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Abstract
The humanoid nail is considered an exceptional protective barrier that is formed mainly from keratin. Onychomycosis is the 
cause of 50% of nail infections that is generally caused by dermatophytes. Firstly, the infection was regarded as a cosmetic 
problem but because of the tenacious nature of onychomycosis and its relapses, these infections have attracted medical atten-
tion. The first line of therapy was the oral antifungal agents which were proven to be effective; nevertheless, they exhibited 
hepato-toxic side effects, alongside drug interactions. Following, the opportunity was shifted to the topical remedies, as 
onychomycosis is rather superficial, yet this route is hindered by the keratinized layers in the nail plate. A potential alterna-
tive to overcome the obstacle was applying different mechanical, physical, and chemical methods to boost the penetration of 
drugs through the nail plate. Unfortunately, these methods might be expensive, require an expert to be completed, or even 
be followed by pain or more serious side effects. Furthermore, topical formulations such as nail lacquers and patches do not 
provide enough sustaining effects. Recently, newer therapies such as nanovesicles, nanoparticles, and nanoemulsions have 
emerged for the treatment of onychomycosis that provided effective treatment with possibly no side effects. This review states 
the treatment strategies such as mechanical, physical, and chemical methods, and highlights various innovative dosage forms 
and nanosystems developed in the last 10 years with a focus on advanced findings regarding formulation systems. Further-
more, it demonstrates the natural bioactives and their formulation as nanosystems, and the most relevant clinical outcomes.
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Introduction

The nail unit is considered a shield to the fingers’ and toes’ 
edge phalanges against trauma. The nail plate is a rough 
construction covering a thin glabrous epidermis, which is the 
nail bed or matrix [1]. At the nail root, the basal cells of the 
nail matrix are unceasingly divided by mitosis, and thus the 
plate keeps growing interminably during its lifetime, where 
the new cells are differentiated, and keratinized, thus forcing 
the old cells towards the dorsal surface [2]. The nail is com-
posed mainly of protein (about 80%), water (7–12%), lipids 
(< 1.5%), and minute quantities of minerals and electrolytes. 
Keratin, as a main component of the nail plate, is linked with 

disulfide bonds, electrostatic bonds, and hydrogen bonds, 
with the presence of phospholipid in low amounts; there-
fore, the nail plate represents a hydrogel membrane barrier 
with a limited degree of permeability [3]. Hyponychium is 
the epithelium under the nail plate at the junction between 
the nail-free edge and the skin of the fingertip, which acts 
as a seal for the nail bed [4]. The mean growth rate of fin-
gernails and toenails per month is 3 mm and 1 mm respec-
tively, where complete regeneration of a fingernail occurs 
in 4–6 months and 8–12 months for a toenail [3]. More than 
half of the diseases that affect nails are triggered by fungi, 
including dermatophytes, non-dermatophytes, molds, and 
yeasts, where the main species belong to the genera Tricho-
phyton, Epidermophyton, or Microsporum [5]. Infection 
idiosyncrasies are correlated to the microorganism, general 
health of patient health, and nail features.

Onychomycosis is caused by nail fungal infestation result-
ing in thickening, roughness, yellow–brown discoloration, 
distortion, splitting, and finally detachment of the nail [6]. 
Onychomycosis could be classified into four categories: dis-
tal subungual onychomycosis (DSO), proximal subungual 
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onychomycosis, superficial white onychomycosis, endonyx 
onychomycosis, and total dystrophic onychomycosis [7]. 
Trichophyton rubrum is the causative agent of DSO. It is 
presented at the sides of the nail plate including its bed, 
where the spread begins at the hyponychium and then to the 
nail matrix. Proximal sub-ungual onychomycosis is usually 
occurred in immunocompromised patients and is caused by 
T. rubrum that passes in the proximal nail folds by permeat-
ing the developing nail plate. White superficial onychomyco-
sis occurs in 10% of patients and is caused by Trichophyton 
mentagrophytes at the external part of the nail plate forming 
deep white impressions on the nail plate. Endonyx onycho-
mycosis is caused by Trichophyton soudanense and Tricho-
phyton violaceum, and invades the superficial surface and 
goes deeper into the nail plate. The end stage of the disease 
is total nail dystrophy which is characterized by thickening 
and yellow discoloration of the nail plate [5, 8, 9].

