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Abstract: Fungal infections, from mild itching to fatal infections, lead to chronic diseases and death.
Antifungal agents have incorporated chemical compounds and natural products/phytoconstituents
in the management of fungal diseases. In contrast to antibacterial research, novel antifungal drugs
have progressed more swiftly because of their mild existence and negligible resistance of infections
to antifungal bioactivities. Nanotechnology-based carriers have gained much attention due to their
magnificent abilities. Nanoarchitectures have served as excellent carriers/drug delivery systems
(DDS) for delivering antifungal drugs with improved antifungal activities, bioavailability, targeted
action, and reduced cytotoxicity. This review outlines the different fungal diseases and their treat-
ment strategies involving various nanocarrier-based techniques such as liposomes, transfersomes,
ethosomes, transethosomes, niosomes, spanlastics, dendrimers, polymeric nanoparticles, polymer
nanocomposites, metallic nanoparticles, carbon nanomaterials, and nanoemulsions, among other
nanotechnological approaches.

Keywords: fungal infection; nanoarchitecture carriers; drug delivery; antifungal drugs

1. Introduction

Fungal disease is one of the invasive, serious, and systemic topical infections com-
monly seen in humans' mucous membrane, tissues, and skin. In skin diseases, Candidiasis
is one of the most common fungal infections caused by Candida species [1]. Current stud-
ies have evaluated that the fungal infections (specifically those infected through Candida,
Aspergillus, and Cryptococcus spp.) kill more than one million persons per year [2]. Around
20-25% of the human population are suffering from mycoses [3]. Many antifungal drugs
used to treat topical infections show associated toxicity and decreased therapeutic out-
comes [4]. The antifungal drugs administered through the skin in various conventional

Appl. Sci. 2021, 11, 7119. https://doi.org/10.3390/app11157119

www.mdpi.com/journal/applsci



Appl. Sci. 2021, 11, 7119

2 of 20

forms (gels or creams) may show redness of the skin, erythema, stinging, and burning
sensation as side effects [5]. Consequently, different vesicular preparations have been dis-
covered to treat various topical fungal infections [5]. Additionally, invasive fungal infec-
tions are major causes of death, particularly in patients with AIDS, myelodysplasia, leu-
kaemia, aplastic anaemia, immunocompromised organ transplant recipients, neonates,
and geriatrics [6]. Every year, the mortality rate due to invasive fungal infections is ap-
proximately 1.5 million [7].

Based on fungal moieties, cutaneous mycoses are categorized into dermatophytosis,
candida infections, and mold infections [8,9]. The majority of fungal infections can be ob-
served on the scalp, skin, vagina, mouth, feet, and fingers [10]. However, warm and wet
conditions are favorable for the growth of fungi [11]. These microorganisms (tinea and
candida) thrive on the skin, especially between the fingers, under the armpits, and between
the thighs [12]. Angioinvasive fungal infections invade the blood vessels, which results in
the significant mortality and morbidity of immunocompetent and immunocompromised
patients [13]. This review summarizes the different fungal diseases, state-of-the-art cur-
rently available treatment strategies, and advances in developing nanocarriers for the
management of fungal diseases.

2. Fungal Diseases

The fungal infections mainly include dermatophytosis, Athlete’s foot, yeast infection
(Candidiasis), Jock itch or Tinea cruris, and Ringworm or Tinea corporis.

2.1. Dermatophytosis

It originates from dermatophytes, keratinophilic fungi that can invade keratinized
tissue (e.g., nails, hair, and skin). They also invade, infect, and persist in the stratum
corneum and occasionally penetrate underneath the surface of the epidermis and its ap-
pendages. Based on the microscopic characteristics, dermatophytes are classified as Epi-
dermophyton, Microsporum, and Trichophyton species. The Syzygiumjambos L. (Alston)
species has traditional therapeutic action and treats dermatophytosis in Southeast Asia
[14].

2.2. Athlete’s Foot

It is also called Tinea pedisis, a familiar fungal infection that affects the foot area of the
body. Generally, it relates to sports areas because the fungus propagates entirely in a
warm and humid environment—for example, sports equipment, shoes, socks, locker
rooms, and moist clothes [14].

2.3. Yeast Infection (Candidiasis)

In women, vaginal yeast infections are caused by Candida albicans. The hypertrophies
of candida disrupt the usual steadiness of yeast and bacteria in the vaginal organ. Basi-
cally, Candida is the reason for fungal infections in the mouth and vaginal area. The vaginal
aphthosis comprises feelings of tanginess, discomfort, and a hot sensation. Generally, oral
aphthosis is a pale patch located on the tongue and observed in pediatrics [15].

2.4. Jock Itch

Jock itch (Tinea cruris), a fungal skin disease, survives in humid and warm tempera-
tures. Therefore, it grows out of control on the inner thighs, buttocks, and groin. Jock itch
spreads from direct interaction with an infected patient or fungus area [16]. Indocile in-
fections are considered easy to treat, but tinea cruris is very difficult [17]. In jock itch, the
groin area is infected, and elevated temperature, stinginess, and foul smell are the most
prevalent symptoms. In contagious patients, the most common symptoms observed are
red-colored patches and swelling.
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2.5. Ringworm

Ringworm or Tinea corporis, a skin disease, also causes athlete’s foot and jock itch [17].
Dermatophytes mainly cause this fungal infection. These ringworm patches are red,
spherical, and irritating rashes.

3. Currently Available Treatment Strategies for Fungal Diseases

The treatment of fungal diseases involves systemic and topical antifungal agents, de-
pending on the type of fungal skin disease, infection area, and skin penetration. Topical
treatment is the most common for all kinds of skin infections. The classes of antifungals
approved for treating patients with invasive fungal infections (IFls) are triazoles, poly-
enes, and echinocandins [18].

