberg, 2011; Cassone and Casadevall, 2012; Medici et al., 2015; Travassos and Taborda, 2017). Additionally, the identification of appropriate adjuvants has been a major obstacle for fungal vaccine development.

Nanotechnology is a field that has been widely explored as an innovative and low-cost strategy for the development of new antifungals and more efficient vaccines (Souza and Amaral, 2017). This application of nanotechnology in vaccine development has attracted the attention of researchers since nanotherapeutics can utilize low toxicity materials that allow for the slow and direct delivery of drugs and antigens to specific targets (Zhao et al., 2014). In relation to antifungal chemotherapy, nanoparticles (NPs) have been used due to their intrinsic antifungal activity or as a drug delivery vehicle with a focus on reducing the concentration of drug required for treatment (Zhao et al., 2014). In the formulation of vaccines, NPs can act as a delivery tool capable of improving the stability of antigens such as peptides and the immunogenicity of the antigen, as well as possible immunostimulant adjuvants (Zhao et al., 2014).

In this review, we discuss the use of NPs in the development of new therapeutic approaches and vaccines against systemic mycoses, briefly commenting on the types of NPs used for this purpose and their mechanism of action. Finally, we present the current state of art of NPs for the development of new antifungal agents and vaccines aiming at systemic mycoses with a focus on Candida sp., Cryptococcus sp., Paracoccidioides sp., Histoplasma sp., Coccidioides sp., and Aspergillus sp..



NPs AND THE DEVELOPMENT OF A NEW THERAPEUTIC APPROACH AND VACCINATION ALTERNATIVE

The treatment of systemic fungal infections has limitations since currently available antifungals exhibit low biodistribution and treatment effectiveness, with lack of selectivity, and serious side effects (Voltan et al., 2016). Nanotechnology appears as an alternative to these problems since NPs can function as a controlled and specific drug delivery system, which can improve mycosis treatment without impairing the patient's quality of life.

NPs can be obtained by physical, chemical, or biological methods. The synthetic process should consider constraints of large-scale production, stability, cost, and toxicity. Methodologies involving physical synthesis can be expensive, particularly due to the equipment used for electronic excitation (Haroon Anwar, 2018). Inorganic solvents used in the chemical reduction are highly toxic, including citrate, borohydride, thioglycerol, and 2-mercaptoethanol (Zhang X.-F. et al., 2016). The biological synthesis of NPs can significantly reduce the risk of producing toxic compounds by employing plant extracts, or bacterial and fungal metabolites with antimicrobial potential, acting as reducing agents, and/or stabilizers of NPs (Ahmed et al., 2018; Lakshmeesha et al., 2019). In addition to developing NPs appropriate for medical application, the nanoformulation is also essential since the efficacy of biological activity and cytotoxicity depends on the physicochemical properties exhibited by NPs, such as size, shape, surface area, solubility, aggregation, composition with coating reactivity of particles in solution, ion release efficiency, and type of the reducing agent used in the synthetic process (Carlson et al., 2008; Murdock et al., 2008; Lin et al., 2014).

NPs exhibit antimicrobial activity through different mechanisms. Nanometric particles can cross the cell interstitium and release metal ions from the surface of the NPs inside the cell, increasing the antimicrobial activity, due to their interaction with proteins, inhibiting their activity or causing damage to the cell wall, leading to pathogen death (Oberdörster et al., 2005; Reddy et al., 2012). Another mechanism of action is through oxidative stress, which can vary based on the specific chemical properties of the materials, such as the formation of surface groups that act as reactive sites. Active sites reacting with O2 lead to the formation of ROS that increase tissue damage (Nel et al., 2006). Oxidation of fatty acid double bonds in cell membranes, may alter membrane permeability and increase the osmotic stress resulting in cell death. In addition, ROS can damage the DNA, RNA, and proteins of the pathogen (Reddy et al., 2012; Huang et al., 2014; Rónavári et al., 2018; Rodrigues et al., 2019). Increased toxicity is inversely proportional to NPs size. Specifically, small NPs have a larger gravimetric specific surface area, which allows more molecules to be exposed for interaction and raising damage (Nel et al., 2006).

The antimicrobial activity of NPs against pathogens in vitro and in vivo has been extensively reported in the literature (Ambrosio et al., 2019; Lakshmeesha et al., 2019; Xue et al., 2019). Nanoformulations showing a broad spectrum of action by inhibiting the growth of different pathogens such as fungi, bacteria or viruses, such as silver NPs (AgNPs), have been described (Yah and Simate, 2015). Mohammed Fayaz et al. (2012) developed a method for coating polyurethane condoms with Ag and demonstrated that the product was able to inactivate HIV-1/2 and significantly inhibit the growth of bacteria (Escherichia coli, Staphylococcus aureus, Micrococcus luteus, and Klebsiella pneumoniae) and Candida (C. tropicalis, C. krusei, C. glabrata, and C. albicans). In addition, chitosan-carbon nanotube (Chitosan-CNT) hydrogels, exploited in medicine for dressing and drug administration applications, inhibited the growth of S. aureus, E. coli, and C. tropicalis (Venkatesan et al., 2014).

The ability to form a biofilm is an important virulence mechanism that microorganisms such as bacteria and fungi are able to build during infection, which is also associated with disease persistence as well as relapses (Wojtyczka et al., 2013; Sav et al., 2018). The antibiofilm activity of NPs has been studied and the potential of nanoformulations to disrupt these complex matrices have been reported (Khan et al., 2012; Gondim et al., 2018; Yang et al., 2019).

Nanotechnology effectively combat both extracellular and intracellular pathogens. In the case of extracellular pathogens, biocompatibility and the time spent in the bloodstream in adequate concentrations is essential for the successful treatment of systemic infections. Therapy for intracellular pathogens requires a more nuanced approach that includes the proper targeting of nanocarriers to infected cells through different ligands. In general, drugs targeting intracellular pathogens have to disrupt or transit the cell membrane and release and maintain the drug at the therapeutic level for the desired time inside the target cell. Certain nanocarriers enter the cell through endocytic mechanisms and remain stable within the endolysosomes until they gain access to the cytosol to release the drug. Otherwise, the release of the drug into the endolysosome could render it ineffective (Armstead and Li, 2011). The nanometric scale of particles allows for drug delivery into specific locations of the body, entering living cells to deliver drug or antigen payloads into macrophages and dendritic cells, which is particularly useful in the treatment of intracellular pathogens such as H. capsulatum (Couvreur, 2013; Dube et al., 2014). Dendritic cells are capable of absorbing particles of 20–200 nm, whereas particles of 0.5–5 μm are taken up by macrophages (Xiang et al., 2006). Receptors on these cells act, thus, to improve antigen processing and activate pathways that will enhance the immune response (Zhao et al., 2014). An example is β-1,3-glucan, a polysaccharide found in the cell wall of most fungi that interacts directly with the Dectin-1 receptor present on the surface of macrophages (Brown et al., 2002). Activation of Dectin-1 enhances phagocytosis and consequently promote a greater absorption of NPs into macrophages (Goodridge et al., 2009). Several studies have validated that nanoparticles can target intracellular pathogens; however, most of these studies have targeted the bacterium Mycobacterium tuberculosis or the parasite Leishmania brasiliensis (Dube et al., 2014; Tukulula et al., 2015, 2018). Poly (lactic-co-glycolic acid) (PLGA) NPs made functional by β-1,3-glucan and carrying rifampin have shown promise for the treatment of tuberculosis, and these particles were not cytotoxic and were quickly recognized by macrophages (Tukulula et al., 2015, 2018). Chitosan—PLGA core-shell NPs with β-1,3 glucan and rifampin, increased the intracellular concentration of rifampin and showed an enhanced ability to modulate immune responses of human alveolar macrophages (Dube et al., 2014). In addition to β-glucan, other types of ligands such as antibodies can be incorporated on the surface of nanocarriers to target specific compartments of the target cell to act against intracellular pathogens. The use of pH-responsive polymers, which specifically release drugs in the presence of defined pHs, also represents an attractive alternative that can be explored against fungal pathogens (Armstead and Li, 2011). Interestingly, Mehta et al. (1997) suggested that the liposomal AmB synthesized by the authors in the 7:3 ratio of DMPC: DMPG (similar to Abelcet) is captured and retained by macrophages. These macrophages demonstrated enhanced killing of yeast cells, in this case C. albicans. However, this was not due to differential activation of the macrophages. The authors proposed that the candidicidal activity of the formulation occurred due to the macrophages retaining the liposomal AmB and releasing the drug to kill the yeast (i.e., drug delivery via macrophages).

Nanotechnology has advanced in recent decades with the development of innovative nanoscale products for various applications. Figure 1 illustrates the main advantages of using NPs in the medical field. Currently, the nanomedicine market includes new approaches in the diagnosis, prevention, and therapy of diverse diseases. In 2006, these innovations sustained a market of US $6.8 billion (Wagner et al., 2006). A recent study predicted an annual growth of 12.6% such that the market can reach up to US $261 billion in 2023 (reviewed by Marques et al., 2019).


[image: Figure 1]
FIGURE 1. Advantages of nanoparticles for therapy and vaccination of infectious diseases.




TYPES OF NANOCARRIERS

Several types of nanostructures are currently being investigated for the delivery of antifungal drugs and improve their ability to serve as adjuvants for vaccine delivery (Ribeiro et al., 2013; Souza and Amaral, 2017). These nanostructures can be classified according to their composition into (Soliman, 2017): polymeric NPs, phospholipid-based vesicles, nanostructured lipid carriers (NLCs), dendrimers, nano-emulsions (NE), and metallic and magnetic NPs. Below, we briefly present the types of nanocarriers that can be used in formulations for systemic administration of antifungals and antigen delivery.


Polymeric Nanoparticles

The most common materials used for nano-carrier development are polymers (Bolhassani et al., 2014). Polymeric NPs are formed by chains of identical chemical structures, called monomers. Polymers are generated by the union of several monomers (Sahoo et al., 2007). Polymers and monomers may be extracted from nature or chemically synthesized. The main polymers used in the production of NPs for mycosis treatment are alginate, chitosan, and PLGA (Italia et al., 2011; Yang et al., 2011; Spadari et al., 2017; Fernandes Costa et al., 2019).

Alginate is a natural polymer found mainly in the cell wall of algae of the Phylum Phaeophyta, and it is formed by the junction of two monomers, α-L-guluronic acid (G block), and β-D-mannuronic acid (M block) (Jain and Bar-Shalom, 2014). The difference in concentrations between the monomers and the variations in their arrangement defines how rigid the polymer structure will be, and consequently the NPs (Jain and Bar-Shalom, 2014). Alginate NPs can be obtained through different techniques that work in basically the same way, with alginate interacting with calcium salts and promoting polymer folding to form NPs (Jain and Bar-Shalom, 2014; Lopes et al., 2017). Alginate is a water-soluble polymer, and alginate-based NPs have biocompatible mucoadhesive characteristics and are non-cytotoxic (Yehia et al., 2009).

Chitosan is a polymer obtained from the deacetylation of chitin, which is widely distributed in nature, particularly in the animal and fungal kingdoms. In the animal kingdom, chitin is present in insect, arachnid, and crustacean exoskeletons, whereas fungal chitin is a cell wall component in most fungi (Frank et al., 2020). Chitosan may be used for the production of nanogels, nano-emulsions, and NPs. Among the different applications of chitosan are food supplementation, wound healing, and immunomodulation (Dai et al., 2011; Ahmed and Aljaeid, 2016). Due to its hydrophobic character and positive charge, chitosan is ideal for the production of NPs and delivery of different types of molecules in mucous membranes (Frank et al., 2020). DNA/RNA, peptides, proteins, and drugs (Illum, 2003; Riteau and Sher, 2016) are effectively delivered by chitosan NPs. Since chitosan is biocompatible, biodegradable, and non-cytotoxic, it is one of the most promising polymers for the development of vaccines or parenteral treatment in different types of systemic infections (Sharma et al., 2015; Frank et al., 2020).

PLGA is a synthetic co-polymer produced from the linkage of glycolic acid (GA) and lactic acid (LA) monomers, the same molecules produced by PLGA biodegradation (Amaral et al., 2009; Souza et al., 2015). The properties of PLGA are directly related to the molecular weight and proportions of the monomers. Therefore, the mechanical resistance, biodegradation rate, and the hydrolysis of the nanocarrier are influenced by the degree of crystallinity of the PLGA, which depends on the molar ratio between GA and LA. The most commonly used concentration being 50% poly lactic acid (PLA) and 50% poly glycolic acid (PGA) (Danhier et al., 2012). In addition, alkaline or strongly acidic pHs can accelerate the biodegradation of the polymer. Due to its biocompatibility, low cytotoxicity, and biodegradability, PLGA is one of the few Food and Drug Administration (FDA) approved polymers for use in complexing drugs or immunogenic molecules (Danhier et al., 2012). The production of PLGA NPs requires different techniques depending on the polarity of the molecules to be complexed (Amaral et al., 2010). PLGA NPs can be used for delivery of molecules via the enteral and parenteral routes, both followed by rapid body clearance (Semete et al., 2010). Pegylation, or the incorporation of polyethylene glycol (PEG) molecules on the NP surface, can make the NPs “invisible” to phagocytic cells and extend their half-life (Semete et al., 2010).

Amphiphilic block-copolymers, with hydrophilic shell and hydrophobic core, are used to form polymeric micelles, and these micelles can successfully deliver hydrophobic compounds. Polymeric micelles can improve drug administration and penetration, promoting drug accumulation in the target tissue. For these reasons, this type of nanocarrier has been explored to target drugs to the central nervous system, which is further discussed below in the topic on Cryptoccocus sp. (Shao et al., 2012).



Phospholipid-Based Vesicles: Liposomes

Liposomes are lipid particles formed in a bilayer with a hydrophobic interior layer and a hydrophilic exterior, similar to the structure of a cellular plasma membrane (Nisini et al., 2018). Liposomes can be unilamellar (one bilayer) or multilamellar (several bilayers separated by some hydrophilic fluid), The feature of hydrophilic, hydrophobic, and hydrophilic spaces makes liposomes the most versatile particles for transporting molecules, which can be dispersed inside the lipid bilayer to interact with hydrophobic molecules or dispersed in the aqueous nucleus thus interacting with hydrophilic molecules. These features allow liposomes to carry large amounts of molecules and permits improved control over the release of these payload molecules (Lila and Ishida, 2017; Nisini et al., 2018).

Their similarity to plasma membranes provides another interesting facet of liposomes in that sterols can be added to modify the stiffness of the bilayer and liposomes can be used to anchor molecules that can direct and facilitate delivery of charged payloads. Liposomes can also be functionalized to simulate an infection; thereby an immune-like response can be stimulated reducing the need for adjuvants (Rukavina and Vanić, 2016; Kube et al., 2017; Lila and Ishida, 2017).

Several drugs have been incorporated into liposomes. Currently, formulations carrying AmB are commercially available as AmBisome® and Abelcet®. Ambisome® is a liposomal formulation of unicellular vesicles, formed from hydrogenated phosphatidylcholine from soy, cholesterol, distestylphosphatidylglycerol (DMPG) and AmB in the ratio 2:1:0.8:0.4. Abelcet® is a lipid complex with a multilamellar structure, formed of diesteroylphosphatidylcholine (DMPC) and DMPG in a 7:3 ratio, carrying 36 mol% of AmB. These formulations are adminstered worldwide to treat fungal infections (Newton et al., 2016; Godet et al., 2017).



Nanostructured Lipid Carriers (NLCs)

NLCs are a mixture of solid lipid and a fraction of liquid lipid from natural sources, which make them biodegradable and biocompatible particles (Gartziandia et al., 2015; Khan et al., 2015). NLCs are second generation carriers that may overcome the disadvantages of solid lipid NPs (SLNs), which present low drug loading capacity and drug loss due to reorganization and formation of highly ordered crystalline arrangements during storage (Soliman, 2017). Thus, NLCs have improved characteristics due to the incorporation of a liquid lipid fraction that offers greater drug retention capacity and long-term stability, making this type of system more effective in drug delivery since most drugs are lipophilic in nature (Salvi and Pawar, 2019). ITZ incorporated into NLCs has shown more than 98% encapsulation efficiency in different studies and remained stable after 6-month storage (Pardeike et al., 2016; El-Sheridy et al., 2019). Beloqui et al. (2013) evaluated the tissue distribution of NLCs after intravenous administration in rats and confirmed that radiolabeled NLCs remain in circulation up to 24 h after administration. In addition, nanocarrier biodistribution is influenced by the particle size and charge. Large particles are captured by the lung and small particles by the liver and bone marrow, whereas positive NPs are observed in the kidney and negative NPs home to the liver. Therefore, NLCs have become valuable alternatives in drug delivery studies.



Dendrimers

Dendrimers are highly branched polymeric NPs consisting of a multifunctional central core, branches, and end groups that allow functionalization (Sherje et al., 2018). Dendrimers can be constructed convergently (from edges to center) or divergently (from center to edges), and the form of construction is made in stages (generations) where each stage promotes uniform growth in size and shape because binding of branches is mirrored (Ahmed et al., 2016). Dendrimers are widely studied for the transport of drugs active against infections, inflammation, and cancer, or for the transport of genetic material such as DNA, RNA, or plasmids (Mendes et al., 2017). The main chemical components used for core construction are poly (amidoamine) (PAMAM), poly (propylene imine) (DAB or PPI), and poly (ether hydroxylamine) (PEHAM) (Voltan et al., 2016; Sherje et al., 2018).

Despite their wide range of applications, dendrimers may cause relevant cytotoxicity due to their composition, because the vast majority of dendrimers have a strong cationic characteristic that can cause membrane destabilization (Ghaffari et al., 2018; Sherje et al., 2018). However, various additions to these dendrimers have been introduced, which reduce the cytotoxic effects and prolong the body circulation time (Ghaffari et al., 2018).



Nano-Emulsions (NE)

NE consist of isotropic mixtures of drugs, lipids, hydrophilic surfactants, and co-solvents, with droplet sizes ranging from 10 to 500 nm (Mundada et al., 2016). In general, they are kinetically stable and can replace less stable nanocarriers such as liposomes (Mahtab et al., 2016; Hussain et al., 2017). NE are of great interest as antifungal drug-delivery vehicles, since the lipophilic nature of the formulation permits the solubilization of drugs, which, coupled to the small size of the droplets, make them easily absorbed through biological membranes such as the intranasal mucosa (Thakkar et al., 2015; Hussain et al., 2016). Other authors have discussed intranasally administered NE as an efficient alternative for brain targeting drugs (Kumar et al., 2016; Chatterjee et al., 2019; Iqbal et al., 2019), including the analgesic Tramadol (Lalani et al., 2015) and the anti-depressive Paroxetine (Pandey et al., 2016). This approach is potentially relevant for the treatment of meningitis caused by Cryptococcus spp. Due to the versatility of NE in formulating gels, creams and foams, this approach has become widely explored in topical mycosis therapy (Jaiswal et al., 2015; Mahtab et al., 2016).