The prevalence of the disease also upsurges with age, 
with the prevalence in those younger than 18 years (0.5–3%) 
[10], due to the existence of diseases, impaired immunity, 
and unhygienic conditions of toenails with improper foot 
cleanliness [11]. The prevalence is increased by 25% in 
patients with human immunodeficiency virus disease. 
Although onychomycosis causes cosmetic discomfort and 
social concern, the disease may be accompanied by distress 
and might be allied with physical and work-related limits, 
and thus reduced quality of life [12]. Moreover, onychomy-
cosis is extremely difficult to treat due to rigid nail structure, 
increased treatment time, and the high probability of disease 
relapse.

The diagnosis is accomplished through the laboratory 
and microscopy method, fungal culture, and biopsy [13, 14]. 
For the treatment of onychomycosis, terbinafine (the gold 
standard), griseofulvin, and itraconazole are given orally, 
and ketoconazole and fluconazole might be used as off-label 
treatment [15]. The topically applied antifungal agents are 
amorolfine, ciclopirox, efinaconazole, and tavaborole [16]. 
Oral therapy is effective and at a low cost; however, hepato-
toxicity, cardiac disturbances, and drug interactions are chief 
drawbacks that lead to patient nonadherence and adverse 
events [5]. On the other side, topical treatment is associ-
ated with fewer side effects and high patient compliance, 
while poor drug diffusion into the rigid nail structure is the 
main barrier [17]. In the last few years, different physical and 
chemical approaches emerged along with topically applied 
treatments including nail solutions and lacquers. The physi-
cal and chemical methods displayed a set of drawbacks and 
are not commercially available in the market, while nail 
solutions and lacquers were not effective enough because of 
the keratin content of the nails leading to insufficient drug 
permeability.

Therefore, there was a need for a transungual drug deliv-
ery system that involves better drug penetration through 

nails to resolve nail diseases, advance patient compliance, 
and show efficient results. Here comes the role of nanofor-
mulations which would enhance targeted drug delivery, 
increase drug retention, minimize the doses, and thus reduce 
toxicity. Different delivery systems have been utilized for 
the treatment of onychomycosis such as polymeric films, 
in situ gels, and nano-based systems. This review outlines 
various treatment approaches such as mechanical, physical, 
and chemical methods, and demonstrates in detail the for-
mulated nanoparticle-based modalities presented since 2012, 
as innovative and alternative ways of therapy for onycho-
mycosis. Moreover, it states the natural bioactives and their 
formulation as nanosystems, and the most relevant clinical 
outcomes.

Modes of Therapy

Mechanical Methods

Nail Avulsion

It involves complete surgical of the nail plate from other 
units, either by physical removal (inserting Free’s elevator) 
or by chemical treatment (applying urea ointment). This pro-
cedure might display postoperative nail deformity or pain 
[18].

Nail Abrasion

This procedure is accomplished via filing or sanding of 
the nail plate with sandpaper attached to the dermabrader 
device. It is usually applied in combination with topical anti-
fungal agents. The technique reduces the fungal load and 
enhances drug diffusion without complications [19].

Physical Methods

The physical methods are widely used for topically applied 
and transdermal modes of delivery, and even though they are 
efficient in enhancing the nail penetration of topical medica-
tions, they are not cheap due to the complicated technology 
and equipment [15].

Microporation of the Nail Plate

Microporation is the process of piercing discrete small pits 
in the nail plate, but not the nail bed, using PathFormer (Path 
Scientific, Carlisle, USA), which is mainly used to drain 
hematomas. The procedure was used along with the topical 
application of terbinafine cream, where enhanced permea-
tion was achieved [15, 20, 21].
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Etching the Nail Surface

Etching, sometimes called acid etching, is the process of 
applying a surface-modifying chemical (e.g., phosphoric 
acid) to form profuse microporosities with increased sur-
face area and enhanced wettability. The resultant rough 
surface provides higher opportunities for the adhesiveness 
and attachment of the delivery system (mainly polymeric) 
and thus improves the penetration of drugs [22]. This proce-
dure was found to enhance the permeability of ketoconazole 
through the nails [23].