Historically, Fluconazole and Itraconazole, among other azole drugs (first-genera-
tion), started in the 19th century and showed a potent broad-spectrum action of the deox-
ycholate preparation with fewer side effects. Voriconazole, Posaconazole, and Isavucona-
zole (second-generation azole drugs) showed a prolonged spectrum of activity against
filamentous fungi. Antifungal topical azole drugs treated Pityriasis versicol when applied
in the form of solutions, sprays, creams, and shampoos [19]. The azoles exert their effect
by inhibiting CYP-dependent C-14 n-demethylase, an enzyme involved in converting
lanosterol to ergosterol. It leads to the depletion of ergosterol, the essential sterol of the
fungal cell membrane, and, ultimately, compromises cell membrane integrity [18].

Amphotericin B (AmB), a polyene antifungal agent with a broad range of activity
against yeasts and molds, targets ergosterol. AmB is effective against Cryptococcus neofor-
mans, Candida spp., Aspergillus spp., and agents of mucormycosis. However, some fungi,
including Candida lusitaniae, Aspergillus terreus, Trichosporon spp., Geotrichum spp., and
Scedosporium spp., are resistant to AmB [19].

In the 20th century, the Echinocandins drugs (Mycafungin, Caspofungin, and Anid-
ulafungin) offered significant activity against candida infections and were commercially
available only in the parenteral form. Echinocandins are cyclic lipopeptides that work by
interfering with fungal wall synthesis. In a noncompetitive manner, they inhibit the syn-
thesis of Caspofungin and an essential constituent of the fungal cell wall [19]. In contrast,
because there are no (-glucans or 3-glucan synthases in humans, these agents are less
toxic than other antifungals [20].

The synthesis of ergosterol is interfered with terbinafine. It shows fungicidal action.
It is effective against dermatophytes such as Microsporum spp., Trichophyton spp., and Epi-
dermophyton. Fungistatic flucytosine interferes with the synthesis of protein and DNA.
It is a fluorinated pyrimidine analog that is active against Candida spp. It is used in combi-
nation with azole or AmB. Hepatotoxicity and thrombocytopenia are associated with high
concentrations, i.e., >100 mg/mL [19,20]. Tolnaftate, an antifungal agent, is a synthetic thi-
ocarbamate that is used to treat ringworm, athlete’s foot, and jock itch [19].

A synthetic antifungal agent, Ciclopirox, is active against superficial mycoses, partic-
ularly Tinea versicolor. It acts by the chelation of trivalent cations (Fe** and Al**), inhibiting
the metal-dependent enzymes and interrupting the transport of amino acids and nutri-
ents. Amorolfine is used to treat onychomycosis. Orally active Griseofulvin is effective
against dermatophytes [10].

Various antifungal drugs are used to treat tinea and cutaneous candidiasis infections
(Table 1 and Figure 1) [1,21,22].
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Table 1. Site-specific action of antifungal drugs [1,21,22].

Chem‘1cal Antifungal Drugs Mechanism of Action Dosage Form
Constituents
AmB shows nephrotoxicity as an
important side effect, which has limited
Polyenes Nystatin and amphotericin e Membrane barrier function its indiscriminate use. The amphotericin
B (AmB) Ergosterol biosynthesis B lipid complex (ABLC) and liposomal
amphotericin B (L-AmB) are available to
overcome this impasse.
Loceryl solution exhibits a short
residence time. Films and adhesive
Isomerase and sterol reduc- patches, owing to their occlusive
Morpholines ~ Amorolfine tase properties, enhance nail hydration,
Ergosterol biosynthesis which augments the diffusion of
permeating molecules by causing
distension of the keratin fibers.
Heterocyclic . . Sliding of microtubules The nove'l formulation of such
Benzofuran Griseofulvin Fungal, mitotic apparatus nanoa}prtlcles can overcome the poor
solubility of the drug.
Tolnaftate is available in an aerosol,
cream, and lotion. Aerosols cause mild,
temporary stinging, while creams and
Thiocarbamate Tolnaftate Squalene epf)xidase . gels need longer. times for c.uring and
Ergosterol biosynthesis decrease the patient compliance because
of their poor penetration. So, there is a
need for nanodrug delivery to overcome
these problems.
e First-generation:
Ketoconazole, clotrimazole, First- and second-generation drugs are
econazole, bifonazole Inhibition of the fungal cyto- available in the form of cream, ointment,
¢ Second-generation: chrome P450 (P450) from and lotion. These traditional dosage
Azoles Itraconazole, fluconazole, family 51 (CYP51 or sterol ~ forms have poor skin penetration. Novel
posaconazole, voriconazole, 14a- demethylase) formulations can overcome the
terconazole, ravuconazole, Ergosterol biosynthesis drawback of poor absorption and
isavuconazole and albacona- penetration of drugs.
zole
Terbinafine tablet has gastrointestinal
Allylamines  Naftifine and terbinafine e Squalene epf)xidase . side effe?cts and‘ an alternatiYe dos.age
¢ Ergosterol biosynthesis form using topical formulation with a
nanodrug delivery system.
Echinocandins Caspofl.lngin, Mic'afungin Inhibit the (1,3)-p-D-glucan Intravenous injection.
and Anidulafungin synthase
Antimetabolite Fluocytosine Inhibit thymidylate Used orally and intravenous injection.
synthetase
Hydroxypyrido Ciclopirox Inhibition of transport of Available as topical solution. Usually

ne derivative

amino acids and nutrients

applied once a day.
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Figure 1. Various types of antifungal drugs currently used in clinics.