Metallic and Magnetic Nanoparticles

Metallic NPs are extremely interesting, since, apart from acting as drug carriers, they represent an alternative to the treatment of infectious diseases via their intrinsic antimicrobial activity, which is well described for metals such as zinc, silver (Ag), and copper (Seil and Webster, 2012). Several studies have validated the intrinsic potential of metallic NPs in antimicrobial therapy (Franci et al., 2015; Malekkhaiat Häffner and Malmsten, 2017; Majid et al., 2018) and demonstrated their biocompatibility (Zhao et al., 2018). Silver is one of the noble metals most commonly used to generate NPs due to its unique properties such as chemical stability, good conductivity, and antimicrobial, antiviral, and antifungal potential as well as displaying anti-inflammatory activity (Ahmad et al., 2003). Metallic NPs have been widely explored in the literature for their synthesis from biological sources (Dipankar and Murugan, 2012; Thangamani and Bhuvaneshwari, 2019; Kischkel et al., 2020). The synthesis of NPs from plants or microorganisms is possible based on metabolites and proteins present in the extracts. These metabolites are essential for green synthetic pathways as they act to reduce metal and stabilize NPs (Khanna et al., 2019). Flavonoids, phenolic compounds, terpenoids, heterocyclic compounds, enzymes, and tannic acid are among the most commonly used compounds (Akhtar et al., 2013). Therefore, biologically synthesized NPs have the advantage of bringing together properties of the metal and the molecules used for synthesis (Dipankar and Murugan, 2012). Magnetic NPs can be formed from other metals such as iron, gold (Au), nickel, cobalt, and metal oxides (Huang et al., 2014). An advantage of using magnetic NPs is the ability to target their accumulation in the body, as magnetic NPs can be directed through a magnetic field generated by an external magnet to the specific site of drug delivery (Hussein-Al-Ali et al., 2014). This approach theoretically decreases the amount of drug needed for treatment and reduces drug concentration in non-target organs, which minimizes the incidence of serious side effects (Chomoucka et al., 2010; Rózalska et al., 2018; Rodrigues et al., 2019). In particular, superparamagnetic iron oxide NPs are a promising alternative for antifungal delivery, since they are highly responsive to external magnetic fields (Souza and Amaral, 2017).

A schematic representation of the nanocarrier types described above can be seen in Figure 2.
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FIGURE 2. Schematic representation of the different types of nanoparticles used for the development of new therapeutic approaches and vaccination of systemic fungal infections. Polymeric nanoparticles: Nanocapsules contain an open core with drug space, surrounded by a polymeric membrane. The nanospheres carry the drugs evenly distributed over a polymeric matrix. NLC (Nanostructured lipid carriers): Structure composed of a solid lipid and liquid lipid fraction into which the drug may be incorporated within the structure. Liposomes: Nanoparticle with unilamellar or multilamellar structure with space for drug transport between layers and/or core. Dendrimers: Complex structure branched and highly organized around the nucleus, the drug can be incorporated between the layers or on the surface of the structure. Nanoemulsion: Colloidal dispersion composed of an oil and water phase that promotes drug encapsulation. Metallic nanoparticle: Nanoparticle of metal core and intrinsic antimicrobial activity. Magnetic nanoparticle: Nanoparticle of metal core with magnetic properties.





CURRENT SCENARIO OF NANOTECHNOLOGY IN THE TREATMENT AND VACCINATION OF FUNGAL INFECTIONS


Candidiasis

Species of the genus Candida are part of the human microbiota. However, under conditions of immunosuppression or lowering biological barriers, these microorganisms cause serious infections. Among Candida species, C. albicans is the species most associated with superficial and systemic infections (Pfaller and Diekema, 2010). Among the other species, C. auris, has emerged as a major threat due to its remarkable tendency for intrinsic multidrug-resistance (Kordalewska and Perlin, 2019). Treatment of invasive candidiasis is based on three classes of antifungals: polyenes, azoles and echinocandins. However, these drugs have variable effectiveness in the setting of biofilms (Tumbarello et al., 2007; Sawant and Khan, 2017).

Diverse NPs have been studied for their activity against Candida. For example, gold NPs (AuNPs) have been studied aiming at their antifungal activity in C. albicans biofilms, since in conjunction with photosensitizer, AuNPs can increase the effectiveness of photodynamic therapy (Khan et al., 2012; Sherwani et al., 2015; Maliszewska et al., 2017). AuNPs can destabilize the cell membrane of the pathogen through direct interaction with proteins and lipids. In addition, the association of photosensitizers with metallic nanoparticles can reduce the risk of pathogens developing resistance to photodynamic therapy (Maliszewska et al., 2017).

The effect of AgNPs against Candida spp. have also been widely studied, both against planktonic cells and biofilms (Monteiro et al., 2011; Lara et al., 2015). Kischkel et al. (2020) evaluated the efficacy of AgNPs carried with propolis extract (PE) against mature biofilms of Candida species and other fungi and observed that the concentration required for the fungicidal activity of the formulation was below the cytotoxic concentration.

Curcumin has broad antimicrobial activity and it is nontoxic. However, due to several factors, such as degradation and rapid systemic elimination, curcumin has had limited applications as a therapeutic due to its low bioavailability in the blood (Anand et al., 2007). AgNPs have been created to enhance curcumin delivery. The Curcumin—AgNPs significantly inhibit fluconazole resistant C. albicans and C. glabrata, and the inhibition depended on the concentration of curcumin used (Paul et al., 2018).

Rózalska et al. (2018) studied biogenic AgNPs against reference strains of C. albicans, C. glabrata, and C. parapsilosis and found that the particles were effective at a low minimum inhibitory concentration (MIC) range (1.56–6.25 μg/mL), which did not concomitantly show cytotoxicity. Notably, the biogenic AgNPs were stable in vitro for long periods. In addition, AgNPs used in combination with fluconazole were able to decrease the biological activity of C. albicans biofilms, which was attributed to the ability of the NPs to enhance the penetration of the azole disturbing the cell membrane, while Ag destabilized efflux transporter efficacy. However, despite the advantages of biomolecule synthesis, AgNPs have a tendency to aggregate and this effect impairs their antimicrobial activity (Rózalska et al., 2018).

Vazquez-Muñoz et al. (2014) observed that AgNPs did not penetrate the intracellular environment and that fungal cell death may have occurred due to the release of silver ions from AgNPs accumulated outside the cells, resulting in smaller NPs located throughout the cytoplasm. In another publication, ROS production, changes in ergosterol levels, and other effects acted together to enhance the effect of AgNPs against C. albicans (Radhakrishnan et al., 2018b). In addition, intracellular ROS levels could be reversed by ascorbic acid antioxidant without altering the effectiveness of AgNPs against C. albicans (Radhakrishnan et al., 2018a).

The antifungal effects of AmB and nystatin coupled to magnetic NPs (MNP-AmB and MNP- Nystatin) have been studied against clinical isolates of C. albicans. Niemirowicz et al. (2016) observed that MNP-AmB and MNP-Nystatin showed significant fungicidal effect and prevented biofilm formation. The observed effect could be due to catalase inactivation (Cat1) in cells exposed to nanosystem treatment, since disturbance of the redox balance could lead to inhibition of C. albicans growth. Subsequently, magnetic NPs coated with peptide LL-37 and ceragenin CSA-13 also showed fungicidal effects against Candida sp. due to increased ROS production associated to pore formation in the cell membrane, thus assisting NPs penetration into the yeast cells (Niemirowicz et al., 2017b).

Using encapsulated AmB in PLGA-PEG NPs (PLGA-PEG-AmB), the efficacy, toxicity, and oral bioavailability of these formulations were evaluated, in vivo and in vitro. Compared to free AmB, the PLGA-PEG-AmB NPs decreased MIC against C. albicans cells. Using a hemolysis assay, NP formulations had lower toxicities compared with Fungizone®. In vivo, blood urea nitrogen, and plasma creatinine measurements remained normal after a week of oral administration of PLGA-PEG-AmB NPs in rats. Finally, bioavailability of the PLGA-PEG-AmB NPs was further enhanced with the addition of glycyrrhizin acid (GA) (Radwan et al., 2017).

NPs of PLGA with chitosan containing AmB (PLGA-CHI-AmB) were synthesized and the derived NPs achieved nanometer size, low polydispersity, positive surface charge, and good encapsulation capacity for AmB. Notably, chitosan, in addition to having mucoadhesive properties, helps maintain the stability of nanoparticles and increases their biocompatibility. However, the PLGA-CHI-AmB showed variable MICs against with different Candida sp.. This result can be explained by the prolonged release of AmB, resulting in less activity in vitro. Although AmB is available to act on the target, the release kinetics of the NPs of PLGA with chitosan needs to be more controlled to achieve efficacy (Ludwig et al., 2018).

Among the virulence factors of C. albicans, the transition from yeast to hyphae represents an important factor in its pathogenicity. Farnesol is a molecule produced by C. albicans and it is an important quorum-sensing molecule that inhibits the growth of hyphae (Kruppa, 2009). Chitosan NPs were formulated to encapsulate farnesol and miconazole, which were then evaluated in a murine model of vulvovaginal candidiasis. Interestingly, no in vitro synergism between miconazole and farnesol was found. Farnesol-containing chitosan NPs, however, were effective in reducing the pathogenicity in mice, and farnesol-containing NPs inhibited hyphal growth in C. albicans. Additionally, the NPs tested showed no toxicity in cultured fibroblasts (Fernandes Costa et al., 2019).

SLNs and NLCs were created that were easily loaded with AmB and the NPs displayed lower hemolytic activity compared with Fungizone®. The AmB SLNs and NLCs were also more effective than free AmB or Fungizone® against C. albicans. The data suggest that these formulations may increase antifungal activity, increase AmB solubility, and decrease the toxic effect of treatment. This effect may be due to by the sustained release of AmB in the formulations and by its monomeric state, since AmB with a low degree of aggregation is more selective and binds mainly to ergosterol (Jansook et al., 2018).

Antifungal SLNs have been studied with drug resistant Candida. Fluconazole loaded SLNs (FLZ-SLNs) were more effective than free fluconazole against the species tested. The FLZ-SLNs displayed fast drug release in the first 30 min followed by sustained release over 24 h (Moazeni et al., 2016; Kelidari et al., 2017). One of the main resistance mechanisms in yeasts is the overexpression of efflux pumps, reducing the levels of azoles within the cell. The increased susceptibility to antifungals, in this case, may be related to the protection that NLCs provided to FLZ, protecting the drug from being discharged from the cell. In addition, the hydrophobic surface of FLZ-NLCs can increase the penetration of the drug into yeast (Kelidari et al., 2017).

Lipid core NPs and fluconazole containing NLCs were evaluated in fluconazole resistant Candida. Although the NLCs were not effective, the lipid nucleus NPs were active at reduced fluconazole concentrations. Additionally, the lipid nucleus-fluconazole NPs prevented fluconazole recognition by efflux pumps in fungal cells (Domingues Bianchin et al., 2019).

To reduce the toxicity reported for miltefosine and maintain its antifungal effect, Spadari et al. (2019) evaluated the activity of miltefosine-loaded alginate NPs against Candida and Cryptococcus species. Miltefosine encapsulation in 80% alginate NPs significantly reduced the toxic effects compared to free miltefosine in an in vitro system as well as in Galleria mellonella. Moreover, the treatment of G. mellonella infected with C. albicans with miltefosine -alginate NPs significantly extended larval survival time. The effect obtained may be associated with the controlled release of the drug, since alginate-based nanocarriers allow for the constant release of the drug, which can maintain its bioavailability and reduce potential adverse effects. Another advantage described is the size of the nanoparticles obtained in this study (average size of 279.1 ± 56.7 nm), which are favorable for mucosal and oral administration (Spadari et al., 2019).

The first study involving NPs as a C. albicans vaccine was published by Han and Cutler (1995), in which they used phosphatidylcholine and cholesterol liposomes to carry manganese extracted from C. albicans. Vaccination provided protection against widespread infection and the antiserum from infected animals was able to protect BALB/cByJ and SCID mice against C. albicans and C. tropicalis. Also, in this study, a specific monoclonal antibody was obtained, MAb B6.1, which protected against widespread infection. Subsequently, the vaccine potential of this mAb against vaginal candidiasis was evaluated (Han et al., 1998). Concurrently, another study evaluated vaccine potential of C. albicans ribosomes incorporated into liposomes composed of dimyristoyl phosphatidyl choline (DMPC) and dimyristoyl phosphatidyl glycerol (DMPG). Immunization of mice with these liposomes resulted in 60% survival rate of animals with disseminated candidiasis (Eckstein et al., 1997).

Heat shock protein 90 represents a highly conserved C. albicans chaperone that is also an immunogenic protein abundantly present in the fungal cell wall, which has been studied as a potential vaccine candidate (Matthews et al., 1987). Mašek et al. (2011), incorporated rHSP90 into the surface of nickel chelating liposomes associated with norAbuMDP pyrogen adjuvant, a compound of lipophilic derivatives of muramyl dipeptide (MDP), for intradermal vaccination of BALB/c mice and observed comparable Th1 and Th2 response to Freund's complete adjuvant vaccine. Later, Knotigová et al. (2015), evaluated the vaccine efficacy of rHSP90 in nickel-chelating liposomes associated with two pyrogen-free adjuvants (norAbuMDP and norAbuGMDPs) in ICR mice and rabbits, and showed stimulation of innate and adaptive immune response against the rHSP90-containing nano formulation.

More recently, Carneiro et al. (2015, 2016) employed dimethyldioctadecylammonium bromide (DODAB) monoolein-based liposomes for delivery of C. albicans wall proteins. In the first study, prophylactic vaccination using the NPs in BALB/c mice stimulated humoral and cellular immune response with production of IgG antibodies against two specific proteins found in the cell wall, Cht3p and Xog1p. Additionally, there was no apparent toxicity of the NPs. In a second study, two formulations with different lipid concentrations for protein loading, called ADS1 and ADS2, each containing a total lipid concentration of 1,774 and 266 μg/ml, respectively, were evaluated. The results showed that only the administration of ADS1 was able to confer protection against infection in mice, with a high production of specific antibodies that increased fungal phagocytosis. There was also an increased production of IL-4, IL-17, and IL-10 cytokines, demonstrating a mixed Th1, Th2, and anti-inflammatory response.

Studies involving NPs for treatment of candidiasis are shown in Table 1 and for vaccination in Table 4.


Table 1. Nanoformulations studied for the treatment of fungal infections caused by Candida and Cryptococcus yeasts.
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Cryptococcosis

Cryptococcosis is a systemic mycosis caused by C. neoformans/C. gattii species complexes (Hagen et al., 2015), associated with high morbidity and mortality rates, especially in immunocompromised individuals and low-income countries (reviewed in Mourad and Perfect, 2018). The infection begins with inhalation of fungal propagules and in healthy individuals can be eliminated without significant symptoms. Asymptomatic spread frequently occurs, which can also lead to disease relapse in immunosuppressed infected individuals. Immunocompromised hosts can develop the primary infection. In either situation, the mycosis frequently affects the central nervous system as a meningoencephalitis (Kwon-Chung et al., 2014). Although individuals infected with human immunodeficiency virus (HIV) are the main risk group affected by C. neoformans, patients receiving immunosuppressive drugs and chemotherapy are also at risk (Sloan and Parris, 2014). Notably, C. gattii is mostly associated with immunocompetent individuals, although some other risk factors may contribute to the development of the disease (Marr et al., 2012; Chen et al., 2014; Saijo et al., 2014).

The choice treatment of cryptococcosis presented as cryptococcal meningitis or severe pulmonary cryptococcosis, is based on the administration of AmB in combination with 5-fluorocytosine, followed by fluconazole as a maintenance drug, for weeks to lifetime (Perfect et al., 2010). In countries where 5-fluorocytosine is not available fluconazole can be used as a replacement in conjunction with AmB (Perfect et al., 2010). In little resourced areas, high doses fluconazole may be used as primary therapy.

AmB deoxycholate remains an important drug for the treatment of deep fungal infections. However, its use for the treatment of cryptococcal meningitis is limited due to the inability of the drug to cross the blood-brain barrier (Xu et al., 2011). Searching for a brain drug delivery system, some nanocarriers have been studied and interesting results against Cryptococcus sp. have been reported (Ren et al., 2009; Xu et al., 2011; Pedroso et al., 2018). Early nannocarrier studies used polysorbate 80, a surfactant and emulsifier that improves NP uptake by human and bovine primary brain capillary endothelial cells. Polysorbate 80 coated particles can increase the concentration of drug in the brain by up to 20 times 1 hour after the injection and are therefore considered an efficient brain “driver” (Ramge et al., 2000). Xu et al. (2011) developed AmB-polybutylcyanoacrylate NPs and polysorbate coated (AmB-PBCA-NPs) for systemic administration in a mouse model. According to the authors, NPs of ~69 nm were detected in the brain 30 min after injection and in a higher concentration than liposomal AmB. Interestingly, AmB deoxycholate was not detected in the brain; however, survival rates were 80, 60, and 0% for AmB-PBCA-NPs, Liposomal AmB, and AmB deoxycholate, respectively. According to Ren et al. (2009), polysorbate 80 also improves the trapping effectiveness of AmB in the polymeric system as PLA-b-PEG. In in vitro tests, 100% of the AmB was released between 35 and 40 h. In NPs containing the polysorbate, almost 100% of AmB was released between 60 and 70 h.

Lipid based AmB cochleates (CAMB) is a new type of AmB nanocarrier with potential for oral administration, showing greater stability and resistance to gastrointestinal degradation (Santangelo et al., 2000). Lu et al. (2019) recently studied the administration of CAMB in combination with 5-fluorocytosine and found it to be highly effective in a murine model of cryptococcal meningoencephalitis. In vivo data also showed that CAMB doses up to 90 mg/kg/day appeared to be non-toxic. A particular benefit of the CAMB formulation is that the release of the drug is calcium dependent and can thus maintain its stability until reaching the intracellular environment. This provides a mechanism for controlling drug release as well as enhancing CNS drug levels (Lu et al., 2019).

Several studies, therefore, have focused on the development of safe, effective, and less expensive alternatives for the use of AmB. Liposomal, colloidal dispersion, and lipid complexes are examples of nano formulations that have been shown to attenuate toxic effects in therapy (Reviewed in Spadari et al., 2017).