Iontophoresis

Iontophoresis involves the application of a mild electric 
current to boost the penetration of molecules through var-
ious barriers [24]. The process is accomplished through a 
small device that consists of an anode and a cathode along 
with a source of power, where the ionized drug is sited at 
the electrode carrying a similarly electric charge, and the 
oppositely charged electrode is attached to the body. Upon 
running the electric field, anions flow from the cathode 
towards the anode, whereas cations move in the oppo-
site direction. In this method, the structure of the nail is 
preserved and is of low cost; therefore, patients are com-
pliant; however, long-term safety should be determined 
due to cutaneous adverse effects [5, 15]. Terbinafine is 
the drug of choice along with iontophoresis, being trans-
ported at acidic pHs (around 3) where full ionization of 
the drug is accomplished [25].

Laser

Laser stands for “light amplification by stimulated emis-
sion of radiation” which was found effective in fungi 
through photoselective damage to their pigmented struc-
tures [15]. The short-pulse neodymium yttrium–alu-
minum garnet (Nd:YAG) 1064 device, titanium sapphire, 
and diode lasers are used in onychomycosis treatment 
[26]. The abrasion of the nail plate is achieved by the 
application of a laser at 5000 W/cm2, where thermal dam-
age has fungistatic or fungicidal activities [27]. These 
lasers are FDA-labeled as “temporary increase of clear 
nail in onychomycosis” due to their beautifying result, 
and because of their undetermined long-term microbio-
logical and clinical effects [28]. Moreover, their draw-
backs include high cost and photoaging. Another research 
work has discussed the active transport of methylene blue 
solution as a drug via applying the Er: YLF-laser for nail 
perforation by means of pulsed radiation of microsecond 
Yb, Er: Glass laser, and the method was proved to be 
successful [29].

Photodynamic Therapy

Photodynamic therapy aims to combine both a photosensi-
tizer (PS) and a light source, where the former excites the 
photosensitizer to produce reactive oxygen species, which 
then destroy the cells by necrosis or apoptosis. It should be 
noted that the availability of oxygen is important for the pro-
cess to be completed. Photodynamic light sources might be 
intense pulsed light, light-emitting diodes, or lasers, where 
the ideal wavelength should be adjusted for each PS. PSs 
fall into three categories, including porphyrins, chlorophylls, 
and dyes. For the treatment of skin conditions, 5-aminole-
vulinic acid (ALA) and methyl aminolevulinate are used 
topically. This method is highly selective and effective; how-
ever, erythema, burning, and pain may occur [30, 31].

Ultrasound Sonic Waves

It involves the application of sonic waves that are able to 
produce micro-pores in the nails that facilitate drug permea-
tion. This procedure is non-invasive with minimal relapse; 
however, it is expensive, and its safety is not completely 
addressed [5, 13].

Microneedles

Dissolvable microneedles can be used in the form of topi-
cal patches and they create pores in the nails to boost drug 
penetration. This method is easy, simple, and circumvents 
system toxicity with improved patient compliance [32].

Chemical Methods

The chemical method involves the usage of certain sub-
stances (before or with formulation) to cleave different 
bonds in the nail plate including the disulfide bonds. Kerati-
nolytic enzymes such as papain and keratinase can be used 
as penetration enhancers. Sulfites (sodium sulfite) and thiols 
(mercaptoethanol) have the ability to break the nail disulfide 
bond. For example, N-acetyl-l-cysteine boosted the oxicona-
zole quantity retained in the nails upon its incorporation into 
the formulation [13]. Hydrophobins are fungal proteins that 
are classified as coating or protective agents; they were used 
successfully with terbinafine [33].