4. Nanocarriers in Management of Fungal Infections

Each category of antifungal drug has defined limitations related to a spectrum of ac-
tivity, development of resistance, and toxicity. Azoles show potential drug-drug
interactions in patients. In most cases, the use of AmB becomes ineffective due to the
reactivation of fungal infections posttreatment. Further, the excessive and frequent use of
azoles leads to the emergence of resistant fungal pathogens. Echinocandins exhibit a
narrow antifungal spectrum, but these are better-tolerated. The currently available
antifungal therapies are hindered by high toxicity, limited clinical efficacy, and
inconsistency in pharmacokinetic properties. Further, drug interactions and adverse drug
effects are expected in combination therapy. In this regard, nanotechnology-based ap-
proaches exhibit improved inhibitory activity on fungal pathogens at lower concentra-
tions. Nanocarriers also assist in the targeted delivery of antifungal drugs [23].

Nanocarriers possess unique optical, electrical, mechanical, or chemical characteristic
features, which show advantages over the conventional dosage form [24]. Nanotechnol-
ogy is involved in the creation of devices and materials [24,25]. A wide variety of nanocar-
riers used as drug delivery systems (DDS) for the treatment of fungal diseases include
phospholipid vesicles (such as liposomes, transfersomes, ethosomes, transethosomes,
etc.); non-phospholipid vesicles (spanlastics and niosomes); nanostructured lipid carriers
(NLCs); solid lipid nanoparticles (SLNs); nanoemulsions; polymeric nanoparticles (such
as chitosan-based nanoparticles); metal oxide nanoparticles; silver nanoparticles (AgNPs);
carbon nanotubes (CNTs); and dendrimers (Figure 2).
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Figure 2. Nanocarriers that can improve therapeutic outcomes in the management of fungal infections.

4.1. Vesicle Systems
4.1.1. Liposomes

Liposomes are bilayer vesicles with an aqueous core. This unique arrangement al-
lows the liposomes to perform as an effective DDS for both hydrophobic and hydrophilic
drugs [26,27]. Additional attention-grabbing features of liposomes comprise the least tox-
icity, biocompatibility, high drug load, bioavailability, and sustained release. Cholesterol
is employed in liposomes for increasing membrane stiffness, the stabilization of vesicles,
and controlling the drug release rate [28].

In this regard, Ambati et al. explored a novel strategy to improve drug efficacy by
targeting fungal cells. The AmB-loaded liposomes were synthesized and coated with Dec-
tin-2. Their outcome showed the diminished growth and viability of fungus cells [29]. In
a study, Liu and coworkers evaluated the effectiveness of intravitreally administered
AmB. C. albicans was inoculated to produce fungal infections inside the vitreous cavities
of 46 experimental rabbits. The histopathological data showed that the decreased toxicity
of intravitreally administered liposome-bounded antifungal drugs is accompanied by a
reduced efficacy. Moreover, in the fungal endophthalmitis treatment, a large dose of lip-
osome-bound AmB (above the required free drug) may be recommended [30].

Veloso et al. fabricated liposomal voriconazole (VCZ) as a safe and effective thera-
peutic platform for treating fungal infections. The study revealed that the administration
of liposomal VCZ resulted in a higher drug accumulation in the kidneys and liver. The
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protection of VCZ from biological degradation and a reduced metabolic rate resulted in a
30% AUC (area under the plasma drug concentration-time curve) reduction of an inactive
metabolite, VCZ-N-oxide [31].

Giordani et al. designed innovative liposomes to simultaneously deliver two poly-
phenols, such as gallic acid (GA) and quercetin (Q). The release of developed liposome
formulation in the vaginal cavity showed synergistic action to eliminate the infection and
diminish the vulvar, vaginal candidiasis symptoms. GA and Q acted in synergy to in-
crease the antioxidant actions of individual polyphenols. The developed polyphenol-
loaded liposomes were reported as nontoxic to cells and exhibited stronger anti-inflam-
matory activity than the free polyphenols and reduced the growth of C. albicans [32].

4.1.2. Transfersomes

Biocompatible ultra-deformable/elastic vesicles called Transfersomes are fabricated
from natural phospholipids and nonionic surfactants. Transfersomes have gained signifi-
cant interest in transdermal drug delivery [33]. Since their structures involve hydrophilic
and hydrophobic moieties, both drug molecules' categories can be accommodated with
extensive solubility. Transfersomes have a higher elasticity rate, resulting in a higher flux
rate and penetration across the skin than other vesicular systems [34].

Steinberg developed a topical formulation of a hydrophobic fungicide terbinafine
(TF)-loaded in Transfersome® vesicles (TFVs), which have significant in vitro antifungal
capacity compared to the plain TF. The study showed that TFVs caused more efficient
local damage to the fungal endoplasmic reticulum (ER). Additionally, the outcomes sug-
gested that transfersomes can act independently in the treatment of all types of fungal
diseases [35].

Ghannoum et al. designed a transfersome-based liquid spray to deliver the therapeu-
tic drug across the nail bed to treat onychomy-cosis infections. The Transfersome-designed
system demonstrated potent activity against the dermatophyte strains, with minimum in-
hibitory concentrations (MIC) of 0.03-15 mg/mL [36]. In a study, Zaky et al. prepared TF-
containing transfersomes to compare the antifungal activity and skin permeation rates of
different vascular formulations, such as menthosomes, transfersomes, and ethosomes in
nonocclusive environments. The ex vivo study of the drug-loaded vesicle displayed a two-
to three-fold greater permeation rate compared to the drug suspension. The TF transfer is
considered an effective antifungal agent against Aspergillus niger to manage fungal dis-
eases of toenails or fingernails [37].

4.1.3. Ethosomes

Ethosomes are soft, noninvasive, and malleable drug carriers that allow drugs to
spread in the systemic circulation and deep skin layers. Ethosomes, mainly composed of
20-45% ethanol, 2-5% phospholipids, and 100% w/w water, enhance the percutaneous ab-
sorption of drugs. A high ethanol concentration makes the ethosomes unique, which con-
fers a negative charge to liposomes and reduces vesicle sizes and the improved bioavail-
ability of therapeutic drugs [38].