Formulations with nanomicelles of AmB using sodium deoxycholate sulfate (SDCS) have been developed for targeted pulmonary delivery through inhalation of nanoformulation. According to Usman et al. (2018), the AmB-SDCS is equivalent in efficacy to Fungizone®, but the NPs does not cause toxic effects in respiratory and kidney cell lines. AmB-SDCS formulations showed activity against C. neoformans, C. albicans, and S. cerevisiae. A phagocytosis assay using NR8383 cells revealed that AmB-SDCS accumulated within the host effector cells without evidence of phagocytic cell damage. As we have already discussed, macrophages internalize particles of 0.5–5 μm. AmB-SDCS have a diameter of 0.9–1.6 μm. In addition to size, the surface chemistry of NPs can also influence uptake by macrophages as hydrophobic particles can stick to the cell surface (Xiang et al., 2006; Usman et al., 2018). This study demonstrated the effectiveness of an aerosolized lipid formulation in the delivery of AmB to alveolar macrophages in vitro, one of the main reservoirs of fungi such as Cryptococcus and Aspergillus. However, further studies are needed to validate the method in vivo.

Nanotechnology can overcome certain limitations of current antifungal drugs (Niemirowicz et al., 2017a). Similar to AmB, the hydrophobic character of ITZ causes the drug to have poor tissue penetration. Nanocarriers used for controlled drug release could help increase ITZ levels. Curić et al. (2017) incorporated ITZ into poly (butyl cyanoacrylate) nanocapsules, helping the drug stability and targeting. Aiming at oral administration, a system using PLGA and chitosan NPs was developed and analyzed for efficacy against C. neoformans pulmonary infection. A chitosan-binding peptide, screened by phage display, was conjugated to PLGA NPs (CP-NPs) with or without free chitosan (C-CP-NPs) and ITZ was incorporated in the NP. Notably, free chitosan (C-CP-NPs/ITZ) did not influence the efficiency of drug incorporation and it did not impact drug release. Both CP-NPs/ITZ and C-CP-NPs/ITZ prolonged the survival of mice with pulmonary cryptococcosis, although C-CP-NPs/ITZ was more effective (Tang et al., 2018).

Antimicrobial activity of some nanomaterials, such as Ag and Au, is commonly reported, inhibiting or killing both eukaryotic and prokaryotic pathogens (Musarrat et al., 2010; Yu et al., 2016). Although safety uncertainty of AgNPs causes conflicting information, the therapeutic effect against some pathogens is unquestionable (Vazquez-Muñoz et al., 2017).

Zhang C. et al. (2016) conducted a study using core-shell architecture of Ag nanostructure (Pd@AgNSs), to evaluate the antifungal activity against invasive fungi. This nanostructured Ag was obtained through deposition techniques based on palladium seeds that generated NPs with a high degree of biocompatibility due to the uniform size and shape. Pd@AgNSs displayed broad activity against ascomycetes and basidiomycetes, including strains considered resistant to fluconazole. The antifungal effect of the Pd@AgNSs was independent on the size of the nanoparticles. The authors speculate that the hexagonal shape of the NPs had a greater influence on antifungal properties and that this potent activity masked the expected size effects. Pd@AgNSs were cidal to fungi through mechanisms that included alterations in protein synthesis and energy metabolism. In addition, Pd@AgNSs induced increased numbers of vacuoles, which may be associated with survival strategies of the fungus itself to improve protein transport, since cell stress can increase energy demand and therefore result in increased numbers of mitochondria. Pd@AgNSs also acted synergistically with AmB, reducing the effective AmB concentration to 0.125 μg/mL.

NPs synthesized by biological routes have been explored for efficacy against cryptococcosis. In this type of synthesis, we emphasize that it is necessary to take into account the source of obtaining secondary metabolites. The source must offer a toxin-free extract that is rich in substances such as flavonoids, terpenoids, among others, which are mainly responsible for the synthesis and stabilization of metal ions that influence the final cytoxicity of the nanoformulation (Ahmed et al., 2018; Lakshmeesha et al., 2019).

Ag and Au NPs were synthesized using cell-free extract of Phaffia rhodozyma, the red yeast containing astaxanthin, a type of natural antioxidant that aids in the formation of metallic NPs. These biologically synthesized AgNPs and AuNPs showed no toxicity to human HaCat keratinocytes. Although the AgNPs were broadly effective against basidiomyces and ascomyces, the AuNPs were also able to inhibit C. neoformans (Rónavári et al., 2018). Ishida et al. (2014) created Ag nanostructures using an aqueous extract of Fusarium oxysporum that was effective against Candida and Cryptococcus species, particularly C. gatti. The AgNPs induced changes in the cytoplasmic membrane and wall of Cryptococcus spp. strains, but not of Candida spp..

Photodynamic antimicrobial chemotherapy is a method that can be combined with nanocarriers (Rodrigues et al., 2012). In this case, the nanocarrier is called a photosensitizer and can be applied to the skin lesion caused by the fungus where it can bind fungal cells and accumulate at the infection site. The photosensitizer is then exposed to visible light at appropriate wavelengths to induce the production of ROS resulting in the death of the fungus (Donnelly et al., 2008). Therefore, the photosensitizer must be an agent that is directed at the fungal cell while the light focuses on the lesion. Photodynamic antimicrobial therapy was evaluated in melanized C. neoformans cells using chloroaluminum phthalocyanine incorporated into NE (ClAlP/NE). ClAlP/NE effected the viability of C. neoformans cells in a dose depenent manner according to both the amount of the particle and the intensity of the light applied. The use of this alternative was helpful in the treatment of skin lesions caused by C. neoformans and other fungi (Rodrigues et al., 2012).

The studies involving NPs for cryptococcosis treatment are summarized in Table 1.



Aspergillosis

The members of the genus Aspergillus are described as opportunistic pathogens capable of inducing allergic reactions to systemic infections in humans. A. fumigatus is the most predominant species, responsible for 90% of invasive infections (Paulussen et al., 2017). It is a globally ubiquitous organism and dominant in different habitats due to various morphological and physiological factors (Cray et al., 2013). Importantly, azole resistance is an emerging problem in A. fumigatus, which has resulted in treatment failures (Seyedmousavi et al., 2014).

Different types of polymeric NPs have been explored as carriers of AmB for the treatment of experimental aspergillosis (Shirkhani et al., 2015; Salama et al., 2016; Yang et al., 2018). Among them, Italia et al. (2011) reported the efficacy of PLGA NPs for oral administration of AmB, The oral administration of PLGA NPs was superior to parenteral Ambisome® and Fungizone® in neutropenic murine models of disseminated and invasive aspergillosis. Notably, conventional AmB (Fungizone®) is ineffective in this model. The AmB PLGA NPs promoted greater oral absorption of AmB compared to AmB alone. The NPs were able to protect the drug from degradation by pH and gastrointestinal enzymes, thereby overcoming incoming metabolism and allowing more NPs to be captured by lymph nodes (Italia et al., 2011). Therefore, oral administration of AmB may represent a promising strategy for the treatment of disseminated fungal infections, or at least azole refractory oral thrush. Similarly, Van de Ven et al. (2012) found that a PLGA and nanosuspension NPs containing AmB administered by intraperitoneal route in mice were two and four times more effective in reducing fungal load, respectively, than Ambisome® and Fungizone® in disseminated aspergillosis models. In this case, the authors hypothesized that the state of aggregation of AmB in the delivery system may influence the interaction of NPs with ergosterol present in fungal membranes. These differences in the aggregation states of the particles in solution were confirmed by analyzing the UV/VIS spectra of the evaluated formulations. In addition, the authors speculated that PLGA and nanosuspension NPs may have transported the drug directly to the tissue compartment, since the nanoformulation has an ideal size for blood circulation (≤100 nm) and may promote rapid uptake by the reticuloendothelial system, as is the case of formulations like Abelcet® and Amphocil® (Van de Ven et al., 2012).

Some nanoformulations, besides being effective in the treatment of aspergillosis in vitro and in vivo, may have reduced side effects in relation to some commercially available formulations. mPEG-b-P(Glu-co-Phe) carrying AmB is stable in plasma and has lower nephrotoxicity than free AmB (Yang et al., 2018). A PEG-Lipid NPS carrying AmB showed low cytotoxicity against human kidney cells than Fungizone® and AmBisome®, in addition to lower hematotoxicity compared to Fungizone® (Jung et al., 2009). PEG/PLA with ITZ caused moderate hemolysis, although it showed superior in vitro antifungal activity compared to free ITZ (Essa et al., 2013). The increased toxicity of Fungizone® or free ITZ can be explained by the faster release of the drug compared to studied NP and/or Ambisome® formulations. The strong interactions between AmB and the lipids, phospholipids or polymers present in the these formulations can delay the release of the drug, and, consequently, reduce the cytotoxic effects. On the other hand, a lower toxicity of PEG-LNPs compared to AmBisome® suggests that nanoformulation may be more efficient (Jung et al., 2009).

Some studies have considered evaluating the efficacy of inhaled formulations in the prophylaxis of aspergillosis, since infection by Aspergillus sp. starts from inhalation of infectious spores (Rodríguez-Cerdeira et al., 2014). A lipid complex of AmB (Abelcet®) was administered as an aerosol for prophylaxis for pulmonary aspergillosis model in rats. Through this technique it was possible to observe higher and prolonged levels of the compound in the lungs, and higher survival rates after 2 and 10 days of infection compared to aero-AmB (Fungizone®) (Cicogna et al., 1997). In 12 human lung transplant recipients, the nebulized Abelcet® was well distributed in the lungs, but the deposition rate was below expectations (Corcoran et al., 2006). Shirkhani et al. (2015) explored the efficacy of PMA, delivered via nebulizer to prevent Aspergillus infection in a mouse transplant immunosuppression model, in which 3 days of prophylactic treatment were sufficient to deposit the AmB NPs in the lung and prevent fungal growth. In this case, a polymethacrylic acid was used to transform the insoluble AmB into a 78–9 nm particle of water-soluble AmB-PMA and with a UV/VIS spectrum identical to the liposomal AmB. PMA does not have immunomodulatory properties, so the administration of AmB-PMA by nebulization would constitute a pre-transplant prophylactic therapy approach capable of effectively delivering the drug to the lung and protecting against the development of fungal infections that initially come into contact with the lung.

Different AmB formulations have been tested to treat eye complications caused by A. fumigatus (Zhao et al., 2015; Khames et al., 2019). The development of nanostructured systems for delivering medication to the cornea consists of advantages such as improving the penetration of the drug into the cornea, improving mucoadhesive properties and prolonged residence time. SLNs represent an efficient delivery system for this purpose due to the lipophilic nature and the small size that allows the penetration of physiological barriers and the sustained release of drugs without impairing vision. In order to improve the penetration of natamycin (NAT) into the cornea, Khames et al. (2019) incorporated the drug into SLNs. The NAT-SLNs effectively released NAT for 10-h and improved the corneal permeation compared to a free drug. The NAT-SLNs were more potent than free NAT in vitro. Furthermore, the NAT-SLNs showed no cytotoxic effect in corneal tissues obtained from goats.

On the other hand, Zhao et al. (2015) compared voriconazole and liposomal AmB in guinea pig endophthalmitis model. Both drugs were able to treat endophthalmitis. However, voriconazole was more effective than liposomal AmB using a similar dose (20 μg) in the initial treatment period, since the group treated with voriconazole after induction of endophthalmitis, showed lower inflammation in the early and middle stages. The retinal histopathology was normal after administration of both drugs. A lower performance of liposomal AmB in the initial stage of treatment can be explained due to the presence of cholesterol, acting as a stabilizer in NPs, as well as the controlled release of the drug that occurs when the fungus comes into contact with liposomal AmB and the drug is released liposome. Thus, resulting in a delayed efficacy compared to free voriconazole.

Nanoformulations for AmB delivery are the most studied, considering that it is a first line antifungal in the treatment of fungal infections. Side effects of AmB deoxycholate have been reduced with the development of several liposomal formulations. However, these formulations are not produced under the same conditions and/or in the same concentration of lipids and drugs, for example, as mentioned in topic 2.2 on the composition of Abelcet® and Ambisome®. On the other hand, two formulations with similar chemical composition can result in particles of different sizes, such as AmBisome® (77.8 nm) and Lambin® (122.2 nm). These differences can influence the physical-chemical properties as well as the biological activity of these formulations (Olson et al., 2015). AmBisome®, for example, is one of the most commonly reported AmB formulations referenced in articles to compare the efficiency of other nanoformulations (Clemons et al., 2005; Jung et al., 2009; Sheikh et al., 2010; Italia et al., 2011). Below, we cite some articles that show some differences in the biological activity of these commercial liposomal formulations that can be explained by differences in the synthesis and composition of the final formulation.

A study compared the toxicity and efficacy of two AmB lipid formulations, AmBisome® and Lambin®, in mice. The application of a single dose of 50 mg/kg of the drugs led to 80% mortality with Lambin® and 0% with AmBisome®. After daily intravenous administration of 5 mg/kg of the drugs, tubular renal changes were observed in mice that received Lambin®. Although both drugs significantly decreased fungal burden in the lungs of mice treated after A. fumigatus infection, survival rates were 30% with Lambin® and 60% with AmBisome®. The histopathology showed that treated animals with AmBisome® presented fewer fungal elements and less tissue damage (Olson et al., 2015).

Olson et al. (2006) established the ideal concentration for treatment of pulmonary aspergillosis taking into consideration the toxicity and efficacy of AmBisome® and Abelcet® formulations in a murine model. Both formulations showed prolonged survival at 12 mg/kg. Due to the reduced nephrotoxicity of AmBisome®, increased doses of 15 or 20 mg/kg can be used safely. Seyedmousavi et al. (2013) demonstrated that AmBisome® is able to prolong the survival of the mouse regardless of the mechanism of azole resistance displayed in isolates used for infection.

Lewis et al. (2007) compared the accumulation kinetics of AmBisome® and Abelcet in the lungs of immunosuppressed mice and with invasive pulmonary aspergillosis. In conclusion, Abelcet® at 5 mg/kg/day conveys active AmB in the lung faster than AmBisome®, leading to a more rapid reduction in fungal burden. At concentrations higher than 10 mg/kg/day there was no pharmacodynamic difference between the formulations. Regarding neutropenia, Siopi et al. (2019), demonstrated in mice that the appropriate doses of AmBisome® range 1–3 mg/kg for non-neutropenic patients and 7.5–10 mg/kg for neutropenic patients with isolates of A. fumigatus with MIC from 0.5 to 1 mg/L.

Patients were evaluated for responsiveness to AmBisome® in chronic pulmonary aspergillosis therapy. Seventy-one patients were included in the study, in which all responded to long-term therapy; however, 25% patients developed acute kidney injury, indicating that these drugs should be used with caution (Newton et al., 2016).

Combination therapy for the treatment of invasive fungal infections can be explored in an attempt to lessen the side effects of more potent drugs like AmB by combining it with other less toxic antifungals. Thus, promoting the reduction of the concentration of AmB used in a monotherapy. In addition, some studies based on the combination of antifungals aim to assess whether there is synergistic or additive potential between specific antifungals (Olson et al., 2010). In murine models of disseminated aspergillosis, combined therapy of AmBisome® prior to echinocandin or both drugs administered together were as effective as AmBisome® alone. Both classes of drugs target the cell membrane, as we mentioned earlier. The authors support the use of AmBisome® before echinocandins due to the greater reduction in fungal burden observed in the study (Olson et al., 2010). The combination of AmBisome® with voriconazole was effective for treatment of CNS aspergillosis, while the combination of AmBisome® with micafungin or caspofungin did not show much benefit in CNS disease treatment (Clemons et al., 2005).

The oligosaccharide OligoG, an alginate derived from seaweed, inhibited the growth of Candida and Aspergillus strains in vitro, in a dose dependent manner. In addition, it inhibited hyphal growth depending on the strain and disrupted biofilm formation. OligoG was also associated with other antifungals such as nystatin, AmB, fluconazole, miconazole, voriconazole and terbinafine, which potentiated their inhibitory effects in vitro. The combination of drugs led to a decrease of up to 4 times in MIC, with nystatin being the best association, promoting a reduction of up to 16 times in MIC (Tøndervik et al., 2014).

Salama et al. (2016) evaluated the activity of cross-linked chitosan biguanidine (CChG) loaded with AgNPs. The thermal stability of the polymer was improved due to silver incorporation, resulting in NPs with lower cytotoxicity for MCF-7 cells (human breast adenocarcinoma cell line) and improved antimicrobial activity against bacteria and fungi compared to chitosan or CChG. In this case, the association of polymers with AgNPs is mainly aimed at improving antimicrobial activity due to the intrinsic properties of Ag in association with sustained delivery through polymers. The degradation of the nanocomposite at higher temperatures after the association of CChG and AgNPs, is due to the interaction of these compounds that promoted an enhanced stabilization of the structure.

The studies involving NPs in aspergillosis treatment are summarized in Table 2.


Table 2. Nanoformulations studied for the treatment of fungal infections caused by the Aspergillus sp..
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PCM

PCM is a systemic mycosis caused by thermo-dimorphic fungi of the genus Paracoccidioides (Taborda et al., 2015). PCM has two clinical forms, acute/subacute form (juvenile) and chronic form (adult) (Shikanai-Yasuda and Mendes, 2007). PCM treatment is based on chemotherapy, the chief ones being azole agents such as fluconazole, polyenes such as AmB and sulfonamides such as Bactrim® (Shikanai-Yasuda and Mendes, 2007; Amaral et al., 2009; Souza and Amaral, 2017).

The targeting of NPs commonly can be achieved by adding antibodies to the surface of the particle. However, additional molecules also have this potential to target NPs to specific tissues. Just as polysorbate 80 assists in targeting drugs to the brain, the incorporation of dimercaptosuccinic acid (DMSA) in nanocarrier systems directs NPs mainly to the lung. However, the mechanisms by which this tropism occurs has not been well-established (Amaral et al., 2009). PLGA and DMSA NPs carrying AmB (Nano-D-AMB) were evaluated for treatment efficacy of chronic PCM caused by P. brasiliensis. After 30 days of infection, BALB/c mice were treated with 6 mg/kg Nano-D-AMB at 72 h intervals. Treated mice had reduced body weight loss, absence of stress (piloerection and hypotrichosis) and renal or hepatic abnormalities compared to the AmB deoxycholate treated group. In addition, the formulation raised no genotoxic and cytotoxic effects (Amaral et al., 2009). A subsequent study showed that the nano-D-AMB is highly captured in the lungs, liver, and spleen of mice (Souza et al., 2015). DMSA-PLGA NPs loaded with ITZ have also been studied against P. brasiliensis and the PLGA-ITZ had lower MICs compared to ITZ alone with less cytotoxicity compared to the free drug (Cunha-Azevedo et al., 2011).