Regarding the incorporation of solvents in the formula-
tion, dimethyl sulfoxide was proven to boost the nail plate 
penetrability [34]. The influence of polyethylene glycols 
(PEGs) on the transungual delivery of terbinafine gel for-
mulation was studied in the absence and presence of ion-
tophoresis (0.5  mA/cm2), where low molecular weight 
PEGs (200 and 400 MW) displayed enhanced drug delivery 
properties compared to PEGs with higher molecular weight 
(1000–3350 MW) in both cases [35]. A different class of 
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chemical enhancers is nail softeners. This group includes 
sodium salicylate, salicylic acid, and urea, where their action 
is mainly due to keratin denaturation and solubilization via 
breaking disulfide bonds and thus enhancing drug permea-
tion [5]. Some other chemicals were not found to be effec-
tive in increasing transungual drug delivery, such as sodium 
lauryl sulfate [15], neat alcohol [5], and acetone [15].

Topical Therapeutic Approaches

Nail Lacquer

Conventional pharmaceutical topical systems like solutions, 
lotions, gels, creams, or suspensions are usually unbefitting 
for resolving nail diseases, principally because of their poor 
ability to be retained at the site of application long enough 
to allow drug penetration. In this context, nail lacquers or 
paints are usually applied to improve the efficacy of antifun-
gal drugs [36]. As shown in Fig. 1, nail lacquers are mainly 
formulated from film-forming polymers (water-soluble or 
insoluble resins) and volatile solvents, which dry quickly 
leaving a smooth film on the nail plate that acts as a depot 
for drug release [37]. The factors affecting the effectiveness 
of nail lacquer are displayed in Fig. 2. The antifungal drugs, 
amorolfine and ciclopirox, are marketed as nail lacquers and 
are advised to be applied after nail abrasion. Penlac® is an 
FDA-approved hydro-lacquer loaded with 8% ciclopirox 
[38], while Loceryl®, a water-insoluble nail lacquer, contains 
5% amorolfine [39]. The incorporation of different polymers 
in nail lacquers, such as hydroxyl propyl chitosan and dual 
acrylate–silicone hybrid copolymer, resulted in boosting the 

permeation of ciclopirox and ketoconazole respectively [28]; 
nevertheless, nail lacquers are either easily washable and 
not provide enough sustaining effect or waterproof that are 
uneasy to remove.

Patches and Films

Nail patches have emerged as an improvement over nail 
lacquers, to shorten treatment periods and improve patient 
compliance, as patches provide a delayed release of drugs. 

Fig. 1   General components of 
nail lacquers

Fig. 2   Factors affecting the effectiveness of nail lacquers
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It is usually made up of a pressure-sensitive adhesive matrix 
as a medication reservoir, a drug-impermeable backing 
membrane, and a release liner. Patches of ALA were able to 
sustain the drug release for 2 days [40]. Transungual films 
provide sustained drug release and they are formulated via 
film casting techniques or hot melt extrusion. Mididoddi et 
al. prepared a hydroxy propyl cellulose–based film of keto-
conazole drug using hot melt extrusion [41].

Gels

Gels or hydrogels are formulated using hydrophilic polymers 
(natural or synthetic), which upon dispersion in a vehicle 
form a three-dimensional structure [42]. Their preference 
in the medicating of nail diseases is due to their ability to 
accommodate a significant amount of water and thus hydrate 
the nail plate, which in turn improves drug permeation [18]. 
Other advantages of gels are illustrated in Fig. 3. Neverthe-
less, the drawbacks of using gels in treating nail diseases 
include the unease of application due to viscosity and their 
dissipation from the nail surface during day-to-day activi-
ties. However, in situ gelling systems have been introduced 
where they are present in a liquid state at certain conditions 
(temperature, pH, and ionic strength) and then subsequently 
transformed into a gel (Sol–Gel Transition) upon changing 
these conditions, i.e., after application to the nail [9].

Poloxamers are a famous example that undergoes transi-
tion due to temperature fluctuations. Another point to be 
considered is that gels are hydrophilic in nature and therefore 

can be used concomitantly with iontophoresis to transport 
charged drug molecules across the nail plate [43].