Bhalaria et al. formulated FLZ-encapsulated liposomes and ethosomes. Their study
examined that the drugs diffused (%) from ethosomes were almost two-fold greater in
contrast to liposomes and three-fold greater than a hydroethanolic solution across rat skin.
The results demonstrated that the developed ethosomal DDS yielded improved antifun-
gal activity [39].

Faisal et al. developed an ethosome-based subcutaneous delivery system for VCZ
with the ultimate goal to enhance their antifungal properties and drug penetration. The
outcome reflected that ethosomes attained a similar inhibition rate against an Aspergillus
flavus infection at a two-times lesser drug concentration, contrary to the VCZ solution in
dimethylsulfoxide (DMSQO). For ethosomes, the obtained drug permeability rate across
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the abdominal skin was about six times higher than VCZ in hydroalcoholic solution. Like-
wise, the drug deposited on the skin was found to be greater and reliant on the ethanol
concentration [40].

In a study by Akhtar and Pathak, clotrimazole (CLO)-loaded Cavamax W7 composite
ethosomes were developed for enhanced drug delivery through the epidermis. The Ca-
vamax W7 composite ethosomal optimized gel displayed a higher (88.53% * 2.10%) drug
permeation rate in 8 h. The steady-state flux (Jss) was found to be 3.39 + 1.45 pg/cm?/min
in contrast to that of ethosomal gel (1.57 + 0.23 pg/cm?2/min) [41].

4.1.4. Transethosomes

Transethosomes, a combination of both ethosomes and transfersomes, contain phos-
pholipids; a high ethanol concentration (30—40%); edge activators (span 80, span 65, so-
dium deoxycholate, span 60, tween 20, tween 80, and tween 60); and water. Song et al.
architectured a novel carrier based on transethosome for the improved skin penetration
of VCZ. Transethosomes containing VCZ were synthesized and compared with
ethosomes, conventional liposomes, deformable liposomes, and controlled (polyethylene
glycol) solutions. The study data showed that >90% of vesicles were recovered among all
the vesicles due to the presence of ethanol (7-30%). Therefore, transethosomes could serve
as a potential subcutaneous DDS for VCZ [42].

The key goal of the research work of Verma and Utreja was to fabricate transetho-
somes for the effective dermal delivery of econazole nitrate. Transethosomal gel showed
more antifungal activity than commercial cream. The transethosomes could deliver econ-
azole nitrate in a controlled manner to eliminate cutaneous candidiasis [43].

4.1.5. Niosomes

Niosomes have been discovered as an excellent alternative to liposomes in order to
overcome the complications of sterilization, stability, and large-scale production. Nio-
somes are composed of biodegradable, nontoxic, stable (physically and chemically), and
inexpensive nonionic surfactants, which result in targeted and controlled drug release
[44].

Goyal and Qureshi prepared ITZ-loaded niosomal gel and demonstrated a pro-
longed drug release with an increased drug retention and permeation across the skin [45].
Another study focused on the preparation of niosomal gel. An in vitro study showed that
41.18% + 1.53% of the drug was released in simulated intestinal fluid within 12 h. The
niosomes-based gel formulation displayed prolonged action and improved antifungal ac-
tivity compared to the non-niosomal formulation [46]. Shirsand et al. designed a success-
ful ketoconazole-loaded niosome employing span 60 and cholesterol (1:0.2) and incorpo-
rated it into Carbopol gel (1%). An in vitro study showed 36.18% + 1.50% of the drug
release within 12 h. The developed formulation reflected a prolonged action with an im-
proved antifungal activity [47]. In a recent study, Abu El-Enin developed FLZ-loaded
proniosomal gel by the coacervation phase separation method using different nonionic
surfactants. The study showed the potential of proniosomal gel for the topical delivery of
an antifungal drug with a slow release for the management of fungal infections [48].

El-Ridy et al. designed nystatin-loaded niosomes using stearylamine (positive) and
dicetyl phosphate (negative) as the charge-inducing agents (CIA). The formulation
demonstrated a high bioavailability, the least hepatotoxicity, and nephrotoxicity. There-
fore, the niosomal system has opened a way for the parenteral administration of antifun-
gal drugs, which results in diminished toxicity and more dynamic antifungal actions [49].
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4.1.6. Spanlastics

Kakkar and Kaur presented an elastic vesicular drug carrier system (Spanlastics) as
a cargo material with good flexibility and ocular permeability in contrast to the nano for-
mulations such as niosomes [50].

Various studies were performed in order to evaluate their flexibility over numerous
mucosal membranes. Kaur et al. incorporated the bis-triazole antifungal agent FLZ into
an advanced sorbitan (spans)-based spanlastic vesicular system. Spanlastics were found
to be three times smaller in size with enhanced drug permeation than niosomal formula-
tions [51]. Additionally, spanlastics can be used over cubosomes (composed of cube-
shaped micellar aggregates) without adding an edge activator. Mainly, spanlastics were
discovered for their excellent ability to optimize trans-duodenal, trans-ungual, and trans-
corneal activity [52-54].