Gallic acid is a secondary metabolite derived from plants such as Paeonia rockii, Astronium sp., and Syzygium cumini, among others. Interestingly, reversed gallic acid, or dodecyl gallate (DOD) has antifungal activity (Singulani et al., 2018). A recent study evaluated the antifungal efficacy of DOD associated with NLS (DOD + NLS) in vitro and in vivo. The results showed that the formulation exhibited good in vitro activity against P. brasiliensis and P. lutzii (0.24 and 0.49 mg/L, respectively), low toxicity in pulmonary fibroblasts (>250 mg/L) and zebrafish embryos (>125 mg/L). In addition, DOD + NLS reduced the fungal load in mouse lungs at a concentration of 10 mg/kg (Singulani et al., 2018).

Although promising, vaccines that have been studied against PCM have shown a rapid degradation of the immunogen (Travassos and Taborda, 2012). The most efficient way to protect the immunogenic molecule, reduce its concentration and reduce the number of doses was achieved by complexing it into NPs, as shown by Amaral et al. (2010), Jannuzzi et al. (2018), and Ribeiro et al. (2013). For example, the immunomodulatory peptide P10 trapped in PLGA NPs was effective in treating chronic murine PCM after 90 days of treatment with 5 or 10 50 μL−1, and the P10-PLGA NPs induced a robust, protective Th1 immune response (Amaral et al., 2010).

Variable single-chain fragments (scFv) obtained from the monoclonal antibody (mAb) 7.B12 that mimics gp43, the main P. brasiliensis antigen was incorporated into PLGA. After scFv-PLGA treatment of infected mice, a reduction in fungal load and increased production of IFN-γ and IL-12 cytokines was observed, as well as an abundance of macrophages and dendritic cells was seen in the lung tissue (Jannuzzi et al., 2018).

Ribeiro et al. (2013) used liposomes and PLGA to deliver plasmids containing the genetic information necessary for the expression of Mycobacterium leprae heat shock proteins (DNAhsp65). Both formulations were able to promote immune response modulation and fungal load reduction with the advantage of nasal administration of the liposomal formulation that could be more easily accepted by patients.

The studies involving NPs for PCM treatment are summarized in Table 3 and for vaccination in Table 4.


Table 3. Nanoformulations studied for the treatment of fungal infections caused by dimorphic fungi Coccidiodes sp., Paracoccidiodes sp. and Histoplasma spp..
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Table 4. Studies reporting the use of nanoformulations as an antigen delivery vehicle for Candida albicans and Paracoccidioides brasiliensis vaccine.
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Histoplasmosis

Histoplasmosis is an invasive endemic mycosis caused by the thermo dimorphic fungus H. capsulatum (Kauffman, 2007). Histoplasmosis is considered the most common respiratory fungal infection with a worldwide distribution of an asymptomatic infection to deep pulmonary mycosis and/or systemic disease, depending on the infectious inoculum and the immunologic condition of the host (Sepúlveda et al., 2017). The yeast form of H. capsulatum has mechanisms to prevent intracellular death by phagocytes. In addition, the intracellular localization of the fungus makes it difficult to treat the infection, as macrophages can act as a barrier, preventing the antifungal drug from interacting with its target in the cell (Edwards et al., 2013).

Currently, only AmBisome® has been evaluated in the treatment of histoplasmosis. A study compared the efficacy of AmB deoxycholate and AmBisome® in the treatment of 81 patients with moderate and severe histoplasmosis associated with AIDS. The AmB deoxycholate achieved clinical success in 14 of 22 patients (64%), with death of 3. Side effects developed in 63%, with nephrotoxicity in 37%. AmBisome® was effective in 45 of 51 patients (88%), although one patient died, 25% experienced drug-related side effects with 9% developing nephrotoxicity (Johnson et al., 2002) (Table 3).

Although the design of nanoparticles for delivery to specific cells is critical (as mentioned in topic 1), we believe that it is only a matter of time before these strategies are more deeply explored and improved upon in relation to fungal infections caused by pathogens such as H. capsulatum. These strategies can enhance the efficacy of treatment and, potentially, reduce occurrences of the disease.

There is no NP-based strategy for vaccination against H. capsulatum, although there are studies based on glucan particles extracted from S. cerevisiae (Wüthrich et al., 2015; Deepe et al., 2018).



Coccidioidomycosis

Coccidioidomycosis is caused by inhalation of infectious propagules of the dimorphic fungus C. immitis or C. posadasii. It is an endemic mycosis in the southwestern USA, Mexico, and some regions of South America (Stockamp and Thompson, 2016). Studies indicated that 17–29% cases of pneumonia acquired in highly endemic areas were caused by Coccidioides spp. (Thompson, 2011). Patients may have varying complications of the disease, from pulmonary to widespread infections reaching bones, joints, meninges, and skin (Thompson, 2011; McConnell et al., 2017).

Prior to nanoformulations, it was believed that the use of AmB to treat meningitis was not possible due to the low concentration of drugs reaching the brain. However, AmBisome®, was effective in animal models (Clemons et al., 2002). The increased ability of liposomal AmB to reach the disease site is due to the transport by infiltrating monocytic cells (Clemons et al., 2009). The authors compared the efficacy of liposomal AmB formulation of Abelcet® and AmBisome® in the treatment of meningitis caused by C. posadasii in New Zealand white rabbits. The treated animals showed a reduction in fungal burden on the brain and spinal cord, 100–10,000 times lower than the untreated group. Statistically, both formulations were considered equally efficient. However, as we described, a formulation with higher liposomal effects has been described for drug delivery to the brain for the treatment of cryptococcoccal meningitis (Xu et al., 2011).

To evaluate the efficacy and toxicity of Abelcet® and AmBisome® in the treatment of severe coccidioidomycosis in human patients, a retrospective review was conducted in patients between 2005 and 2014. Both formulations were equally effective in the treatment without significant difference, however, due to acute kidney injury, the treatment had to be discontinued in 10 patients treated with Abelcet® and in only one with AmBisome® (Sidhu et al., 2018). The toxicity of the Abelcet® has previously been discussed (Koehler et al., 1998).

AmBisome® is effective in treating coccidioidomycosis in human patients (Stewart et al., 2018). During treatment of coccidioidal meningitis for a period of 9 months, AmBisome® did not present clinical or laboratory data suggestive of toxicity (Rangel et al., 2010). In addition, AmBisome® has been successful in treating disseminated coccidioidomycosis in patients undergoing steroid therapy (Antony et al., 2003). It was employed in case of rare dissemination to the spine that required surgical intervention, being associated with continuous therapy with other azoles (Nakhla, 2018).

The studies involving NPs in the treatment of coccidioidomycosis are summarized in Table 3.

Blastomyces sp. and Pneumocystis sp. are important pathogens that cause systemic infections. The effectiveness of nanoformulations against these genera has not yet been discussed in the literature.




CONCLUDING REMARKS

The search for new and more effective therapeutic options for the treatment of fungal infections has advanced continuously with the use of new technologies such as the development of NPs. Different types of nanoformulations have been studied and greater efficacy and less toxicity have been achieved in the administration of conventional antifungal drugs, such as AmB, compared to the free drug available in today's market. In this way, nanotechnology allows for the development of formulations that can improve not only the effectiveness of the treatment, but also the quality of life of the patient by reducing side effects, especially during prolonged therapies. In addition, we emphasize here the importance of developing new drugs that can overcome resistance and that can be combined with NPs in the development of improved therapies. Nanotechnology is still an expanding field in vaccinology and pharmacology. The application of NPs for antigen delivery is at an early stage of development, but the first studies already show the advantages of this system, as described in this review. In addition, NPs can be obtained by different synthetic methods that allow for the adaptation of production according to the needs of the manufacturer. Obstacles, however, such as the standardization of NPs still need to make progress in this field.



AUTHOR CONTRIBUTIONS

BK conceived, designed, did the literature review, provided, and wrote the manuscript. SR and SS did the literature review, provided, and wrote the manuscript. JN, LT, and CT assisted in the preparation, final review, and co-wrote the manuscript. All authors listed approved it for publication.



FUNDING

This research was funded by São Paulo Research Foundation (FAPESP) grants 2016/08730-6, 2018/26402-1, and 2017/25780-0. CNPq (grant 420480/2018-8) and CAPES-Education Ministry, Brazil. CT and LT are research fellows of the CNPq.



ABBREVIATIONS

AmB, Amphotericin B; ITZ, Itraconazole; NPs, nanoparticles; PLGA, Poly (lactic-co-glycolic acid); PEG, polyethylene glycol; NLCs, Nanostructured lipid carriers; SLNs, solid lipid Nanoparticles; PAMAM, poly (amidoamine); AgNPs, Silver nanoparticles; AuNPs, gold nanoparticles.



REFERENCES

 Ahmad, A., Mukherjee, P., Senapati, S., Mandal, D., Khan, M. I., Kumar, R., et al. (2003). Extracellular biosynthesis of silver nanoparticles using the fungus Fusarium oxysporum. Colloids Surf. B Biointerfaces 28, 313–318. doi: 10.1016/S0927-7765(02)00174-1

 Ahmed, A.-A., Hamzah, H., and Maaroof, M. (2018). Analyzing formation of silver nanoparticles from the filamentous fungus Fusarium oxysporum and their antimicrobial activity. Turk. J. Biol. 42, 54–62. doi: 10.3906/biy-1710-2

 Ahmed, S., Vepuri, S. B., Kalhapure, R. S., and Govender, T. (2016). Interactions of dendrimers with biological drug targets: reality or mystery - a gap in drug delivery and development research. Biomater. Sci. 4, 1032–1050. doi: 10.1039/C6BM00090H

 Ahmed, T. A., and Aljaeid, B. M. (2016). Preparation, characterization, and potential application of chitosan, chitosan derivatives, and chitosan metal nanoparticles in pharmaceutical drug delivery. Drug Des. Devel. Ther. 10, 483–507. doi: 10.2147/DDDT.S99651

 Akhtar, M. S., Panwar, J., and Yun, Y. S. (2013). Biogenic synthesis of metallic nanoparticles by plant extracts. ACS Sustain. Chem. Eng. 1, 591–602. doi: 10.1021/sc300118u

 Amaral, A. C., Bocca, A. L., Ribeiro, A. M., Nunes, J., Peixoto, D. L. G., Simioni, A. R., et al. (2009). Amphotericin B in poly(lactic-co-glycolic acid) (PLGA) and dimercaptosuccinic acid (DMSA) nanoparticles against paracoccidioidomycosis. J. Antimicrob. Chemother. 63, 526–533. doi: 10.1093/jac/dkn539

 Amaral, A. C., Marques, A. F., Muñoz, J. E., Bocca, A. L., Simioni, A. R., Tedesco, A. C., et al. (2010). Poly(lactic acid-glycolic acid) nanoparticles markedly improve immunological protection provided by peptide P10 against murine paracoccidioidomycosis. Br. J. Pharmacol. 159, 1126–1132. doi: 10.1111/j.1476-5381.2009.00617.x

 Ambrosio, J. A. R., Pinto, B. C. D. S., da Silva, B. G. M., Passos, J. C. D. S., Beltrame Junior, M., Costa, M. S., et al. (2019). Gelatin nanoparticles loaded methylene blue as a candidate for photodynamic antimicrobial chemotherapy applications in Candida albicans growth. J. Biomater. Sci. Polym. Ed. 30, 1356–1373. doi: 10.1080/09205063.2019.1632615

 Anand, P., Kunnumakkara, A. B., Newman, R. A., and Aggarwal, B. B. (2007). Bioavailability of curcumin: problems and promises. Mol. Pharm. 4, 807–818. doi: 10.1021/mp700113r

 Antony, S., Dominguez, D. C., and Sotelo, E. (2003). Use of liposomal amphotericin B in the treatment of disseminated coccidioidomycosis. J. Natl. Med. Assoc. 95, 982–5. 

 Armstead, A. L., and Li, B. (2011). Nanomedicine as an emerging approach against intracellular pathogens. Int. J. Nanomed. 6, 3281–3293. doi: 10.2147/IJN.S27285

 Armstrong-James, D., Brown, G. D., Netea, M. G., Zelante, T., Gresnigt, M. S., van de Veerdonk, F. L., et al. (2017). Immunotherapeutic approaches to treatment of fungal diseases. Lancet Infect. Dis. 17, e393–e402. doi: 10.1016/S1473-3099(17)30442-5

 Ashley, E. D., Drew, R., Johnson, M., Danna, R., Dabrowski, D., Walker, V., et al. (2012). Cost of invasive fungal infections in the era of new diagnostics and expanded treatment options. Pharmacother. J. Hum. Pharmacol. Drug Ther. 32, 890–901. doi: 10.1002/j.1875-9114.2012.01124

 Beloqui, A., Solinís, M. A., Delgado, A., Évora, C., del Pozo-Rodríguez, A., and Rodríguez-Gascón, A. (2013). Biodistribution of Nanostructured Lipid Carriers (NLCs) after intravenous administration to rats: influence of technological factors. Eur. J. Pharm. Biopharm. 84, 309–314. doi: 10.1016/j.ejpb.2013.01.029

 Benedict, K., Jackson, B. R., Chiller, T., and Beer, K. D. (2019). Estimation of direct healthcare costs of fungal diseases in the United States. Clin. Infect. Dis. 68, 1791–1797. doi: 10.1093/cid/ciy776

 Bicanic, T. A. (2014). Systemic fungal infections. Medicine 42, 26–30. doi: 10.1016/j.mpmed.2013.10.006

 Bolhassani, A., Javanzad, S., Saleh, T., Hashemi, M., Aghasadeghi, M. R., and Sadat, S. M. (2014). Polymeric nanoparticles: potent vectors for vaccine delivery targeting cancer and infectious diseases. Hum. Vaccin. Immunother. 10, 321–332. doi: 10.4161/hv.26796

 Bongomin, F., Gago, S., Oladele, R. O., and Denning, D. W. (2017). Global and multi-national prevalence of fungal diseases-estimate precision. J. Fungi 3:57. doi: 10.3390/jof3040057

 Brown, G. D., Denning, D. W., Gow, N. A. R., Levitz, S. M., Netea, M. G., and White, T. C. (2012). Hidden killers: human fungal infections. Sci. Transl. Med. 4:165rv13. doi: 10.1126/science.1222236

 Brown, G. D., Taylor, P. R., Reid, D. M., Willment, J. A., Williams, D. L., Martinez-Pomares, L., et al. (2002). Dectin-1 is a major β-Glucan receptor on macrophages. J. Exp. Med. 196, 407–412. doi: 10.1084/jem.20020470

 Brunet, K., Alanio, A., Lortholary, O., and Rammaert, B. (2018). Reactivation of dormant/latent fungal infection. J. Infect. 77, 463–468. doi: 10.1016/j.jinf.2018.06.016

 Capilla, J., Clemons, K. V., Sobel, R. A., and Stevens, D. A. (2007). Efficacy of amphotericin B lipid complex in a rabbit model of coccidioidal meningitis. J. Antimicrob. Chemother. 60, 673–676. doi: 10.1093/jac/dkm264

 Carlson, C., Hussain, S. M., Schrand, A. M. K., Braydich-Stolle, L. K., Hess, K. L., Jones, R. L., et al. (2008). Unique cellular interaction of silver nanoparticles: size-dependent generation of reactive oxygen species. J. Phys. Chem. B 112, 13608–13619. doi: 10.1021/jp712087m

 Carmona, E. M., and Limper, A. H. (2017). Overview of treatment approaches for fungal infections. Clin. Chest Med. 38, 393–402. doi: 10.1016/j.ccm.2017.04.003

 Carneiro, C., Correia, A., Collins, T., Vilanova, M., Pais, C., Gomes, A. C., et al. (2015). DODAB:monoolein liposomes containing Candida albicans cell wall surface proteins: a novel adjuvant and delivery system. Eur. J. Pharm. Biopharm. 89, 190–200. doi: 10.1016/j.ejpb.2014.11.028

 Carneiro, C., Correia, A., Lima, T., Vilanova, M., Pais, C., Gomes, A. C., et al. (2016). Protective effect of antigen delivery using monoolein-based liposomes in experimental hematogenously disseminated candidiasis. Acta Biomater. 39, 133–145. doi: 10.1016/j.actbio.2016.05.001

 Carta, F., Osman, S. M., Vullo, D., AlOthman, Z., Del Prete, S., Capasso, C., et al. (2015). Poly(amidoamine) dendrimers show carbonic anhydrase inhibitory activity against α-, β-, γ- and η-class enzymes. Bioorg. Med. Chem. 23, 6794–6798. doi: 10.1016/j.bmc.2015.10.006

 Cassone, A., and Casadevall, A. (2012). Recent progress in vaccines against fungal diseases. Curr. Opin. Microbiol. 15, 427–433. doi: 10.1016/j.mib.2012.04.004

 Chatterjee, B., Gorain, B., Mohananaidu, K., Sengupta, P., Mandal, U. K., and Choudhury, H. (2019). Targeted drug delivery to the brain via intranasal nanoemulsion: Available proof of concept and existing challenges. Int. J. Pharm. 565, 258–268. doi: 10.1016/j.ijpharm.2019.05.032

 Chen, S. C.-A., Meyer, W., and Sorrell, T. C. (2014). Cryptococcus gattii infections. Clin. Microbiol. Rev. 27, 980–1024. doi: 10.1128/CMR.00126-13

 Chomoucka, J., Drbohlavova, J., Huska, D., Adam, V., Kizek, R., and Hubalek, J. (2010). Magnetic nanoparticles and targeted drug delivering. Pharmacol. Res. 62, 144–149. doi: 10.1016/j.phrs.2010.01.014

 Cicogna, C. E., White, M. H., Bernard, E. M., Ishimura, T., Sun, M., Tong, W. P., et al. (1997). Efficacy of prophylactic aerosol amphotericin B lipid complex in a rat model of pulmonary aspergillosis. Antimicrob. Agents Chemother. 41, 259–61. doi: 10.1128/AAC.41.2.259

 Clemons, K. V., Capilla, J., Sobel, R. A., Martinez, M., Tong, A.-J., and Stevens, D. A. (2009). Comparative efficacies of lipid-complexed amphotericin B and liposomal amphotericin B against coccidioidal meningitis in rabbits. Antimicrob. Agents Chemother. 53, 1858–1862. doi: 10.1128/AAC.01538-08