Innovative Nanosystems for Transungual Drug 
Delivery

To ensure complete treatment of fungal nail infections for a 
short period of time, a sufficient amount of the drug should dif-
fuse into the nail plate so that it can eliminate hyphae. On the 
other side, antifungal drugs possess physicochemical charac-
teristics that act as a barrier for penetrating the keratinized nail 
plate such as lipophilicity and molecular weight (Fig. 4). The 
larger the molecular size, the lesser would be the drug penetra-
tion. On the other side, the larger the molecular size, the lesser 
would be the drug penetration. It should be noted that different 
antifungals have different acidic strengths, except miconazole 
which is independent of pH to get penetrated through a nail 
plate; moreover, efinaconazole and tavaborole do not bind to 
keratin. As per the mentioned facts, potential nanosystems 
have been anticipated to increase the penetration of drugs into 
the nails, and various examples are listed in Table I.

Nanovesicular Systems

Vesicular systems have become a well-established tool for 
drug delivery and diagnosis purposes. Nanovesicles such as 
liposomes, ethosomes, and transferosomes have been loaded 
with a wide drug variety, either hydrophobic or hydrophilic, 
to target specific sites of action, and applied through different 

Fig. 3   The advantages of gels Fig. 4   Factors affecting nail permeability
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 o
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ra
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 p
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 p
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l b
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d
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s p
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at
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 p
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0]
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 c
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s o
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) p
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at
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s p
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 b
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s p
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 b
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routes, for example orally and topically. Lipososmes are uni-
lamellar or multilamellar vesicles formulated using phos-
pholipids and cholesterol and arranged into bilayers, while 
ethosomes contain alcohol to enhance the drug penetration, 
and both can be employed to treat onychomycosis [90]. Fol-
lowing, another nanovesicular generation with advanced 
penetration capabilities emerged compromising niosomes, 
transferosomes, spanlastics, and invasomes. These nanovesi-
cles would be beneficial in transungual delivery for nail fun-
gal infections. For example, terbinafine HCl was formulated 
as a film formulation loaded with liposomes. The films were 
synthesized by Eudragit or pullulan [72]. As niosomes are 
known for their high penetrability, itraconazole was formu-
lated as niosomes where the cholesterol content was found 
to significantly affect the permeation of the drug through the 
skin [56]. Additionally, efinaconazole was loaded in transfer-
osomes containing Tween 80 as a surfactant, which showed 
improved therapeutic results without any signs of erythema 
and/or edema [52]. Spanlastics are vesicular carriers that 
are mainly made up of Span 60 and an edge activator with 
enhanced penetrability. Efinaconazole and terbinafine were 
formulated as spanlastics for transungual delivery [53, 73]. 
Furthermore, itraconazole was formulated as invasosomes, 
which are flexible vesicles principally made of phospholip-
ids and ethanol, in addition to terpene. Invasomes enhanced 
the permeation of the medication into the nail plates, while 
terpenes improved the drug infiltration through the skin, 
which occurred by disrupting the constrained arrangement 
of the stratum corneum lipids [57].

Nanoparticles

In the last decade, nanoparticles (NPs) were exploited as 
innovative delivery systems for the treatment of many dis-
eases as they have a dual role in drug targeting and refining 
drug penetration. As a transungual drug delivery system, NPs 
have the advantage of convenient application and bypass the 
side effects of both orally administered drugs and undesirable 
problems associated with conventional dosage forms [18].

Lipidic Nanoparticles

Lipidic nanoparticles such as solid lipid nanoparticles and 
nanostructure lipid carriers (NLCs) are colloidal nano-
transporters, which are widely applied for the delivery of 
antifungal drugs as they deposit in skin appendages and 
sustain the release of the drugs. Moreover, they have the 
ability to boost the moisture of the skin and nails moisture, 
and thus improve drug permeability [91]. NLCs are for-
mulated using a mixture of solid and liquid lipids, where 
the oil lessens crystallization forming a disorganized 
lipid matrix with imperfections that allows higher entrap-
ment efficiency of drugs [92]. For instance, ketoconazole Ta
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enriched with Ucuùba (an Amazonian fat) was encapsu-
lated in nanostructured lipid carriers, where the formula-
tion was found to be biocompatible and bioactive [63]. 
Furthermore, terbinafine HCl was incorporated in solid 
lipid nanoparticles containing thiourea as a penetration 
enhancer which resulted in producing particle size of very 
small size with better penetrability properties [79]. Moreo-
ver, nanostructured lipid carriers of voriconazole were pre-
pared using urea as the optimal penetration enhancer [87].