4.2. Nanoparticles
4.2.1. Polymeric Nanoparticles

Polymeric NPs are biocompatible and biodegradable polymer-based delivery sys-
tems within the range of 10-1000 nm in which drugs can easily dissolve, encapsulate, or
conjugate. Chitosan, a nontoxic, abundant, biodegradable polymer, is a linear amino pol-
ysaccharide. Ing et al. determined the antifungal activity of chitosan-based NPs against
Fusarium solani, A. niger, and C. albicans. The chitosan NPs with zeta potential from +22 to
+55 mV exhibited enhanced inhibitory activity against F. solani (MIC of low molecular
weight (LMW) NPs = 0.86-1.2 mg/mL and MIC of high molecular weight (HMW) NPs =
0.5-1.2 mg/mL) and C. albicans (MIC of LMWNPs = 0.25-0.86 mg/mL and MIC of
HMWNPs = 0.6-1.0 mg/mL) as compared with the solution (MIC = 3 mg/mL for F. solani
and C. albicans, as well as LMWNPs and HMWNPs). The inhibitory action was found to
be based on the zeta potential and particle size of chitosan NPs [55]. The chitosan NPs
exhibited good antifungal activity compared to AmB and reduced the cytotoxicity in L.929
fibroblast cells [56]. Ling et al. synthesized a novel nanoplatform containing ITZ (ITZ-NP)
for an effective fungal treatment with sustained drug delivery. A slight venous irritation
and very mild hemolysis represented much-improved biocompatibility compared to the
marketed formulations [57].

4.2.2. Metal Nanoparticles

Arciniegas-Grijalba et al. fabricated zinc oxide (ZnO)-loaded NPs and found that a
concentration of 9 mmol/L for the sample restricted the E. salmonicolor growth, reflecting
more significant antifungal activity [58]. Sawai and Yoshikawa evaluated the antifungal
activities of calcium oxide (CaO), magnesium oxide (MgO), and ZnO powders against C.
albicans, Rhizopus stolonifer, A. niger, and Saccharomyces cerevisiae. The results showed that
the CaO and MgO powders unveiled the antimicrobial properties against all fungi pre-
sented in the study [59].

Gutierrez and coworkers reported the advantages of reverse micelles to fabricate <5-
nm silver, gold, and gold—silver NPs with antifungal activity against five Candida strains
accountable for several infections/diseases. Developed highly reactive and monodis-
persed NPs with <5-nm sizes showed great antifungal action against C. krusei, C. parapsilo-
sis, C. glabrata, C. albicans, and C. guillermondii with MICso< 0.7 ppm. Thus, NPs are con-
sidered promising nanoplatforms to form alternative therapies to treat fungal diseases/in-
fections [60].

Pereira et al. characterized and explored the potential of AgNPs against A. oryzae and
Penicillium chrysogenum. The antifungal drug terbinafine revealed lower MIC values
(0.0063-0.0251 g/mL) for the experimental strains. Chemically fabricated AgNPs showed
antifungal action against all T. rubrum strains, whereas biologically fabricated AgNPs
showed more activity than FLZ but less than ITZ, terbinafine, and chemically synthesized



Appl. Sci. 2021, 11, 7119

10 of 20

AgNPs. Hence, the outcomes showed that biologically developed AgNPs might be uti-
lized as antifungal agents to treat dermatophytes [61]. Recently, Bocate et al. determined
the antifungal potential of biogenic AgNPs produced by simvastatin and fungi (alone or
in combination) against three toxic species relating to the genera Aspergillus section Flavi
(A. nomius, A. parasiticus, and A. flavus) and Circumdati section (A. melleus and A.
ochraceus). These results showed significant advantages of combined AgNPs and simvas-
tatin regarding the inhibition of fungal growth [62].

Nasrollahi et al. revealed the antifungal property of AgNPs on C. albicans and S. cere-
visige. The study indicated that AgNPs have extensive antifungal activity compared to
other antifungal agents, worth further research for clinical use [63]. Mallmann et al. intro-
duced AgNPs in which ribose and sodium dodecyl sulfate were used as the reducing
agent and stabilizer, respectively. While the outcome showed that stable NPs with 12.5 +
4.9-nm sizes exhibited more antifungal action against Candida spp. [64]. Alananbeh et al.
researched the effective dose and shape of AgNPs needed to treat fungi present in the
wastewater. The authors found that rod-shaped NPs resulted in the least fungi growth
compared with cube-shaped NPs [65]. AgNPs are promising nanocarriers for drug deliv-
ery [66].

4.2.3. Silver Bromide/Cationic Polymer Nanocomposite

Zhang et al. engineered poly-methyl methacrylate (PMMA) dental resins for long-
lasting and strong antifungal properties against C. albicans necessary for denture stomati-
tis prevention. The toxicity to human dental pulp cells (HDPCs), the mechanical applica-
tions, and the fungal growth inhibition capacity of cationic polymer nanocomposite/silver
bromide (NPVP/AgBr)-functionalized PMMA dental resins were demonstrated. Moreo-
ver, the antifungal property increased with the increased NPVP/AgBr incorporated anti-
microbial composite. The HDPCs growth rate was found to be greater than 75% [67].

4.2.4. Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles (SLNs) are emerging as alternative nanocarriers to the col-
loidal systems for targeted and controlled delivery [68]. The SLNs can be prepared by
utilizing lipids, which have less-arranged crystal lattice structures like glyceryl-behenate
and glyceryl-monostearate. These lipids favor effective drug inclusion compared to those
synthesized using extremely ordered crystal lattices structures such as cetyl-palmitate,
beeswax, solid paraffin, and tripalmitate. The SLNs have advantages, like good accepta-
bility, less risk of acute and chronic toxicity, improved bioavailability, precise targeting,
controlled release, encapsulation, and the prevention of unstable compounds from degra-
dation and easy, large-scale production techniques [69].

Nanostructured lipid carriers (NLCs) consist of a higher concentration of liquid lipids
than any other architecture. The solubility of therapeutic drugs in liquid lipids is more as
compared to solid lipids. Consequently, NLCs show a sustained release and increased
drug loading, thus evading loss and leading to solid lipid decomposition. The NLCs are
established as an advancement over the SLNs. The NLCs are fabricated by monitoring the
mixture of SLNs with liquid oil, foremost to singular nanostructures in the matrix form.
The possible disadvantage of SLNs is the predetermined drug-loading capacity and drug
leaching during storage. In contrast, NLCs represent the improved EE of drugs due to
extra space for drug loading by liquid lipids [70].