 Clemons, K. V., Espiritu, M., Parmar, R., and Stevens, D. A. (2005). Comparative efficacies of conventional amphotericin b, liposomal amphotericin B (AmBisome), caspofungin, micafungin, and voriconazole alone and in combination against experimental murine central nervous system aspergillosis. Antimicrob. Agents Chemother. 49, 4867–4875. doi: 10.1128/AAC.49.12.4867-4875.2005

 Clemons, K. V., Sobel, R. A., Williams, P. L., Pappagianis, D., and Stevens, D. A. (2002). Efficacy of intravenous liposomal amphotericin B (AmBisome) against coccidioidal meningitis in rabbits. Antimicrob. Agents Chemother. 46, 2420–2426. doi: 10.1128/AAC.46.8.2420-2426.2002

 Coelho, C., and Casadevall, A. (2016). Cryptococcal therapies and drug targets: the old, the new and the promising. Cell. Microbiol. 18, 792–799. doi: 10.1111/cmi.12590

 Colombo, A. L., de Almeida Júnior, J. N., Slavin, M. A., Chen, S. C.-A., and Sorrell, T. C. (2017). Candida and invasive mould diseases in non-neutropenic critically ill patients and patients with haematological cancer. Lancet Infect. Dis. 17, e344–e356. doi: 10.1016/S1473-3099(17)30304-3

 Corcoran, T. E., Venkataramanan, R., Mihelc, K. M., Marcinkowski, A. L., Ou, J., McCook, B. M., et al. (2006). Aerosol deposition of lipid complex amphotericin-B (Abelcet) in lung transplant recipients. Am. J. Transplant. 6, 2765–2773. doi: 10.1111/j.1600-6143.2006.01529.x

 Couvreur, P. (2013). Nanoparticles in drug delivery: past, present and future. Adv. Drug Deliv. Rev. 65, 21–23. doi: 10.1016/j.addr.2012.04.010

 Cray, J. A., Bell, A. N. W., Bhaganna, P., Mswaka, A. Y., Timson, D. J., and Hallsworth, J. E. (2013). The biology of habitat dominance; can microbes behave as weeds? Microb. Biotechnol. 6, 453–492. doi: 10.1111/1751-7915.12027

 Cunha-Azevedo, E. P., Silva, J. R., Martins, O. P., Siqueira-Moura, M. P., Bocca, A. L., Felipe, M. S. S., et al. (2011). In vitro antifungal activity and toxicity of itraconazole in DMSA-PLGA nanoparticles. J. Nanosci. Nanotechnol. 11, 2308–2314. doi: 10.1166/jnn.2011.3576

 Curić, A., Möschwitzer, J. P., and Fricker, G. (2017). Development and characterization of novel highly-loaded itraconazole poly(butyl cyanoacrylate) polymeric nanoparticles. Eur. J. Pharm. Biopharm. 114, 175–185. doi: 10.1016/j.ejpb.2017.01.014

 Dai, T., Tanaka, M., Huang, Y. Y., and Hamblin, M. R. (2011). Chitosan preparations for wounds and burns: antimicrobial and wound-healing effects. Expert Rev. Anti. Infect. Ther. 9, 857–879. doi: 10.1586/eri.11.59

 Danhier, F., Ansorena, E., Silva, J. M., Coco, R., Le Breton, A., and Préat, V. (2012). PLGA-based nanoparticles: an overview of biomedical applications. J. Control. Release 161, 505–522. doi: 10.1016/j.jconrel.2012.01.043

 Deepe, G. S., Buesing, W. R., Ostroff, G. R., Abraham, A., Specht, C. A., Huang, H., et al. (2018). Vaccination with an alkaline extract of Histoplasma capsulatum packaged in glucan particles confers protective immunity in mice. Vaccine 36, 3359–3367. doi: 10.1016/j.vaccine.2018.04.047

 Del Poeta, M., and Casadevall, A. (2012). Ten Challenges on Cryptococcus and Cryptococcosis. Mycopathologia 173, 303–310. doi: 10.1007/s11046-011-9473-z

 Di Mambro, T., Guerriero, I., Aurisicchio, L., Magnani, M., and Marra, E. (2019). The yin and yang of current antifungal therapeutic strategies: how can we harness our natural defenses? Front. Pharmacol. 10:80. doi: 10.3389/fphar.2019.00080

 Dipankar, C., and Murugan, S. (2012). The green synthesis, characterization and evaluation of the biological activities of silver nanoparticles synthesized from Iresine herbstii leaf aqueous extracts. Colloids Surf. B. Biointerfaces 98, 112–119. doi: 10.1016/j.colsurfb.2012.04.006

 Domingues Bianchin, M., Borowicz, S. M., da Rosa Monte Machado, G., Pippi, B., Stanisçuaski Guterres, S., Raffin Pohlmann, A., et al. (2019). Lipid core nanoparticles as a broad strategy to reverse fluconazole resistance in multiple Candida species. Colloids Surf. B Biointerfaces 175, 523–529. doi: 10.1016/j.colsurfb.2018.12.011

 Donnelly, R. F., McCarron, P. A., and Tunney, M. M. (2008). Antifungal photodynamic therapy. Microbiol. res. 163, 1–12. doi: 10.1016/j.micres.2007.08.001

 Dube, A., Reynolds, J. L., Law, W.-C., Maponga, C. C., Prasad, P. N., and Morse, G. D. (2014). Multimodal nanoparticles that provide immunomodulation and intracellular drug delivery for infectious diseases. Nanomed. Nanotechnol. Biol. Med. 10, 831–838. doi: 10.1016/j.nano.2013.11.012

 Eckstein, M., Barenholz, Y., Bar, L. K., and Segal, E. (1997). Liposomes containing Candida albicans ribosomes as a prophylactic vaccine against disseminated candidiasis in mice. Vaccine 15, 220–224. doi: 10.1016/S0264-410X(96)00137-5

 Edwards, J. A., Kemski, M. M., and Rappleye, C. A. (2013). Identification of an aminothiazole with antifungal activity against intracellular Histoplasma capsulatum. Antimicrob. Agents Chemother. 57, 4349–4359. doi: 10.1128/AAC.00459-13

 El-Sheridy, N. A., Ramadan, A. A., Eid, A. A., and El-Khordagui, L. K. (2019). Itraconazole lipid nanocapsules gel for dermatological applications: in vitro characteristics and treatment of induced cutaneous candidiasis. Colloids Surf. B Biointerfaces 181, 623–631. doi: 10.1016/j.colsurfb.2019.05.057

 Essa, S., Louhichi, F., Raymond, M., and Hildgen, P. (2013). Improved antifungal activity of itraconazole-loaded PEG/PLA nanoparticles. J. Microencapsul. 30, 205–217. doi: 10.3109/02652048.2012.714410

 Fernandes Costa, A., Evangelista Araujo, D., Santos Cabral, M., Teles Brito, I., Borges de Menezes Leite, L., Pereira, M., et al. (2019). Development, characterization, and in vitro-in vivo evaluation of polymeric nanoparticles containing miconazole and farnesol for treatment of vulvovaginal candidiasis. Med. Mycol. 57, 52–62. doi: 10.1093/mmy/myx155

 Fontes, A. C., Bretas Oliveira, D., Santos, J. R., Carneiro, H. C., Ribeiro, NQ., Oliveira, L. V., et al. (2017). A subdose of fluconazole alters the virulence of Cryptococcus gattii during murine cryptococcosis and modulates type I interferon expression. Med. Mycol. 55, 203–212. doi: 10.1093/mmy/myw056

 Franci, G., Falanga, A., Galdiero, S., Palomba, L., Rai, M., Morelli, G., et al. (2015). Silver nanoparticles as potential antibacterial agents. Molecules 20, 8856–8874. doi: 10.3390/molecules20058856

 Frank, L. A., Onzi, G. R., Morawski, A. S., Pohlmann, A. R., Guterres, S. S., and Contri, R. V. (2020). Chitosan as a coating material for nanoparticles intended for biomedical applications. React. Funct. Polym. 147:104459. doi: 10.1016/j.reactfunctpolym.2019.104459

 Gartziandia, O., Herran, E., Pedraz, J. L., Carro, E., Igartua, M., and Hernandez, R. M. (2015). Chitosan coated nanostructured lipid carriers for brain delivery of proteins by intranasal administration. Colloids Surf. B Biointerfaces 134, 304–313. doi: 10.1016/j.colsurfb.2015.06.054

 Ghaffari, M., Dehghan, G., Abedi-Gaballu, F., Kashanian, S., Baradaran, B., Ezzati Nazhad Dolatabadi, J., et al. (2018). Surface functionalized dendrimers as controlled-release delivery nanosystems for tumor targeting. Eur. J. Pharm. Sci. 122, 311–330. doi: 10.1016/j.ejps.2018.07.020

 Giacomazzi, J., Baethgen, L., Carneiro, L. C., Millington, M. A., Denning, D. W., Colombo, A. L., et al. (2016). The burden of serious human fungal infections in Brazil. Mycoses 59, 145–150. doi: 10.1111/myc.12427

 Gintjee, T. J., Donnelley, M. A., and Thompson, G. R. (2020). Aspiring antifungals: review of current antifungal pipeline developments. J. Fungi 6:28. doi: 10.3390/jof6010028

 Godet, C., Couturaud, F., Ragot, S., Laurent, F., Brun, A. L., Bergeron, A., et al. (2017). Aspergillose bronchopulmonaire allergique: évaluation d'un traitement d'entretien par Ambisome® nébulisé [Allergic bronchopulmonary aspergillosis: evaluation of a maintenance therapy with nebulized Ambisome®]. Rer. Mal. Respire. 34, 581–587. doi: 10.1016/j.rmr.2017.04.001

 Gondim, B. L. C., Castellano, L. R. C., de Castro, R. D., Machado, G., Carlo, H. L., Valença, A. M. G., et al. (2018). Effect of chitosan nanoparticles on the inhibition of Candida spp. biofilm on denture base surface. Arch. Oral Biol. 94, 99–107. doi: 10.1016/j.archoralbio.2018.07.004

 González, G. M., Tijerina, R., Sutton, D. A., Graybill, J. R., and Rinaldi, M. G. (2002). In vitro activities of free and lipid formulations of amphotericin B and nystatin against clinical isolates of Coccidioides immitis at various saprobic stages. Antimicrob. Agents Chemother. 46, 1583–1585. doi: 10.1128/AAC.46.5.1583-1585.2002

 Goodridge, H. S., Wolf, A. J., and Underhill, D. M. (2009). β-glucan recognition by the innate immune system. Immunol. Rev. 230, 38–50. doi: 10.1111/j.1600-065X.2009.00793.x

 Hagen, F., Khayhan, K., Theelen, B., Kolecka, A., Polacheck, I., Sionov, E., et al. (2015). Recognition of seven species in the Cryptococcus gattii/Cryptococcus neoformans species complex. Fungal Genet. Biol. 78, 16–48. doi: 10.1016/j.fgb.2015.02.009

 Hagiwara, D., Watanabe, A., Kamei, K., and Goldman, G. H. (2016). Epidemiological and genomic landscape of azole resistance mechanisms in Aspergillus fungi. Front. Microbiol. 7:1382. doi: 10.3389/fmicb.2016.01382

 Han, Y., and Cutler, J. E. (1995). Antibody response that protects against disseminated candidiasis. Infect. Immun. 63, 2714–2719. doi: 10.1128/IAI.63.7.2714-2719.1995

 Han, Y., Morrison, R. P., and Cutler, J. E. (1998). A vaccine and monoclonal antibodies that enhance mouse resistance to Candida albicans vaginal infection. Infect Immun. 66, 5771–5776. doi: 10.1128/IAI.66.12.5771-5776.1998

 Haroon Anwar, S. (2018). A brief review on nanoparticles: types of platforms, biological synthesis and applications. Res. Rev. J. Mater. Sci. 6, 109–116. doi: 10.4172/2321-6212.1000222

 Huang, K.-S., Shieh, D.-B., Yeh, C.-S., Wu, P.-C., and Cheng, F.-Y. (2014). Antimicrobial applications of water-dispersible magnetic nanoparticles in biomedicine. Curr. Med. Chem. 21, 3312–3122. doi: 10.2174/0929867321666140304101752

 Huang, W., Liao, G., Baker, G. M., Wang, Y., Lau, R., Paderu, P., et al. (2016). Lipid flippase subunit Cdc50 mediates drug resistance and virulence in Cryptococcus neoformans. mBio 7, e00478–e00416. doi: 10.1128/mBio.00478-16

 Hussain, A., Samad, A., Singh, S. K., Ahsan, M. N., Haque, M. W., Faruk, A., et al. (2016). Nanoemulsion gel-based topical delivery of an antifungal drug: in vitro activity and in vivo evaluation. Drug Deliv. 23, 642–657. doi: 10.3109/10717544.2014.933284

 Hussain, A., Singh, S., Webster, T. J., and Ahmad, F. J. (2017). New perspectives in the topical delivery of optimized amphotericin B loaded nanoemulsions using excipients with innate anti-fungal activities: a mechanistic and histopathological investigation. Nanomed. Nanotechnol. Biol. Med. 13, 1117–1126. doi: 10.1016/j.nano.2016.12.002

 Hussein-Al-Ali, S. H., El Zowalaty, M. E., Hussein, M. Z., Geilich, B. M., and Webster, T. J. (2014). Synthesis, characterization, and antimicrobial activity of an ampicillin-conjugated magnetic nanoantibiotic for medical applications. Int. J. Nanomed. 9, 3801–3814. doi: 10.2147/IJN.S61143

 Illum, L. (2003). Nasal drug delivery - possibilities, problems and solutions. J. Controlled Release 87, 187–198. doi: 10.1016/S0168-3659(02)00363-2

 Iqbal, R., Ahmed, S., Jain, G. K., and Vohora, D. (2019). Design and development of letrozole nanoemulsion: a comparative evaluation of brain targeted nanoemulsion with free letrozole against status epilepticus and neurodegeneration in mice. Int. J. Pharm. 565, 20–32. doi: 10.1016/j.ijpharm.2019.04.076

 Ishida, K., Cipriano, T. F., Rocha, G. M., Weissmüller, G., Gomes, F., Miranda, K., et al. (2014). Silver nanoparticle production by the fungus Fusarium oxysporum: nanoparticle characterisation and analysis of antifungal activity against pathogenic yeasts. Mem. Inst. Oswaldo Cruz 109, 220–228. doi: 10.1590/0074-0276130269

 Italia, J. L., Sharp, A., Carter, K. C., Warn, P., and Kumar, M. N. V. R. (2011). Peroral amphotericin B polymer nanoparticles lead to comparable or superior in vivo antifungal activity to that of intravenous Ambisome® or FungizoneTM. PLoS ONE 6:e25744. doi: 10.1371/journal.pone.0025744

 Jain, D., and Bar-Shalom, D. (2014). Alginate drug delivery systems: Application in context of pharmaceutical and biomedical research. Drug Dev. Ind. Pharm. 40, 1576–1584. doi: 10.3109/03639045.2014.917657

 Jaiswal, M., Dudhe, R., and Sharma, P. K. (2015). Nanoemulsion: an advanced mode of drug delivery system. 3 Biotech 5, 123–127. doi: 10.1007/s13205-014-0214-0

 Jannuzzi, G. P., Souza, N., Françoso, K. S., Pereira, R. H., Santos, R. P., Kaihami, G. H., et al. (2018). Therapeutic treatment with scFv–PLGA nanoparticles decreases pulmonary fungal load in a murine model of paracoccidioidomycosis. Microb. Infect. 20, 48–56. doi: 10.1016/j.micinf.2017.09.003

 Jansook, P., Pichayakorn, W., and Ritthidej, G. C. (2018). Amphotericin B-loaded solid lipid nanoparticles (SLNs) and nanostructured lipid carrier (NLCs): effect of drug loading and biopharmaceutical characterizations. Drug Dev. Ind. Pharm. 44, 1693–1700. doi: 10.1080/03639045.2018.1492606

 Johnson, P. C., Wheat, L. J., Cloud, G. A., Goldman, M., Lancaster, D., Bamberger, D. M., et al. (2002). Safety and efficacy of liposomal amphotericin B compared with conventional amphotericin B for induction therapy of histoplasmosis in patients with AIDS. Ann. Intern. Med. 137, 105–109. doi: 10.7326/0003-4819-137-2-200207160-00008

 Jukic, E., Blatzer, M., Posch, W., Steger, M., Binder, U., Lass-Flörl, C., et al. (2017). Oxidative stress response tips the balance in Aspergillus terreus Amphotericin B Resistance. Antimicrob. Agents Chemother. 61:AAC.00670-17. doi: 10.1128/AAC.00670-17

 Jung, S. H., Lim, D. H., Jung, S. H., Lee, J. E., Jeong, K. S., Seong, H., et al. (2009). Amphotericin B-entrapping lipid nanoparticles and their in vitro and in vivo characteristics. Eur. J. Pharm. Sci. 37, 313–320. doi: 10.1016/j.ejps.2009.02.021

 Kauffman, C. A. (2007). Histoplasmosis: a clinical and laboratory update. Clin. Microbiol. Rev. 20, 115–132. doi: 10.1128/CMR.00027-06

 Kelidari, H. R., Moazeni, M., Babaei, R., Saeedi, M., Akbari, J., Parkoohi, P. I., et al. (2017). Improved yeast delivery of fluconazole with a nanostructured lipid carrier system. Biomed. Pharmacother. 89, 83–88. doi: 10.1016/j.biopha.2017.02.008

 Khames, A., Khaleel, M. A., El-Badawy, M. F., and El-Nezhawy, A. O. H. (2019). Natamycin solid lipid nanoparticles - sustained ocular delivery system of higher corneal penetration against deep fungal keratitis: preparation and optimization. Int. J. Nanomed. 14, 2515–2531. doi: 10.2147/IJN.S190502

 Khan, S., Alam, F., Azam, A., and Khan, A. U. (2012). Gold nanoparticles enhance methylene blue-induced photodynamic therapy: a novel therapeutic approach to inhibit Candida albicans biofilm. Int. J. Nanomed. 7, 3245–3257. doi: 10.2147/IJN.S31219

 Khan, S., Baboota, S., Ali, J., Khan, S., Narang, R. S., and Narang, J. K. (2015). Nanostructured lipid carriers: an emerging platform for improving oral bioavailability of lipophilic drugs. Int. J. Pharm. Invest. 5, 182–191. doi: 10.4103/2230-973X.167661

 Khanna, P., Kaur, A., and Goyal, D. (2019). Algae-based metallic nanoparticles: synthesis, characterization and applications. J. Microbiol. Methods 163:105656. doi: 10.1016/j.mimet.2019.105656