Polymeric Nanoparticles

Polymeric nanoparticles are biocompatible delivery sys-
tems with flexible designs. They are characterized by their 
stability and long duration of action with site specific-
ity, improved therapeutic efficacy, and minimized toxicity 
[18]. For illustration, chitosan nanoparticles were formu-
lated encapsulating both itraconazole and diflourinated 
curcumin using an ionotropic gelation technique. These 
particles were further loaded in Carbopol 940 gel [93].

Metallic Nanoparticles

Metallic nanoparticles have various applications in wide-
ranging areas such as electronics, imaging, cosmetics, and 
drug delivery [94]. They have shown maximized therapeu-
tic index of drugs through site-specificity thus overcoming 
multidrug resistance. They are synthesized either via the 
top-down approach (dispersion method) which involves size 
reduction, or the bottom-up approach (condensation method) 
which involves a high degree of supersaturation followed 
by nuclei growth [95]. Several metallic nanoparticles were 
employed for their antimicrobial activity. Metallic nanoparti-
cles were widely employed either alone or mixed with another 
antifungal agent (e.g., griseofulvin) as shown in Table II. As 
an example, aluminum-phthalocyanine chloride was formu-
lated as nanoemulsion with PS (30.49 nm) and PDI (0.166) 
containing 9 g of Cremophor ELP® and 3 g of castor oil for 
nanoemulgel preparation [96]. Zinc oxide nanoparticles and 
the nanopaint laden with zinc oxide nanoparticles displayed 
substantial antifungal activity. Furthermore, silver and gold 
nanoparticles displayed enhanced antifungal activity [97, 98].

Table II   Metallic Nanoparticles for the Management of Onychomycosis

Type of metallic nanoparticles Nanosystem Key outcomes Reference

Aluminum-phthalocyanine chloride Nanoemulsions • For nanoemulgel preparation, Cremophor 
ELP®, and castor oil were used and yielded 
PS of 30.49 nm

[96]

Biological synthesis of zinc oxide 
nanoparticles (ZnO–NPs)

Nail Paint • Both the nanopartricles and the nanopaint 
displayed enhanced antifungal activ-
ity against M. canis and less significance 
against T. mentagrophytes

[99]

Silver nanoparticles (AgNPs) Biogenic synthesis of silver nanoparticles • Silver nanoparticles with an IC80 (1–2 µg/
mL), revealed considerable antifungal activ-
ity against T. rubrum

• Cell toxicity through hemolytic activity 
against

RBCs and the viability of V79 fibroblast or 
HL60 cells demonstrated lower toxicity than 
amphotericin B

• The in vitro disk diffusion test proved that 
the silver nanoparticles applied a similar 
inhibition zone to that of amphotericin B 
by a collaborative effect when added at the 
same time against T. rubrum culture

[97]

Silver nanoparticles coated with humic acid 
(HA)

• It was shown that MIC is about 
0.5 mmol L−1 AgNPs to reduce dermato-
phyte species growth

• HA-AgNPs were incorporated into a com-
mercial enamel at a concentration of 8% 
keeping stable physicochemical properties 
for 3 weeks

[100]

Itraconazole + gold nanoparticles Itraconazole conjugated with gold (Au-NP) 
nanoparticle

• Drug-gold conjugates were found to be 
more efficient than free ITZ or gold nano-
particles, which was further proven by the 
time-kill tests

[98]
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Nanoemulsions and Nanoemulgel