El-Housiny et al. researched and fabricated FLZ-loaded SLN-based topical gels with
the ultimate goal of improvement in the drug efficiency for Pityriasis versicolor treatment.
The drug showed a sustained drug release with a 1.4-fold improved therapeutic response
[71]. In another study, Jansook et al. investigated the effect of drug EE, drug release, and
the biopharmaceutical properties of AmB-based lipid formulations. Their observations
concluded that AmB-loaded SLNs showed an enhanced solubility of AmB by combining
lecithin and resulted in an extended-release with diminished toxicity and improved anti-
fungal activity [72].
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Gratieri et al. compared the physio-pathological conditions of nails and skin to high-
light the unrevealed applications of lipid NPs in onychomycosis. The fabrication tech-
niques and ingredients of NPs influence the EE, in vitro fungal activity, drug release, and
stability. Lipid NPs like NLC and SLN showed great potential in skin permeation. The
VCZ-loaded NLC significantly influenced the depth penetration of an encapsulated cargo
drug and allowed deep penetration in porcine hooves compared to the unloaded drug.
The NLC and SLN helped in reaching a high EE and cutaneous delivery [73]. Moreover,
Souto and Miiller designed NLC and SLN-based semi-solid preparation using Carbopol®
934. After a shelf-life of 2 years, the results showed >95% of CLO and <30% of ketoconazole
present in the developed formulations [74].

4.3. Nanoemulsions

Nanoemulsions (NEs) are the transporters of drug particles with colloidal molecular
arrangements in submicron sizes (10-1000 nm) [75]. Yang et al. developed sulconazole-
loaded nanoemulsions (SCZ-NEs) for the improvement of antifungal activity and trans-
dermal permeation. The optimized formulation exhibited a greater permeability (1.7-fold)
and inhibition rate (20.4 + 2.5 mm and 23.5 £ 2.4 mm) against T. rubrum and C. albicans,
respectively. Therefore, SCZ-NEs effectively solved the poor solubility issues, promoted
skin permeation, and improved the antifungal activity of SCZ. So, the percutaneous ad-
ministration of SCZ-NEs can be helpful for the treatment of fungal infections of the skin
induced by T. rubrum and C. albicans [76].

Garcia et al. demonstrated the potential of the NB-201 nanoemulsions against hu-
man-pathogenic fungi. It was observed that NB-201 significantly decreased the fungal
growth at the site of infection and displayed an improved curing property in terms of
inhibition activity against the development of other fungal pathogens, like A. fumigatus,
Cryptococcus spp., and Mucorales. Due to their nature, there are the least chances of devel-
oping drug resistance, which results in a novel treatment for skin infections or fungal
wounds [77].

4.4. Carbon Nanotubes

Wu and coworkers prepared antifungal AmB formulations by grouping single-
walled CNTs (SWCNTs) and multi-walled CNTs (MWCNTs) with fluorescein. These
were represented as more effective for human Jurkat lymphoma T cells [78]. The AmB-
attached CNTs showed less mammalian toxicity when compared to free AmB, as well as
good activity against many fungal strains and multidrug-resistant fungal cells. The free
AmB-based mammalian toxicity can be reduced by forming conjugations with CNT [79].
As the exterior wall of pristine CNTs is inert, there is a need to alter the CNT surface by
non-covalent and covalent changes for better biocompatibility and solubility [80]. In the
former method, the long-chain polymers and, in the latter method, direct covalent changes
are incorporated for altering CNT surfaces. Most of the current chemical approaches aim
to form a strong bond between CNTs and coupling agents. Sometimes, the functionaliza-
tion of CNTs causes a loss of mechanical strength and more time for purification [81]. The
CNTs are both exceptional DDS and novel engineered vehicles for carrying altered genes
and single-stranded RNAs [82-85].

Benincasa et al. prepared two conjugates amid functionalized CNTs (~CNTs) and
AmB. The calculated MIC values for ~CNT-AmB conjugates were more as compared to
AmB and AmB with sodium deoxycholate (AmBD), which suggested a nonlytic mecha-
nism of action (MOA) and did not present any significant adverse effect on the Jurkat cell
line at antifungal concentrations [79]. The molecular mechanisms for multi-walled carbon
nanotube (MWCNT)-induced in vivo toxicity on innate immunity are still largely unclear.
Considering the potential of Caenorhabditis elegans for the study of the innate immune re-
sponse of animals, we employed this in vivo assay system to investigate the effects of
MWCNTs on the innate immune response of animals and the underlying mechanisms. A
pre-exposure to MWCNTs at concentrations more than 100 ug/L enhanced the adverse
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effect of fungal infections in reducing the lifespan. With regard to the underlying cellular
mechanisms, we found that MWCNT pre-exposure enhanced the colony formation of
Candida albicans in the body of nematodes and suppressed the innate immune response
of nematodes by decreasing the expression levels of some antimicrobial genes. With re-
gard to the underlying molecular mechanisms, we found that MWCNTSs decreased the
expression levels of the pmk-1, sek-1, and nsy-1 genes encoding the p38 mitogen-activated
protein kinase (MAPK) signaling pathway and inhibited the translational expression of
PMK-1::GFP in the intestines and the phosphorylation of PMK-1. Epistasis assays showed
that MWCNTs required the involvement of the p38 MAPK signaling pathway mediated
by an NSY-1-SEK-1-PMK-1 cascade to enhance the toxicity of the fungal infection, increase
the fungal colony formation, and suppress the innate immune response. Thus, our results
suggest that MWCNTs may possess immunoinhibitory effects by affecting the functions
of the p38 MAPK signaling pathway. Our study also provides meaningful insights into
the role of the innate immune system of hosts against the toxicity of environmental toxi-
cants. Shakoor et al. fabricated MWCNTs and investigated their impact on the essential
immune system of animals and related fundamental mechanisms. Regarding cellular
mechanisms, MWCNTs enhanced the colony development of C. albicans in the nematodes
body and reduced the significant immune action of nematodes via reducing the expres-
sion stages of various antimicrobial genes. The MWCNTSs decreased the expression levels
of the sek-1, pmk-1, and nsy-1 genes encrypting the signaling pathway of p38 mitogen-
activated protein kinase (MAPK). Thus, the results suggested that MWCNTs could hold
immunoinhibitory activity by influencing the roles of the p38 MAPK signaling path and
provided evocative immune system action against the environmental toxicants [86].