 Kischkel, B., Castilho, P. F., de Oliveira, K. M. P., de Bruschi, M. L., Svidzinski, T. I. E., et al. (2020). Silver nanoparticles stabilized with propolis shows reduced toxicity and potential activity against fungal infections. Future Microbiol. 15, 521–539. doi: 10.2217/fmb-2019-0173

 Knotigová, P. T., Zyka, D., Mašek, J., Kovalová, A., Krupka, M., Bartheldyová, E., et al. (2015). Molecular adjuvants based on nonpyrogenic lipophilic derivatives of norAbuMDP/GMDP formulated in nanoliposomes: stimulation of innate and adaptive immunity. Pharm. Res. 32, 1186–1199. doi: 10.1007/s11095-014-1516-y

 Koehler, A. P., Cheng, A. F., Chu, K. C., Chan, C. H., Ho, A. S., and Lyon, D. J. (1998). Successful treatment of disseminated coccidioidomycosis with amphotericin B lipid complex. J. Infect. 36, 113–115. doi: 10.1016/S0163-4453(98)93522-8

 Kordalewska, M., and Perlin, D. S. (2019). Identification of drug resistant Candida auris. Front. Microbial. 10:1918. doi: 10.3389/fmicb.2019.01918

 Kriesel, J. D., Sutton, D. A., Schulman, S., Fothergill, A. W., and Rinaldi, M. G. (2008). Persistent pulmonary infection with an azole-resistant Coccidioides species. Med. Mycol. 46, 607–610. doi: 10.1080/13693780802140923

 Kruppa, M. (2009). Quorum sensing and Candida albicans. Mycoses 52, 1–10. doi: 10.1111/j.1439-0507.2008.01626.x

 Kube, S., Hersch, N., Naumovska, E., Gensch, T., Hendriks, J., Franzen, A., et al. (2017). Fusogenic liposomes as nanocarriers for the delivery of intracellular proteins. Langmuir 33, 1051–1059. doi: 10.1021/acs.langmuir.6b04304

 Kumar, A., Pandey, A. N., and Jain, S. K. (2016). Nasal-nanotechnology: revolution for efficient therapeutics delivery. Drug Deliv. 23, 671–683. doi: 10.3109/10717544.2014.920431

 Kwon-Chung, K. J., Fraser, J. A., Doering, T. L., Wang, Z., Janbon, G., Idnurm, A., et al. (2014). Cryptococcus neoformans and Cryptococcus gattii, the etiologic agents of cryptococcosis. Cold Spring Harb. Perspect. Med. 4:a019760. doi: 10.1101/cshperspect.a019760

 Lakshmeesha, T. R., Kalagatur, N. K., Mudili, V., Mohan, C. D., Rangappa, S., Prasad, B. D., et al. (2019). Biofabrication of zinc oxide nanoparticles with syzygium aromaticum flower buds extract and finding its novel application in controlling the growth and mycotoxins of Fusarium graminearum. Front. Microbiol. 10:1244. doi: 10.3389/fmicb.2019.01244

 Lalani, J., Baradia, D., Lalani, R., and Misra, A. (2015). Brain targeted intranasal delivery of tramadol: comparative study of microemulsion and nanoemulsion. Pharm. Dev. Technol. 20, 992–1001. doi: 10.3109/10837450.2014.959177

 Lara, H. H., Romero-Urbina, D. G., Pierce, C., Lopez-Ribot, J. L., Arellano-Jiménez, M. J., and Jose-Yacaman, M. (2015). Effect of silver nanoparticles on Candida albicans biofilms: an ultrastructural study. J. Nanobiotechnol. 13:91. doi: 10.1186/s12951-015-0147-8

 LaSenna, C. E., and Tosti, A. (2015). Patient considerations in the management of toe onychomycosis - role of efinaconazole. Patient Prefer. Adherence 9, 887–891. doi: 10.2147/PPA.S72701

 Lewis, R. E. (2011). Current concepts in antifungal pharmacology. Mayo Clin. Proc. 86, 805–817. doi: 10.4065/mcp.2011.0247

 Lewis, R. E., Liao, G., Hou, J., Chamilos, G., Prince, R. A., and Kontoyiannis, D. P. (2007). Comparative analysis of amphotericin B lipid complex and liposomal amphotericin B kinetics of lung accumulation and fungal clearance in a murine model of acute invasive pulmonary aspergillosis. Antimicrob. Agents Chemother. 51, 1253–1258. doi: 10.1128/AAC.01449-06

 Lila, A. S. A., and Ishida, T. (2017). Liposomal delivery systems: design optimization and current applications. Biol. Pharm. Bull. 40, 1–10. doi: 10.1248/bpb.b16-00624

 Limper, A. H., Adenis, A., Le, T., and Harrison, T. S. (2017). Fungal infections in HIV/AIDS. Lancet Infect. Dis. 17, e334–e343. doi: 10.1016/S1473-3099(17)30303-1

 Lin, P.-C., Lin, S., Wang, P. C., and Sridhar, R. (2014). Techniques for physicochemical characterization of nanomaterials. Biotechnol. Adv. 32, 711–726. doi: 10.1016/j.biotechadv.2013.11.006

 Lockhart, S. R. (2019). Emerging and reemerging fungal infections. Semin. Diagn. Pathol. 36, 177–181. doi: 10.1053/j.semdp.2019.04.010

 Lopes, M., Abrahim, B., Veiga, F., Seiça, R., Cabral, L. M., Arnaud, P., et al. (2017). Preparation methods and applications behind alginate-based particles. Expert Opin. Drug Deliv. 14, 769–782. doi: 10.1080/17425247.2016.1214564

 Lu, R., Hollingsworth, C., Qiu, J., Wang, A., Hughes, E., Xin, X., et al. (2019). Efficacy of oral encochleated amphotericin b in a mouse model of cryptococcal meningoencephalitis. MBio 10:e00724-19. doi: 10.1128/mBio.00724-19

 Ludwig, D. B., de Camargo, L. E. A., Khalil, N. M., Auler, M. E., and Mainardes, R. M. (2018). Antifungal Activity of Chitosan-Coated Poly(lactic-co-glycolic) Acid Nanoparticles Containing Amphotericin B. Mycopathologia 183, 659–668. doi: 10.1007/s11046-018-0253-x

 Mahtab, A., Anwar, M., Mallick, N., Naz, Z., Jain, G. K., and Ahmad, F. J. (2016). Transungual delivery of ketoconazole nanoemulgel for the effective management of onychomycosis. AAPS PharmSciTech. 17, 1477–1490. doi: 10.1208/s12249-016-0488-0

 Majid, A., Ahmed, W., Patil-Sen, Y., and Sen, T. (2018). “Synthesis and characterisation of magnetic nanoparticles in medicine,” in Micro and Nanomanufacturing. Vol. II (Cham: Springer International Publishing), 413–442. doi: 10.1007/978-3-319-67132-1_14

 Malekkhaiat Häffner, S., and Malmsten, M. (2017). Membrane interactions and antimicrobial effects of inorganic nanoparticles. Adv. Colloid Interface Sci. 248, 105–128. doi: 10.1016/j.cis.2017.07.029

 Maliszewska, I., Lisiak, B., Popko, K., and Matczyszyn, K. (2017). Enhancement of the efficacy of photodynamic inactivation of Candida albicans with the use of biogenic gold nanoparticles. Photochem. Photobiol. 93, 1081–1090. doi: 10.1111/php.12733

 Marques, M. R. C., Choo, Q., Ashtikar, M., Rocha, T. C., Bremer-Hoffmann, S., and Wacker, M. G. (2019). Nanomedicines - tiny particles and big challenges. Adv. Drug Deliv. Rev. 151–152, 23–43. doi: 10.1016/j.addr.2019.06.003

 Marr, K. A., Datta, K., Pirofski, L., and Barnes, R. (2012). Cryptococcus gattii infection in healthy hosts: a sentinel for subclinical immunodeficiency? Clin. Infect. Dis. 54, 153–154. doi: 10.1093/cid/cir756

 Mašek, J., Bartheldyová, E., Turánek-Knotigová, P., Skrabalová, M., Korvasová, Z., Plocková, J., et al. (2011). Metallochelating liposomes with associated lipophilised norAbuMDP as biocompatible platform for construction of vaccines with recombinant His-tagged antigens: preparation, structural study and immune response towards rHsp90. J. Control. Release 151, 193–201. doi: 10.1016/j.jconrel.2011.01.016

 Matthews, R. C., Burnie, J. P., and Tabaqchali, S. (1987). Isolation of immunodominant antigens from sera of patients with systemic candidiasis and characterization of serological response to Candida albicans. J. Clin. Microbiol. 25, 230–237. doi: 10.1128/JCM.25.2.230-237.1987

 McConnell, M. F., Shi, A., Lasco, T. M., and Yoon, L. (2017). Disseminated coccidioidomycosis with multifocal musculoskeletal disease involvement. Radiol. Case Rep. 12, 141–145. doi: 10.1016/j.radcr.2016.11.017

 Medici, N. P., Del Poeta, M., Medici, N. P., and Del Poeta, M. (2015). New insights on the development of fungal vaccines: from immunity to recent challenges. Mem. Inst. Oswaldo Cruz 110, 966–973. doi: 10.1590/0074-02760150335

 Mehta, R. T., Poddar, S., Kalidas, M., Gomez-Flores, R., and Dulski, K. (1997). Role of macrophages in the candidacidal activity of liposomal amphotericin B. J Infect. Dis. 175, 214–217. doi: 10.1093/infdis/175.1.214

 Mendes, L. P., Pan, J., and Torchilin, V. P. (2017). Dendrimers as nanocarriers for nucleic acid and drug delivery in cancer therapy. Molecules 22:1401. doi: 10.3390/molecules22091401

 Moazeni, M., Kelidari, H. R., Saeedi, M., Morteza-Semnani, K., Nabili, M., Gohar, A. A., et al. (2016). Time to overcome fluconazole resistant Candida isolates: solid lipid nanoparticles as a novel antifungal drug delivery system. Colloids Surf. B. Biointerfaces 142, 400–407. doi: 10.1016/j.colsurfb.2016.03.013

 Mohammed Fayaz, A., Ao, Z., Girilal, M., Chen, L., Xiao, X., Kalaichelvan, P., et al. (2012). Inactivation of microbial infectiousness by silver nanoparticles-coated condom: a new approach to inhibit HIV- and HSV-transmitted infection. Int. J. Nanomed. 7, 5007–5018. doi: 10.2147/IJN.S34973

 Monteiro, D. R., Gorup, L. F., Silva, S., Negri, M., de Camargo, E. R., Oliveira, R., et al. (2011). Silver colloidal nanoparticles: antifungal effect against adhered cells and biofilms of Candida albicans and Candida glabrata. Biofouling 27, 711–719. doi: 10.1080/08927014.2011.599101

 Moraes Moreira Carraro, T. C., Altmeyer, C., Maissar Khalil, N., and Mara Mainardes, R. (2017). Assessment of in vitro antifungal efficacy and in vivo toxicity of Amphotericin B-loaded PLGA and PLGA-PEG blend nanoparticles. J. Mycol. Med. 27, 519–529. doi: 10.1016/j.mycmed.2017.07.004

 Moriyama, B., Gordon, L. A., McCarthy, M., Henning, S. A., Walsh, T. J., and Penzak, S. R. (2014). Emerging drugs and vaccines for Candidemia. Mycoses 57, 718–733. doi: 10.1111/myc.12265

 Mourad, A., and Perfect, J. R. (2018). The war on cryptococcosis: a review of the antifungal arsenal. Mem. Inst. Oswaldo Cruz 113:e170391. doi: 10.1590/0074-02760170391

 Mundada, V., Patel, M., and Sawant, K. (2016). Submicron emulsions and their applications in oral delivery. Crit. Rev. Ther. Drug Carr. Syst. 33, 265–308. doi: 10.1615/CritRevTherDrugCarrierSyst.2016017218

 Murdock, R. C., Braydich-Stolle, L., Schrand, A. M., Schlager, J. J., and Hussain, S. M. (2008). Characterization of nanomaterial dispersion in solution prior to in vitro exposure using dynamic light scattering technique. Toxicol. Sci. 101, 239–253. doi: 10.1093/toxsci/kfm240

 Musarrat, J., Dwivedi, S., Singh, B. R., Al-Khedhairy, A. A., Azam, A., and Naqvi, A. (2010). Production of antimicrobial silver nanoparticles in water extracts of the fungus Amylomyces rouxii strain KSU-09. Bioresour. Technol. 101, 8772–8776. doi: 10.1016/j.biortech.2010.06.065

 Nakhla, S. G. (2018). Complications and management of a rare case of disseminated coccidioidomycosis to the vertebral spine. Case Rep. Infect. Dis. 2018, 1–3. doi: 10.1155/2018/8954016

 Nel, A., Xia, T., Mädler, L., and Li, N. (2006). Toxic potential of materials at the nanolevel. Science 311, 622–627. doi: 10.1126/science.1114397

 Newton, P. J., Harris, C., Morris, J., and Denning, D. W. (2016). Impact of liposomal amphotericin B therapy on chronic pulmonary aspergillosis. J. Infect. 73, 485–495. doi: 10.1016/j.jinf.2016.06.001

 Niemirowicz, K., Durnaś, B., Piktel, E., and Bucki, R. (2017a). Development of antifungal therapies using nanomaterials. Nanomedicine 12, 1891–1905. doi: 10.2217/nnm-2017-0052

 Niemirowicz, K., Durnaś, B., Tokajuk, G., Głuszek, K., Wilczewska, A. Z., Misztalewska, I., et al. (2016). Magnetic nanoparticles as a drug delivery system that enhance fungicidal activity of polyene antibiotics. Nanomed. Nanotechnol. Biol. Med. 12, 2395–2404. doi: 10.1016/j.nano.2016.07.006

 Niemirowicz, K., Durnaś, B., Tokajuk, G., Piktel, E., Michalak, G., Gu, X., et al. (2017b). Formulation and candidacidal activity of magnetic nanoparticles coated with cathelicidin LL-37 and ceragenin CSA-13. Sci. Rep. 7:4610. doi: 10.1038/s41598-017-04653-1

 Nisini, R., Poerio, N., Mariotti, S., De Santis, F., and Fraziano, M. (2018). The multirole of liposomes in therapy and prevention of infectious diseases. Front. Immunol. 9:155. doi: 10.3389/fimmu.2018.00155

 Oberdörster, G., Oberdörster, E., and Oberdörster, J. (2005). Nanotoxicology: an emerging discipline evolving from studies of ultrafine particles. Environ. Health Perspect. 113, 823–839. doi: 10.1289/ehp.7339

 Olson, J. A., Adler-Moore, J. P., Schwartz, J., Jensen, G. M., and Proffitt, R. T. (2006). Comparative efficacies, toxicities, and tissue concentrations of amphotericin B lipid formulations in a murine pulmonary aspergillosis model. Antimicrob. Agents Chemother. 50, 2122–2131. doi: 10.1128/AAC.00315-06

 Olson, J. A., George, A., Constable, D., Smith, P., Proffitt, R. T., and Adler-Moore, J. P. (2010). Liposomal amphotericin B and echinocandins as monotherapy or sequential or concomitant therapy in murine disseminated and pulmonary Aspergillus fumigatus infections. Antimicrob. Agents Chemother. 54, 3884–3894. doi: 10.1128/AAC.01554-09

 Olson, J. A., Schwartz, J. A., Hahka, D., Nguyen, N., Bunch, T., Jensen, G. M., et al. (2015). Toxicity and efficacy differences between liposomal amphotericin B formulations in uninfected and Aspergillus fumigatus infected mice. Med. Mycol. 53, 107–118. doi: 10.1093/mmy/myu070

 Palacios, D. S., Dailey, I., Siebert, D. M., Wilcock, B. C., and Burke, M. D. (2011). Synthesis-enabled functional group deletions reveal key underpinnings of amphotericin B ion channel and antifungal activities. Proc. Natl. Acad. Sci. U.S.A. 108, 6733–6738. doi: 10.1073/pnas.1015023108

 Pandey, Y. R., Kumar, S., Gupta, B. K., Ali, J., and Baboota, S. (2016). Intranasal delivery of paroxetine nanoemulsion via the olfactory region for the management of depression: formulation, behavioural and biochemical estimation. Nanotechnology 27:025102. doi: 10.1088/0957-4484/27/2/025102

 Pardeike, J., Weber, S., Zarfl, H. P., Pagitz, M., and Zimmer, A. (2016). Itraconazole-loaded nanostructured lipid carriers (NLC) for pulmonary treatment of aspergillosis in falcons. Eur. J. Pharm. Biopharm. 108, 269–276. doi: 10.1016/j.ejpb.2016.07.018

 Park, B. J., Wannemuehler, K. A., Marston, B. J., Govender, N., Pappas, P. G., and Chiller, T. M. (2009). Estimation of the current global burden of cryptococcal meningitis among persons living with HIV/AIDS. AIDS 23, 525–530. doi: 10.1097/QAD.0b013e328322ffac

 Paul, S., Mohanram, K., and Kannan, I. (2018). Antifungal activity of curcumin-silver nanoparticles against fluconazole-resistant clinical isolates of Candida species. AYU 39:182. doi: 10.4103/ayu.AYU_24_18

 Paulussen, C., Hallsworth, J. E., Álvarez-Pérez, S., Nierman, W. C., Hamill, P. G., Blain, D., et al. (2017). Ecology of aspergillosis: insights into the pathogenic potency of Aspergillus fumigatus and some other Aspergillus species. Microb. Biotechnol. 10, 296–322. doi: 10.1111/1751-7915.12367

 Pedroso, L. S., Khalil, N. M., and Mainardes, R. M. (2018). Preparation and in vitro evaluation of efficacy and toxicity of Polysorbate 80-coated bovine serum albumin nanoparticles containing Amphotericin B. Curr. Drug Deliv. 15, 1055–1063. doi: 10.2174/1567201815666180409103028

 Perfect, J. R., Dismukes, W. E., Dromer, F., Goldman, D. L., Graybill, J. R., Hamill, R. J., et al. (2010). Clinical practice guidelines for the management of cryptococcal disease: 2010 update by the infectious diseases society of America. Clin. Infect. Dis. 50, 291–322. doi: 10.1086/649858

 Perlroth, J., Choi, B., and Spellberg, B. (2007). Nosocomial fungal infections: epidemiology, diagnosis, and treatment. Med. Mycol. 45, 321–346. doi: 10.1080/13693780701218689

 Pfaller, M. A., and Diekema, D. J. (2010). Epidemiology of invasive mycoses in North America. Crit. Rev. Microbiol. 36, 1–53. doi: 10.3109/10408410903241444