Microemulsions (NEs) are thermodynamically stable sys-
tems with globule size of 10–100 nm. NEs have displayed 
heightened bioavailability, absorption, and permeation of 
hydrophilic and hydrophobic drugs. NEs are formulated 
using oil, surfactant, cosurfactant, and water in definite 
proportions [9]. NEs gained a broad reputation as topical 
formulations because of their ability to accommodate con-
siderable quantities of drugs and boost their permeation 
through dermal membranes, besides exhibiting a high safety 
profile. Moreover, they displayed superior physical stability 
[101]. NEs can be formed spontaneously or through the use 
of high-energy emulsification methods [102]. NEs can be 
transformed into a gel to form a nanoemulgel by dispersing 
the oily phase (along with the drug) within an aqueous phase 
of the gel base. Emulgels have improved stability with a 
prolonged contact time [103]. Nanoemulgel was formulated 
with undecylenic acid as the oily phase and laden with amo-
rolfine HCl incorporating thioglycolic acid as a permeation 
enhancer [44]. In addition, ketoconazole optimized nanoe-
mulsion was formulated as a nanoemulgel by incorporating 
Carbopol® Ultrez 21 and thioglycolic acid as a penetration 
enhancer [59]. Moreover, ketoconazole was incorporated in 
a microemulsion prepared with nigella oil (as a penetration 
enhancer) and the microemulsion was added to a polymeric 
gel base [62].

Special Nanosystems

The application of nanotechnology in the pharmaceutical 
field yielded different nanosystems with enhanced proper-
ties. For instance, nanocapsules are special nanosystems 
that are formulated with a lipophilic solid or liquid core 
encapsulated in a polymeric shell made of synthetic poly-
mers like poly-lactic acid and poly-lactide-co-glycolide 
[39]. Ciclopirox olamine was formulated as core-coat 
polymeric nanocapsules, where poly lactide-co-glycolide 
was employed as a coat that protects the drug against rapid 
release from the oily core [47]. Another special nanosys-
tem is the nanospheres, which were formulated using 
Eudragit RSPO or ethyl cellulose to accommodate terbin-
afine HCl. In this context, the use of Eudragit RSPO was 
preferred to ethyl cellulose which resulted in repeatedly 
small particles with reasonably low polydispersity index 
when compared to ethyl cellulose [82]. Terbinafine HCl 
was also entrapped in PEGylated- keratin particles forming 
water channels, favoring drug diffusion and release over 
non-PEGylated keratin particles [85]. Antifungal agents 
were also formulated as nanosuspension and nanomicelles 
as nanosystems for their delivery to treat onychomyco-
sis. Griseofulvin nanosuspension was formulated using 
hydroxypropyl methylcellulose acetate succinate and 

dodecyl trimethylammonum bromide (DTAB), as a sur-
factant, after which it was suspended with spray-dried sil-
ica-coated silver nanoparticles. Griseofulvin-loaded nano-
suspensions with DTAB showed superior effectiveness, 
whereas colloidal silver did not appear to substantially 
enhance the antifungal activity [54]. Another antifungal 
agent, voriconazole, was formulated as nanomicelles, 
where thioglycolic acid was applied on the nails as a pre-
treatment, which enhanced voriconazole permeation by 
threefold [88].

Natural Bioactives and Their Formulation 
as Nanosystems for the Treatment of Onychomycosis

Natural bioactives have been exploited as an alternative 
treatment or in combination with other drugs for the man-
agement of onychomycosis. The reason behind this is the 
low cost, minimum adverse reactions, and low risk for the 
emergence of fungal resistance because of the complex 
nature and composition of bioactive constituents [104]. 
Various essential oils were incorporated in different 
nanosystems either alone or mixed with other antifungal 
agents as exhibited in Table III. Tea tree oil was formu-
lated as both nanoemulsions and nanocapsules. Nanocap-
sules were proved to be more efficient, and this may be 
attributed to their ability to reduce the volatilization of 
tea tree oil compared to nanoemulsions [105]. Further-
more, tioconazole and Melaleuca alternifolia essential oil 
were formulated as a Pickering emulsion which showed 
maximum stability when the fractional wetting conditions 
of stabilizing particles (silica nanoparticles) are similar 
for both oily and aqueous phases [106]. Chlorin e6 is a 
naturally occurring chlorin and is employed as a photo-
sensitizer, and was loaded into nanovesicles incorporating 
penetration enhancer to examine the effect of the formu-
lation on the photodynamic-mediated activity against T. 
rubrum, where the results showed higher nail hydration 
and drug uptake.