Vikelouda et al. assessed the antifungal property of AmBD-conjugated f~-CNTs
against C. parapsilosis and C. albicans full-grown biofilms. The data revealed that AmBD-
conjugated f-CNTs contained 85.65% AmBD and —23.8 mV zeta potential, presenting a
stable performance of the nanoconjugates. The MICso of AmBD against C. parapsilosis and
C. albicans isolate was found to be 0.25 mg/L and 1 mg/L, respectively. The results exhib-
ited that the fCNTs AmBD and AmBD showed comparable antibiofilm properties for
both fungal biofilms and concluded that C. parapsilosis showed more resistance than C.
albicans (at concentrations >1 mg/L) [87].

Wang et al. showed an improved inhibition rate in spore germination and elongation
using MWCNT-derived nanomaterials compared with pristine MWCNTs for the plant
pathogenic fungi F. graminearum. Thus, after treatment with a concentration of 500 pg/mL
of MWCNTs containing various surface groups (COOH-, NHz-, and OH-), the spore
length reduced from 54.5 pum to 28.3 um, 29.5 um, and 27.4 um, respectively. Further, the
germination of the spore was interestedly inhibited to about 18.2% of the germination rate
by FMWCNTs, which was three-fold lesser than that of the pristine MWCNTs [88].

Pienko et al. proposed the hydroxylated and pristine architectures of the Ca4o fuller-
ene and SWCNTs as nanotransporters of the existing imidazoles (e.g., econazole, tiocon-
azole, and sulconazole) to enhance their pharmacokinetic characteristics, such as absorp-
tion, distribution, metabolism, and excretion. It was observed that the adsorption energies
of the azoles were dependent on surface modifications and the type of nanotransporter.
The CNT and fullerene surface hydroxylation gave a chance for the chemisorption of the
experimented antifungal agents. The complexes of hydroxylated and pristine nanotubes
displayed thermodynamic stability, while the fullerenes complexes were found to be ther-
modynamically unstable. Their kinetic stability was noteworthy, which allowed for the
formation of such structures. The instability of energy could improve the liberation of the
loaded molecule, which is advantageous for the release of the drug [89].

4.5. Dendrimers

Dendrimers with a low polydispersity index (PDI) and precise surface characters in-
volve three main structural parts: central, branches, and active surface groups [90,91]. Dif-
ferent families of dendrimers like PAMAM, poly(propylene imine) (PPI), carbosilanes,
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poly-l-lysines, and phosphorous dendrimers have been extensively explored for their us-
age in biomedical sciences [92,93].

Dendrimers with core-shell nanostructures, along with defined designs and less PDI,
are manufactured in a layer-by-layer fashion around a central unit, resulting in the regu-
lation of oversizing, surface functionality, and branching points [94]. The PAMAM den-
drimers are the most focused nanoplatform, with a well-established structure, shape, low
PDI (nearly 1), compatibility, and good solubility. Additionally, their globular construc-
tion offers a solid assembly (1-10 nm) for movement via biological layers as a novel carrier
for the increased solubility of water-insoluble drugs. Besides, PAMAM dendrimers are
elegant additives in different drug administration modes, like IV, oral transdermal, and
ocular delivery [95].

The surface engineering of dendrimers affects cell absorption. Adsorption endocyto-
sis occurs within the cells by binding with negatively charged proteoglycans present in-
side the cell membrane with cationic dendrimers. Clotrimazole (CLO), an interesting an-
tifungal agent belonging to the azole type, is widely used as first-line therapy for Candid-
iasis, along with econazole and miconazole. Winnicka and coworkers successfully en-
hanced the solubility of the antifungal drug CLO by encapsulating it in dendrimers and
observed its enhanced solubility in the PAMAM-NH: dendrimer in contrast to PAMAM-
OH dendrimers [96]. In an experiment by Gupta et al., the enhanced solubility of AmB
was obtained by forming complexes with PPI dendrimers [97].

It is very interesting to mention that dendrimer-based formulations like dendrimeric
lipopeptides and Trp-rich dendrimeric peptides alone showed some antifungal activity
[98,99]. Winnicka et al. showed that the charges present on the surface of PAMAM den-
drimers sturdily affected the enhancement of antifungal activity and solubility of antifun-
gal drugs [100]. Khairnar et al. examined the potential of different generations of PAMAM
and PPI dendrimers to improve the antifungal activity of Terbinafine and Nystatin. The
data presented that both the dendrimers enhanced the antifungal properties against A.
niger, S. cerevasae, and C. albicans [101].

5. Toxicological Overview

While the number of NPs types and applications continues to increase, studies to
characterize their effects after exposure and to address their potential toxicity are few in
comparison. Compared to conventional substances in a microscale, NPs (diameter < 100
nm) stand on a huge reactive surface able to interact with biological systems and cause
toxic effects. Most of the antifungal drugs have poor water solubility, which tends to show
a lower absorption and bioavailability. It can be improved by forming complexes using
nanocarriers. By virtue of their nano sizes, they have greater interactions with biological
surfaces, with pro and con effects [102]. Schematic mechanisms of cytotoxic activity of
antifungal drug-loaded nanocarriers are represented in Figure 3.
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Figure 3. Schematic mechanisms of cytotoxic activity of antifungal drug-loaded nanocarriers.