 Polvi, E. J., Li, X., O'Meara, T. R., Leach, M. D., and Cowen, L. E. (2015). Opportunistic yeast pathogens: reservoirs, virulence mechanisms, and therapeutic strategies. Cell. Mol. Life Sci. 72, 2261–2287. doi: 10.1007/s00018-015-1860-z

 Radhakrishnan, V. S., Dwivedi, S. P., Siddiqui, M. H., and Prasad, T. (2018a). In vitro studies on oxidative stress-independent, Ag nanoparticles-induced cell toxicity of Candida albicans, an opportunistic pathogen. Int. J. Nanomed. 13, 91–96. doi: 10.2147/IJN.S125010

 Radhakrishnan, V. S., Reddy Mudiam, M. K., Kumar, M., Dwivedi, S. P., Singh, S. P., and e Prasad, T. (2018b). Silver nanoparticles induced alterations in multiple cellular targets, which are critical for drug susceptibilities and pathogenicity in fungal pathogen (Candida albicans). Int. J. Nanomed. 13, 2647–2663. doi: 10.2147/IJN.S150648

 Radwan, M. A., AlQuadeib, B. T., Šiller, L., Wright, M. C., and Horrocks, B. (2017). Oral administration of amphotericin B nanoparticles: antifungal activity, bioavailability and toxicity in rats. Drug Deliv. 24, 40–50. doi: 10.1080/10717544.2016.1228715

 Rajasingham, R., Smith, R. M., Park, B. J., Jarvis, J. N., Govender, N. P., Chiller, T. M., et al. (2017). Global burden of disease of HIV-associated cryptococcal meningitis: an updated analysis. Lancet Infect. Dis. 17, 873–881. doi: 10.1016/S1473-3099(17)30243-8

 Ramge, P., Unger, R. E., Oltrogge, J. B., Zenker, D., Begley, D., Kreuter, J., et al. (2000). Polysorbate-80 coating enhances uptake of polybutylcyanoacrylate (PBCA)-nanoparticles by human and bovine primary brain capillary endothelial cells. Eur. J. Neurosci. 12, 1931–1940. doi: 10.1046/j.1460-9568.2000.00078.x

 Rangel, M. A. C., Rivera, N. G., Castillo, R. D., Soto, J. C., and Talamante, S. (2010). Tratamiento de coccidioidomicosis meníngea con anfotericina liposomal: presentación de un caso. Boletín Médico del Hospital Infantil de México. 67, 142–146. Available online at: http://www.scielo.org.mx/scielo.php?script=sci_arttext&pid=S1665-11462010000200008&lng=es&tlng=es

 Rautemaa-Richardson, R., and Richardson, M. D. (2017). Systemic fungal infections. Medicine 45, 757–762. doi: 10.1016/j.mpmed.2017.09.007

 Reddy, L. H., Arias, J. L., Nicolas, J., and Couvreur, P. (2012). Magnetic nanoparticles: design and characterization, toxicity and biocompatibility, pharmaceutical and biomedical applications. Chem. Rev. 112, 5818–5878. doi: 10.1021/cr300068p

 Ren, T., Xu, N., Cao, C., Yuan, W., Yu, X., Chen, J., et al. (2009). Preparation and therapeutic efficacy of polysorbate-80-coated amphotericin B/PLA-b-PEG nanoparticles. J. Biomater. Sci. Polym. Ed. 20, 1369–1380. doi: 10.1163/092050609X12457418779185

 Ribeiro, A. M., Souza, A. C. O., Amaral, A. C., Vasconcelos, N. M., Jerônimo, M. S., Carneiro, F. P., et al. (2013). Nanobiotechnological approaches to delivery of DNA vaccine against fungal infection. J. Biomed. Nanotechnol. 9, 221–230. doi: 10.1166/jbn.2013.1491

 Riteau, N., and Sher, A. (2016). Chitosan: an adjuvant with an unanticipated STING. Immunity 44, 522–524. doi: 10.1016/j.immuni.2016.03.002

 Rodrigues, G. B., Primo, F. L., Tedesco, A. C., and Braga, G. U. L. (2012). In vitro photodynamic inactivation of Cryptococcus neoformans melanized cells with chloroaluminum phthalocyanine nanoemulsion. Photochem. Photobiol. 88, 440–447. doi: 10.1111/j.1751-1097.2011.01055.x

 Rodrigues, G. R., López-Abarrategui, C., de la Serna Gómez, I., Dias, S. C., Otero-González, A. J., and Franco, O. L. (2019). Antimicrobial magnetic nanoparticles based-therapies for controlling infectious diseases. Int. J. Pharm. 555, 356–367. doi: 10.1016/j.ijpharm.2018.11.043

 Rodríguez-Cerdeira, C., Arenas, R., Moreno-Coutiño, G., Vásquez, E., Fernández, R., and e Chang, P. (2014). Systemic fungal infections in patients with human inmunodeficiency virus. Actas Dermo-Sifiliográfica. 105, 5–17. doi: 10.1016/j.adengl.2012.06.032

 Rónavári, A., Igaz, N., Gopisetty, M. K., Szerencsés, B., Kovács, D., Papp, C., et al. (2018). Biosynthesized silver and gold nanoparticles are potent antimycotics against opportunistic pathogenic yeasts and dermatophytes. Int. J. Nanomed. 13, 695–703. doi: 10.2147/IJN.S152010

 Rózalska, B., Sadowska, B., Budzyńska, A., Bernat, P., and Rózalska, S. (2018). Biogenic nanosilver synthesized in Metarhizium robertsii waste mycelium extract - as a modulator of Candida albicans morphogenesis, membrane lipidome and biofilm. PLoS ONE 13:e0194254. doi: 10.1371/journal.pone.0194254

 Rukavina, Z., and Vanić, Ž. (2016). Current trends in development of liposomes for targeting bacterial biofilms. Pharmaceutics 8:18. doi: 10.3390/pharmaceutics8020018

 Sahoo, S. K., Parveen, S., and Panda, J. J. (2007). The present and future of nanotechnology in human health care. Nanomedicine 3, 20–31. doi: 10.1016/j.nano.2006.11.008

 Saijo, T., Chen, J., Chen, S. C.-A., Rosen, L. B., Yi, J., Sorrell, T. C., et al. (2014). Anti-granulocyte-macrophage colony-stimulating factor autoantibodies are a risk factor for central nervous system infection by Cryptococcus gattii in otherwise immunocompetent patients. MBio 5, e00912–e00914. doi: 10.1128/mBio.00912-14

 Salama, H. E., Saad, G. R., and Sabaa, M. W. (2016). Synthesis, characterization, and biological activity of cross-linked chitosan biguanidine loaded with silver nanoparticles. J. Biomater. Sci. Polym. Ed. 27, 1880–1898. doi: 10.1080/09205063.2016.1239950

 Salvi, V. R., and Pawar, P. (2019). Nanostructured lipid carriers (NLC) system: A novel drug targeting carrier. J. Drug Deliv. Sci. Technol. 51, 255–267. doi: 10.1016/j.jddst.2019.02.017

 Santangelo, R., Paderu, P., Delmas, G., Chen, Z. W., Mannino, R., Zarif, L., et al. (2000). Efficacy of oral cochleate-amphotericin B in a mouse model of systemic candidiasis. Antimicrob. Agents Chemother. 44, 2356–2360. doi: 10.1128/AAC.44.9.2356-2360.2000

 Sav, H., Rafati, H., Öz, Y., Dalyan-Cilo, B., Ener, B., Mohammadi, F., et al. (2018). Biofilm formation and resistance to fungicides in clinically relevant members of the fungal genus Fusarium. J. Fungi 4:16. doi: 10.3390/jof4010016

 Sawant, B., and Khan, T. (2017). Recent advances in delivery of antifungal agents for therapeutic management of candidiasis. Biomed. Pharmacother. 96, 1478–1490. doi: 10.1016/j.biopha.2017.11.127

 Seil, J. T., and Webster, T. J. (2012). Antimicrobial applications of nanotechnology: methods and literature. Int. J. Nanomed. 7, 2767–2781. doi: 10.2147/IJN.S24805

 Semete, B., Booysen, L. I. J., Kalombo, L., Venter, J. D., Katata, L., Ramalapa, B., et al. (2010). In vivo uptake and acute immune response to orally administered chitosan and PEG coated PLGA nanoparticles. Toxicol. Appl. Pharmacol. 249, 158–165. doi: 10.1016/j.taap.2010.09.002

 Sepúlveda, V. E., Márquez, R., Turissini, D. A., Goldman, W. E., and Matute, D. R. (2017). Genome sequences reveal cryptic speciation in the human pathogen Histoplasma capsulatum. MBio 8:e01339-17. doi: 10.1128/mBio.01339-17

 Seyedmousavi, S., Melchers, W. J. G., Mouton, J. W., and Verweij, P. E. (2013). Pharmacodynamics and dose-response relationships of liposomal amphotericin B against different azole-resistant Aspergillus fumigatus isolates in a murine model of disseminated aspergillosis. Antimicrob. Agents Chemother. 57, 1866–1871. doi: 10.1128/AAC.02226-12

 Seyedmousavi, S., Mouton, J. W., Melchers, W. J. G., Brüggemann, R. J. M., and Verweij, P. E. (2014). The role of azoles in the management of azole-resistant aspergillosis: From the bench to the bedside. Drug Resist. Updat. 17, 37–50. doi: 10.1016/j.drup.2014.06.001

 Shao, K., Wu, J., Chen, Z., Huang, S., Li, J., Ye, L., et al. (2012). A brain-vectored angiopep-2 based polymeric micelles for the treatment of intracranial fungal infection. Biomaterials 33, 6898–6907. doi: 10.1016/j.biomaterials.2012.06.050

 Sharma, R., Agrawal, U., Mody, N., and Vyas, S. P. (2015). Polymer nanotechnology based approaches in mucosal vaccine delivery: challenges and opportunities. Biotechnol. Adv. 33, 64–79. doi: 10.1016/j.biotechadv.2014.12.004

 Sheikh, S., Ali, S. M., Ahmad, M. U., Ahmad, A., Mushtaq, M., Paithankar, M., et al. (2010). Nanosomal Amphotericin B is an efficacious alternative to Ambisome® for fungal therapy. Int. J. Pharm. 397, 103–108. doi: 10.1016/j.ijpharm.2010.07.003

 Sherje, A. P., Jadhav, M., Dravyakar, B. R., and Kadam, D. (2018). Dendrimers: a versatile nanocarrier for drug delivery and targeting. Int. J. Pharm. 548, 707–720. doi: 10.1016/j.ijpharm.2018.07.030

 Sherwani, M. A., Tufail, S., Khan, A. A., and Owais, M. (2015). Gold nanoparticle-photosensitizer conjugate based photodynamic inactivation of biofilm producing cells: potential for treatment of C. albicans Infection in BALB/c Mice. PLoS ONE 10:e0131684. doi: 10.1371/journal.pone.0131684

 Shikanai-Yasuda, M. A., and Mendes, R. P. (2007). Consensus Brazilian guidelines for the clinical management of paracoccidioidomycosis. Rev. Soc. Bras. Med. Trop. 50, 715–740. doi: 10.1590/0037-8682-0230-2017

 Shirkhani, K., Teo, I., Armstrong-James, D., and Shaunak, S. (2015). Nebulised amphotericin B-polymethacrylic acid nanoparticle prophylaxis prevents invasive aspergillosis. Nanomedicine 11, 1217–1226. doi: 10.1016/j.nano.2015.02.012

 Sidhu, R., Lash, D. B., Heidari, A., Natarajan, P., and Johnson, R. H. (2018). Evaluation of amphotericin B lipid formulations for treatment of severe coccidioidomycosis. Antimicrob. Agents Chemother. 62:e02293-17. doi: 10.1128/AAC.02293-17

 Silva, L., Dias, L. S., Rittner, G., Muñoz, J. E., Souza, A., Nosanchuk, J. D., et al. (2017). Dendritic cells primed with Paracoccidioides brasiliensis Peptide P10 are therapeutic in immunosuppressed mice with paracoccidioidomycosis. Front. Microbiol. 8:1057. doi: 10.3389/fmicb.2017.01057

 Singulani, J., Scorzoni, L., Lourencetti, N. M. S., Oliveira, L. R., Conçolaro, R. S., da Silva, P. B., et al. (2018). Potential of the association of dodecyl gallate with nanostructured lipid system as a treatment for paracoccidioidomycosis: in vitro and in vivo efficacy and toxicity. Int. J. Pharm. 547, 630–636. doi: 10.1016/j.ijpharm.2018.06.013

 Siopi, M., Mouton, J. W., Pournaras, S., and Meletiadis, J. (2019). In vitro and in vivo exposure-effect relationship of liposomal amphotericin b against aspergillus fumigatus. Antimicrob. Agents Chemother. 63:e02673–18. doi: 10.1128/AAC.02673-18

 Sloan, D. J., and Parris, V. (2014). Cryptococcal meningitis: epidemiology and therapeutic options. Clin. Epidemiol. 6, 169–182. doi: 10.2147/CLEP.S38850

 Snelders, E., Karawajczyk, A., Verhoeven, R. J. A., Venselaar, H., Schaftenaar, G., Verweij, P. E., et al. (2011). The structure–function relationship of the Aspergillus fumigatus cyp51A L98H conversion by site-directed mutagenesis: the mechanism of L98H azole resistance. Fungal Genet. Biol. 48, 1062–1070. doi: 10.1016/j.fgb.2011.08.002

 Soliman, G. M. (2017). Nanoparticles as safe and effective delivery systems of antifungal agents: Achievements and challenges. Int. J. Pharm. 523, 15–32. doi: 10.1016/j.ijpharm.2017.03.019

 Souza, A. C. O., and Amaral, A. C. (2017). antifungal therapy for systemic mycosis and the nanobiotechnology era: improving efficacy, biodistribution and toxicity. Front. Microbiol. 8:336. doi: 10.3389/fmicb.2017.00336

 Souza, A. C. O., Nascimento, A. L., De Vasconcelos, N. M., Jerônimo, M. S., Siqueira, I. M., R-Santos, L., et al. (2015). Activity and in vivo tracking of Amphotericin B loaded PLGA nanoparticles. Eur. J. Med. Chem. 95, 267–276. doi: 10.1016/j.ejmech.2015.03.022

 Spadari, C., de, C., Lopes, L. B., and Ishida, K. (2017). Potential use of alginate-based carriers as antifungal delivery system. Front. Microbiol. 8:97. doi: 10.3389/fmicb.2017.00097

 Spadari, C. C., de Bastiani, F. W. M. S., Lopes, L. B., and Ishida, K. (2019). Alginate nanoparticles as non-toxic delivery system for miltefosine in the treatment of candidiasis and cryptococcosis. Int. J. Nanomed. 14, 5187–5199. doi: 10.2147/IJN.S205350

 Spellberg, B. (2011). Vaccines for invasive fungal infections. F1000 Med. Rep. 3:13. doi: 10.3410/M3-13

 Stewart, E. R., Eldridge, M. L., McHardy, I., Cohen, S. H., and Thompson, G. R. (2018). Liposomal amphotericin B as monotherapy in relapsed coccidioidal meningitis. Mycopathologia 183, 619–622. doi: 10.1007/s11046-017-0240-7

 Stockamp, N. W., and Thompson, G. R. (2016). Coccidioidomycosis. Infect. Dis. Clin. North Am. 30, 229–246. doi: 10.1016/j.idc.2015.10.008

 Stop neglecting fungi (2017). Nat. Microbiol. 2:17120. doi: 10.1038/nmicrobiol.2017.120

 Taborda, C. P., Urán, M. E., Nosanchuk, J. D., and Travassos, L. R. (2015). Paracoccidioidomycosis: challenges in the development of a vaccine against an endemic mycosis in the Americas. Rev. Inst. Med. Trop. São Paulo 57, 21–24. doi: 10.1590/S0036-46652015000700005

 Tang, Y., Wu, S., Lin, J., Cheng, L., Zhou, J., Xie, J., et al. (2018). Nanoparticles targeted against cryptococcal pneumonia by interactions between chitosan and its peptide ligand. Nano Lett. 18, 6207–6213. doi: 10.1021/acs.nanolett.8b02229

 Thakkar, H. P., Khunt, A., Dhande, R. D., and Patel, A. A. (2015). Formulation and evaluation of Itraconazole nanoemulsion for enhanced oral bioavailability. J. Microencapsul. 32, 559–569. doi: 10.3109/02652048.2015.1065917

 Thangamani, N., and Bhuvaneshwari, N. (2019). Green synthesis of gold nanoparticles using Simarouba glauca leaf extract and their biological activity of micro-organism. Chem. Phys. Lett. 732:136587. doi: 10.1016/j.cplett.2019.07.015

 Thompson, G. R. (2011). Pulmonary coccidioidomycosis. Semin. Respir. Crit. Care Med. 32, 754–763. doi: 10.1055/s-0031-1295723

 Tiew, P. Y., Mac Aogain, M., Ali, N. A. B. M., Thng, K. X., Goh, K., Lau, K. J. L., et al. (2020). The mycobiome in health and disease: Emerging concepts, methodologies and challenges. Mycopathologia 185, 207–231. doi: 10.1007/s11046-019-00413-z

 Tøndervik, A., Sletta, H., Klinkenberg, G., Emanuel, C., Powell, L. C., Pritchard, M. F., et al. (2014). Alginate oligosaccharides inhibit fungal cell growth and potentiate the activity of antifungals against Candida and Aspergillus spp. PLoS ONE 9:e112518. doi: 10.1371/journal.pone.0112518

 Travassos, L. R., and Taborda, C. P. (2012). Paracoccidioidomycosis vaccine. Hum. Vaccines Immunother. 8, 1450–1453. doi: 10.4161/hv.21283

 Travassos, L. R., and Taborda, C. P. (2017). Linear epitopes of paracoccidioides brasiliensis and other fungal agents of human systemic mycoses as vaccine candidates. Front. Immunol. 8:224. doi: 10.3389/fimmu.2017.00224

 Tukulula, M., Gouveia, L., Paixao, P., Hayeshi, R., Naicker, B., and Dube, A. (2018). Functionalization of PLGA Nanoparticles with 1,3-β-glucan Enhances the Intracellular Pharmacokinetics of Rifampicin in Macrophages. Pharm. Res. 35:111. doi: 10.1007/s11095-018-2391-8

 Tukulula, M., Hayeshi, R., Fonteh, P., Meyer, D., Ndamase, A., Madziva, M. T., et al. (2015). Curdlan-conjugated PLGA nanoparticles possess macrophage stimulant activity and drug delivery capabilities. Pharm. Res. 32, 2713–2726 doi: 10.1007/s11095-015-1655-9