The cytotoxicity of chitosan NPs (ChNPs) in terms of the percentage of viable cells
and percentage of cytotoxicity after their respective treatments has been analyzed. At a
dose of 300 mg/mL, ChNPs killed 74.16% of the cell after 24-h incubation. The LDso value
was obtained as 64.21 mg/mL. The inhibition rate profile of ChNPs indicated that the in-
hibition of cell viability was found to be dose-dependent [56].

Spanlastics are nanosized and elastic. Both developed formulations, and the corre-
sponding empty vesicles have not shown any significant toxic effect on the cell prolifera-
tion of HGF compared to the control (p < 0.05) at 1% and 5% KTZ in the cell culture sus-
pension medium. There was higher cell viability in the case of blank and drug-loaded
vesicles than free drug suspension. Hence, it may be concluded that vesicles do not con-
tribute to cell cytotoxicity [50].

Different generations of the PAMAM dendrimer are used to enhance the solubility
of AmB, whose clinical use is restricted due to poor solubility and nephrotoxicity
[103,104]. For topical DDS, dendrimers might be advantageous for quick results of topical
irritation. Currently, there are no such studies that can clarify the cationic toxicity of top-
ical dendrimers. The lower groups of cationic dendrimers have exhibited better penetra-
tion than the advanced ones [105-107].

In a recent study, AgNPs were synthesized using different polymer/protein mixtures,
such as k-carrageen-hydrolyzed collagen (AgNPcolCarr), cashew gum-hydrolyzed colla-
gen (AgNPcolCashew), and agar-hydrolyzed collagen (AgNPcolAgar) and showed 2.0-
and 6.5-fold less cytotoxicity than AgNPcol, respectively. AgNPcolCarr demonstrated a
MIC value of 62.5 and 31.25 um/mL against E. coli and P. aeruginosa, respectively. The
MOA of AgNPs against yeasts may be related to the generation of free radicals that lead
to apoptosis [108].

In a study, Perez et al. tested the toxicity of empty ultra-deformable liposomes (UDL).
The formulations F3 and F4 did not reduce the mitochondrial activity of Keratinocyte (Ha-
CaT) and ]J774 cells; nonetheless, F4 produced 30% lactate dehydrogenase (LDH) leakage
in HaCaT cells at 2.9 mg/mL SPC. The membrane damage was more pronounced on phag-
ocytic (J774) than on nonphagocytic cells (HaCaT) [109].
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6. Conclusions

Fungal infections may lead to chronic diseases and death. The current antifungal
drugs used to treat topical infections show associated toxicity and decreased therapeutic
outcomes in unsuitable physicochemical performances. Although antifungal drugs are
designed to treat invasive fungal infections (IFIs), high mortality and morbidity, costly
treatment, and long stay in the hospital are associated with IFIs. The currently available
antifungal drugs show some limitations, including drug-drug interactions, spectrum ac-
tivity, pharmacodynamic and pharmacokinetic profiles, toxicity, and variability in ab-
sorption. In this context, combination therapy can be a potential strategy for improving
the efficacy of two or more drugs against drug-resistant fungal isolates. The development
of new antifungal therapy will improve the quality of patient life by reducing the therapy
time.

The utilization of antifungal agents in the treatment of fungal infections can prompt
the commencement of antifungal resistance. Regardless of the progress made so far in
antifungal treatments, the conjecture of resistance is still of significant concern in clinical
practice. The further advancement in the systemic treatment had a premise in amphoter-
icin B lipid preparations, which have increasingly good symptoms. Following the lipid
preparations of azoles, the other class of antifungal specialists that was exceptionally com-
pelling in treating some of the systemic mycoses was the echinocandins class. The echi-
nocandins displayed less renal toxicity than amphotericin B; however, they still have note-
worthy hepatotoxicity and were more costly than the azoles. Antifungal resistance is now
emerging as one of the clinically significant issues in patients requiring long-term prophy-
lactics or who have a background marked by antifungal use. Additionally, resistance ad-
vancement is affecting the study of the disease transmission of Candida contamination,
evidenced by a change from the albicans to the non-albicans Candida.

Despite an increasing number of reports about the advancement in antifungal ther-
apy, the number of cases of fungal infection is still high. New strategies for antifungal
therapy, rational drug design, and target identification can considerably boost the devel-
opment of new antifungal drugs for better cures and quality of life for patients. New an-
tifungal agents like isavuconazole are becoming better options in fungal treatments.

7. Future Perspective

Fungal infections kill more than one million humans each year. Thus, at least one in
five people are suffering from fungal infections. Neonates and geriatrics are at a higher
risk of death due to fungal infections.

To increase the efficiency of the currently available antifungals, efforts are required
to enhance the bioavailability, reduce the toxicity, combat the resistance, and improve the
antifungal spectrum. In this regard, to overcome these limitations, nanotechnology-based
drug delivery systems (nanocarriers) have attracted the attention of researchers owing to
their remarkable features, functionalization possibilities, and biocompatible perfor-
mances. Nanocarriers such as liposomes, transferosomes, ethosomes, transethosomes, ni-
osomes, spanlastics, nanoparticles, nanoemulsions, carbon nanotubes, and dendrimers,
among other promising nanotechnological approaches, can improve the therapeutic out-
comes for drugs used to treat fungal infections.

Nanotechnology-based formulations have exhibited promising results to improve
the aqueous solubility, efficiency, and stability of antifungal drugs and the target of in-
fected tissues. Despite these features of NPs, only a few NP-based antifungal drug formu-
lations are available in the market. Therefore, further research is required to overcome the
issues associated with drug loading, stability, standardization, the economic aspects, and
the challenges to boost the safe translation of the developed antifungal nanotechnology
from the lab to the clinic.
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