 Tumbarello, M., Posteraro, B., Trecarichi, E. M., Fiori, B., Rossi, M., Porta, R., et al. (2007). Biofilm production by Candida species and inadequate antifungal therapy as predictors of mortality for patients with candidemia. J. Clin. Microbiol. 45, 1843–1850. doi: 10.1128/JCM.00131-07

 Usman, F., Khalil, R., Ul-Haq, Z., Nakpheng, T., and Srichana, T. (2018). Bioactivity, safety, and efficacy of Amphotericin B Nanomicellar aerosols using sodium deoxycholate sulfate as the lipid carrier. AAPS PharmSciTech. 19, 2077–2086. doi: 10.1208/s12249-018-1013-4

 Van de Ven, H., Paulussen, C., Feijens, P. B., Matheeussen, A., Rombaut, P., Kayaert, P., et al. (2012). PLGA nanoparticles and nanosuspensions with amphotericin B: potent in vitro and in vivo alternatives to Fungizone and AmBisome. J. Control Release 161, 795–803. doi: 10.1016/j.jconrel.2012.05.037

 Vazquez-Muñoz, R., Avalos-Borja, M., and Castro-Longoria, E. (2014). Ultrastructural analysis of Candida albicans when exposed to silver nanoparticles. PLoS ONE 9:e108876. doi: 10.1371/journal.pone.0108876

 Vazquez-Muñoz, R., Borrego, B., Juárez-Moreno, K., García-García, M., Mota Morales, J. D., Bogdanchikova, N., et al. (2017). Toxicity of silver nanoparticles in biological systems: does the complexity of biological systems matter? Toxicol. Lett. 276, 11–20. doi: 10.1016/j.toxlet.2017.05.007

 Venkatesan, J., Jayakumar, R., Mohandas, A., Bhatnagar, I., and Kim, S.-K. (2014). Antimicrobial activity of chitosan-carbon nanotube hydrogels. Materials 7, 3946–3955. doi: 10.3390/ma7053946

 Vincent, B. M., Lancaster, A. K., Scherz-Shouval, R., Whitesell, L., and Lindquist, S. (2013). Fitness trade-offs restrict the evolution of resistance to amphotericin B. PLoS Biol. 11:e1001692. doi: 10.1371/journal.pbio.1001692

 Voltan, A. R., Quindós, G., Alarcón, K. P. M., Fusco-Almeida, A. M., Mendes-Giannini, M. J. S., and Chorilli, M. (2016). Fungal diseases: could nanostructured drug delivery systems be a novel paradigm for therapy? Int. J. Nanomed. 11, 3715–3730. doi: 10.2147/IJN.S93105

 Wagner, V., Dullaart, A., Bock, A.-K., and Zweck, A. (2006). The emerging nanomedicine landscape. Nat. Biotechnol. 24, 1211–1217. doi: 10.1038/nbt1006-1211

 Westerberg, D. P., and Voyack, M. J. (2013). Onychomycosis: current trends in diagnosis and treatment. Am. Fam. Phys. 88, 762–770. 

 Wheat, L. J., Connolly, P., Smedema, M., Brizendine, E., Hafner, R., and AIDS Clinical Trials Group, and the Mycoses Study Group of the National Institute of Allergy and Infectious Diseases (2001). Emergence of resistance to fluconazole as a cause of failure during treatment of histoplasmosis in patients with acquired immunodeficiency disease syndrome. Clin. Infect. Dis. 33, 1910–1913. doi: 10.1086/323781

 Wlaz, P., Knaga, S., Kasperek, K., Wlaz, A., Poleszak, E., Jezewska-Witkowska, G., et al. (2015). Activity and safety of inhaled itraconazole nanosuspension in a model pulmonary aspergillus fumigatus infection in inoculated young quails. Mycopathologia 180, 35–42. doi: 10.1007/s11046-015-9885-2

 Wojtyczka, R., Dziedzic, A., Idzik, D., Kepa, M., Kubina, R., Kabała-Dzik, A., et al. (2013). susceptibility of staphylococcus aureus clinical isolates to propolis extract alone or in combination with antimicrobial drugs. Molecules 18, 9623–9640. doi: 10.3390/molecules18089623

 Wüthrich, M., Brandhorst, T. T., Sullivan, T. D., Filutowicz, H., Sterkel, A., Stewart, D., et al. (2015). Calnexin induces expansion of antigen-specific CD4(+) T cells that confer immunity to fungal ascomycetes via conserved epitopes. Cell Host Microbe. 17, 452–465. doi: 10.1016/j.chom.2015.02.009

 Xiang, S. D., Scholzen, A., Minigo, G., David, C., Apostolopoulos, V., Mottram, P. L., et al. (2006). Pathogen recognition and development of particulate vaccines: does size matter? Methods 40, 1–9. doi: 10.1016/j.ymeth.2006.05.016

 Xu, N., Gu, J., Zhu, Y., Wen, H., Ren, Q., and Chen, J. (2011). Efficacy of intravenous amphotericin B-polybutylcyanoacrylate nanoparticles against cryptococcal meningitis in mice. Int. J. Nanomed. 6, 905–913. doi: 10.2147/IJN.S17503

 Xue, B., Zhang, Y., Xu, M., Wang, C., Huang, J., Zhang, H., et al. (2019). Curcumin-silk fibroin nanoparticles for enhanced anti- Candida albicans Activity in vitro and in vivo. J. Biomed. Nanotechnol. 15, 769–778. doi: 10.1166/jbn.2019.2722

 Yah, C. S., and Simate, G. S. (2015). Nanoparticles as potential new generation broad spectrum antimicrobial agents. Daru 23:43. doi: 10.1186/s40199-015-0125-6

 Yang, C., Xue, B., Song, W., Kan, B., Zhang, D., Yu, H., et al. (2018). Reducing the toxicity of amphotericin B by encapsulation using methoxy poly(ethylene glycol)-b-poly(l-glutamic acid-co-l-phenylalanine). Biomater. Sci. 6, 2189–2196. doi: 10.1039/C8BM00506K

 Yang, L., Dong, X., Wu, X., Xie, L., and Min, X. (2011). Intravitreally implantable voriconazole delivery system for experimental fungal endophthalmitis. Retina 31, 1791–1800. doi: 10.1097/IAE.0b013e31820d3cd2

 Yang, M., Du, K., Hou, Y., Xie, S., Dong, Y., Li, D., et al. (2019). Synergistic antifungal effect of Amphotericin B-Loaded Poly(Lactic-Co-Glycolic Acid) nanoparticles and ultrasound against Candida albicans biofilms. Antimicrob. Agents Chemother. 63:e02022-18. doi: 10.1128/AAC.02022-18

 Yehia, S., El-Gazayerly, O., and Basalious, E. (2009). Fluconazole mucoadhesive buccal films: in vitro/in vivo performance. Curr. Drug Deliv. 6, 17–27. doi: 10.2174/156720109787048195

 Yu, Q., Li, J., Zhang, Y., Wang, Y., Liu, L., and Li, M. (2016). Inhibition of gold nanoparticles (AuNPs) on pathogenic biofilm formation and invasion to host cells. Sci. Rep. 6:26667. doi: 10.1038/srep26667

 Zhang, C., Chen, M., Wang, G., Fang, W., Ye, C., Hu, H., et al. (2016). Pd@Ag nanosheets in combination with Amphotericin B exert a potent anti-cryptococcal fungicidal effect. PLoS ONE 11:e0157000. doi: 10.1371/journal.pone.0157000

 Zhang, X.-F., Liu, Z.-G., Shen, W., and Gurunathan, S. (2016). Silver nanoparticles: synthesis, characterization, properties, applications, and therapeutic approaches. Int. J. Mol. Sci. 17, 1534. doi: 10.3390/ijms17091534

 Zhao, J., Cheng, Y., Song, X., Wang, C., Su, G., and Liu, Z. (2015). A comparative treatment study of intravitreal voriconazole and liposomal Amphotericin B in an aspergillus fumigatus endophthalmitis model. Invest. Ophthalmol. Vis. Sci. 56, 7369–7376. doi: 10.1167/iovs.15-17266

 Zhao, L., Seth, A., Wibowo, N., Zhao, C.-X., Mitter, N., Yu, C., et al. (2014). Nanoparticle vaccines. Vaccine 32, 327–337. doi: 10.1016/j.vaccine.2013.11.069

 Zhao, W., Liu, Q., Zhang, X., Su, B., and Zhao, C. (2018). Rationally designed magnetic nanoparticles as anticoagulants for blood purification. Colloids Surf B Biointerfaces 164, 316–323. doi: 10.1016/j.colsurfb.2018.01.050

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Kischkel, Rossi, Santos Junior, Nosanchuk, Travassos and Taborda. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fcimb-10-00463-t003.jpg
Nanoparticle Drug () Fungi In vitrofin vivo References
Lipid complex; colloidal AmB and NYS C. immitis Invitro Gonzélez et al., 2002
dispersion and liposomal
Liposomal (AmBisorne) AmB C. immitis In vivo (humar) Antony et al., 2003; Rangel et al,, 2010;
Nakhla, 2018; Sidhu et al., 2018
Invivo (rabbits) Clemons et al., 2002

C. posadasii In vivo (rabbits) Clemons et al., 2009

Coccidiodes spp. In vivo (human) Stewart et al., 2018

H. capsulatum In vivo (humar) Johnson et al., 2002
Lipid complex (Abelcet) AmB C. immitis Invivo (humar) Koehler et al., 1998; Sidhu et al., 2018

C. posadasil In vivo (rabbits) Capilla et al., 2007; Clemons et al., 2009
PLGA-DMSA AmB P brasiliensis Invivo (mice) Amaral et al., 2009; Souza et al., 2015

mz In vitro Cunha-Azevedo et al., 2011

Nanostructured lipid system Dodecyl gallate (DOD) P, brasiliensis and P In vitro/in vivo Singulani et al,, 2018
(NLS) lutzii

(") Drugs: AmB, Amphotericin B; ITZ, Itraconazole; NYS, Nystatin.





OPS/images/fcimb-10-00463-t004.jpg
Fungi Nanoformulation + adjuvant  Antigen Animal model Route of References
administration
Candida albicans PC/Chol liposomes Fraction of C. albicans BALB/cByJ mice Intravenous: Han and Cutler, 1995
and C. tropicalis mannan
Candida albicans DMPC/DMPGLiposomes + LA Ribosomes of C. ICR mice Subcutaneous Eckstein et al., 1997
albicans
Metallochelating fiposomes -+ 1HSP90 BALB/c mice Intradermal Masek et al,, 2011
MOP
Metallochelating liposomes + rHSPO0 ICR mice Intradermal Knotigova et al., 2015
MODP and GMDP
MO liposomes + DODAB C. albicans wall BALB/c mice Subcutaneous Carneiro et al., 2015, 2016
proteins.
Paracocaidiodes PLGA P10 peptide BALB/c mice - Amaral et al,, 2010
brasitensis Single-chain Variable BALB/c mice Intramuscular Jannuzzi et al., 2018
fragments (scFy)
PLGA e Liposomes DNAhsp65 BALB/c mice Intramuscular or Ribeiro et al., 2013

intranasally






OPS/images/fcimb-10-00463-t001.jpg
Nanoparticle

AuNP

AGNP

Magnetic
PLGAPEG
PLGA-CHI

Chitosan
Solid lipid

Nanostructured lipid carrier

Core-shell architecture of silver
nanostructure (Pd@AgNSs)

AgNPs and AuNPs

Chioroaluminum phthalocyanine
nanoemuision (CIAIP/NE)

PLA-b-PEG coated with polysorbate
80 (Tween-80)

Polybutyleyanoacrylate (PBCA)

Drug®

Propolis

AmB/NYS

famesol/miconazole
AmB/FLZ

AmB/FLZ

AmB

AmB

AmB

Angiopep-PEG-PE polymeric micelles AmB

BSA nanoparticles coated with
polysorbate- 80

Nanoparticle crystal encapsulated
(encochleated)

PLGA/PLGA-PEG

SDCS nanomicelles
PAMAM:-sulfonamide dendrimers

AmB

AmMB/SFC

ITZ/AmB

Fungi
C. albicans

C. albicans
C. glabrata

C. parapsilosis

C. tropicalis
Cancida kefyr

C. albicans

C. glabrata

C. parapsilosis

C. tropicalis

C. krusei

F. oxysporum

T, interdigitale

T. rubrum

M. canis

C. albicans

C. albicans
C.glabrata

C. tropicalis
Trichosporon asahii
C. guithermondi

C. albicans

C. albicans

C. glabrata

C. parapsilosis

C. neoformans
fumigatus
Penicilium marneffei
C. neoformans

C. tropicalis

C. krusei

C. paraposilosis

C. glabrata

C. kefyre
fumigatus
Penicillium marneffei

Cryptococeus spp.

C. neoformans
C. gatti
Candida spp.
Dermatophytes

C. neoformans

C. neoformans

C. neoformans
C. neoformans
C. neoformans

C. neoformans

C. neoformans
C. albicans

C. neoformans, C. albicans

C. neoformans
C. glabrata

In vitrolin vivo
invitro and in vivo (mice)

In vitro

In vitro

Invitro
Invitro and in vivo (rats)

Invitro and in vivo (mice)
In vitro

In vitro

In vitro

In vitro

Invitro photodynamic
antimicrobial chemotherapy
(PACT)

Invivo

Invivo (mice)

In vitro and in vivo (mice)
Invitro

Invivo (mice)

Invitro and in vivo (mice)

In vitro
In vitro

(") Drugs: AmB, Amphotericin B; ITZ, Itraconazole; NYS, Nystatin; FLZ, Fluconazole; 5FC, 5 fluorocytosine.

References

Khan et al., 2012; Sherwani et al., 2015;
Maliszewska et al., 2017

Monteiro et al., 2011; Vazquez-Mufioz et al.,
2014; Lara et al., 2015; Paul et al., 2018;
Radhakrishnan et al., 2018a,b; Rozalska et al.,
2018

Kischkel et al., 2020,

Niemirowicz et al., 2016, 2017b.
Radwan et al., 2017; Ludwig et al., 2018

Fernandes Costa et al., 2019
Moazeni et al., 2016; Jansook et al., 2018

Kelidari et al., 2017; Jansook et al., 2018;
Domingues Bianchin et al., 2019

Zhang C. et al., 2016
Ishida et al., 2014; Rénavéri et al., 2018

Rodrigues et al., 2012

Ren et al., 2009

Xuetal, 2011
Shao et al., 2012
Pedroso et al., 2018

Luetal, 2019

Moraes Moreira Carraro et al., 2017; Tang
etal, 2018

Usman et al., 2018
Cartaet al., 2015





OPS/images/fcimb-10-00463-t002.jpg
Nanoparticle

PLGAW

Chitosan biguanidine

PMA
PEG/PLA
PEG-LNPs

Alginate oligosaccharides
(OligoG)

MPEG-b-P-(Glu-co-Phe)
Nanossuspension

Liposomal (AmBisome®)

Lipossomal
Liposomal—Lambin® (Lbn)
Lipossomal (Abelcet®)

SLNs

Drug ©

AmB
VOR
Silver

AmB

AmB

AmB
AmB

AmB

AmB
AmB
AmB

NAT

Fungi

A. fumigatus

A. fumigatus
G. candidum

S. recemosum

A. fumigatus

A. fumigatus

C. abicans

C. albicans

C. parapsiosis C. Krusei
C. lusitaniae

C. tropicalis

C. glabrata

niger

A. fumigatus

A flavus

A. fumigatus

C. albicans

A. fumigatus

T rubrum

A. fumigatus

A. fumigatus

A. fumigatus
A. fumigatus
A. fumigatus

A. fumigatus and C.
albicans

(") Drugs: AmB, Amphotericin B; VOR, voriconazole; ITZ, ltraconazole; NYS, Nystatin.

In vitrofin vivo

In vivo (mice)
Invivo (rabbits)
In vitro

In vitro/in vivo (mice)
Invitro
In vitro/in vivo (rats and mice)
Invitro

in vivo (mice)
In vitro/in vivo (mice)

Invivo (quails)
Invivo (mice)

Invivo (rabbits and mice)
Invivo (humar)

Invitro/in vivo (guinea pig)
Invivo (mice)

Invivo (mice)

Invivo (rats)

In vitro/ex vivo (goat comeas)

References

Htalia et al., 2011; Van de Ven et al., 2012
Yang etal., 2011
Salama et al,, 2016

Shirkhani et al., 2015
Essa etal, 2013
Jung et ., 2009
Tondervik et al., 2014

Yang et al., 2018
Van de Ven et al., 2012

Wiaz et al., 2015

Clemons et al., 2005; Olson et al., 2006, 2010,
2015; Lewis et al., 2007; Jung et al., 2009;
Italia et al., 2011; Seyedmousavi et al., 2013;
Siopi et al., 2019

Sheikh et al., 2010.

Newton et al., 2016; Godet et al., 2017
Zhao etal., 2015

Olson et al., 2015

Olson et al., 2006; Lewis et al., 2007
Gicogna et al., 1997

Khames et ., 2019





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Therapies and Vaccines Based on Nanoparticles for the Treatment of Systemic Fungal Infections



		Introduction



		NPs and the Development of a New Therapeutic Approach and Vaccination Alternative



		Types of Nanocarriers



		Polymeric Nanoparticles



		Phospholipid-Based Vesicles: Liposomes



		Nanostructured Lipid Carriers (NLCs)



		Dendrimers



		Nano-Emulsions (NE)



		Metallic and Magnetic Nanoparticles







		Current Scenario of Nanotechnology in the Treatment and Vaccination of Fungal Infections



		Candidiasis



		Cryptococcosis



		Aspergillosis



		PCM



		Histoplasmosis



		Coccidioidomycosis







		Concluding Remarks



		Author Contributions



		Funding



		Abbreviations



		References

















OPS/images/cover.jpg
, frontiers
in Cellular and Infection Microbiology

Therapies and Vaccines Based on
Nanoparticles for the Treatment of
Systemic Fungal Infections





OPS/images/fcimb-10-00463-g001.gif
Advantages of using nanoparticles for health Advanigssiin tho dellvery

‘of drugs and antigens.
/-\ ) Loweotoic ' ‘
~
e
ks e

v ....“nd‘

P——

\ 4
SR
oot =2 [——
- e

Biccompatibily

- Macrophage. Desradaion protectc
DECTEES Facilaes solubilizaton of
Human body  Tareted the molecle

e e
.o y'\ mmoo b st
o * Nuopuicls —

Increased immunogenicity of the antigen






OPS/images/fcimb-10-00463-g002.gif
Polymerie NLC

Nawocapsule Nasosphere

Petrhend

Norpla 1

preT— Meallic

Magnetic










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
’ frontiers
in Cellular and Infection Microbiology