Application of Printing in the Treatment 
of Onychomycosis

Inkjet printing has evolved as a new technology and has 
been applied in the medical field for the purpose of treat-
ment. Recently, Pollard et al. reported a method for the 
management of onychomycosis via printing terbinafine 
hydrochloride directly onto nails using a commercially 
available cosmetic printer for nails equipped with home-
made ink containing the drug. The in vitro antifungal 
assay of the printed-on disks displayed the inhibition of 
T. rubrum growth in human nails [83].
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Clinical Studies for Treating Onychomycosis

In general, clinical studies are conducted to verify the 
effectiveness and biosafety of the application of different 
treatments in patients. Different clinical studies were car-
ried out to demonstrate the effectiveness and biosafety of 
some developed nanosystems in patients with onychomy-
cosis. Regenail® a cyclodextrin polypseudorotaxanes nail 
lacquer was proven to minimize surface harshness without 

changing nail structure and met patient acceptance and sat-
isfaction [70]. BB2603 is a nano-formulation of terbinafine 
hydrochloride and it was experimented clinically against 
(1%) Lamisil spray to evaluate systemic involvement, 
biosafety, and acceptability. The results of pharmacokinetic, 
safety (no sensitization), and efficacy (anti-dermatophytes 
activity) profiles supported the use of nanosystems for 
drug delivery to nails and even to the skin [81]. A clini-
cal trial that utilizes photodynamic treatment facilitated by 

Table III   Drug Delivery Nanosystems Containing Natural Active Constituents for the Management of Onychomycosis

Drug Nanosystem Key outcomes Reference

Efinaconazole with Eucalyptus citrodora 
oil

Microemulsion • 1% carbopol gel base converted the 
formulation into micro-emulgel with 
enhanced antifungal effect than standard 
drug

• Finally, it was proved that the synergistic 
effect could be achieved by both Euca-
lyptus citrodora oil and Efinaconazole 
drug via microemulsion formulation

[107]

Itraconazole + difluorinated-curcumin Polymeric nanoparticle-based hydrogel • These drugs were loaded inside chitosan 
nanoparticles, which revealed good 
stability, biocompatibility, and biodegra-
dability when topically applied

• The amount of drug permeated through 
the nail was 1.33 ± 0.02 µg/mg, 
0.89 ± 0.08 µg/mg, and 0.85 ± 0.05 µg/
mg for ITZ-CDF/CH NPs, free drug, and 
free CDF, respectively

[93]

Tioconazole Melaleuca alternifolia essen-
tial oil

Silica nanoparticles • Silica nanoparticles were synthesized 
and functionalized to stabilize Pickering 
emulsions

• The results assumed that Pickering 
emulsions are selected candidates for 
onychomycosis topical treatment com-
pared to others

[106]

Tea tree oil Nanocapsules and nanoemulsions • The colony forming units were 2.37 
for emulsion, 1.45 for nanoemulsion 
containing tea tree oil, and 1.0 for 
nanocapsules containing tea tree oil log 
CFU mL−1

• The areas obtained were 2.88 ± 2.08 
mm2 for nanocapsules containing tea 
tree oil, for nanoemulsion containing tea 
tree oil (14.59 ± 2.01 mm2), 40.98 ± 2.76 
mm2 for emulsion, and 38.72 ± 1.22 mm2 
for the control group

• Nanocapsules containing tea tree oil 
were superior in lowering T. rubrum 
growth

[105]

Chorin e6 Nail penetration enhancer containing 
vesicles

• Formulations exhibited high encapsula-
tion efficiency (79.4–98%) for Ce6, PS 
(225–859 nm), positive zeta potential 
values (+ 30 to + 70 mV), and viscosity 
(1.26 to 3.43 cP)

• The optimum formula displayed 1.8-fold 
and 2.3-fold as enhancement in nail 
hydration and drug uptake by nails com-
pared to the free drug

[108]
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aluminum-phthalocyanine chloride entrapped in nanoemul-
sions was established. The approach revealed 60% resolution 
of the treated lesions with negative fungal culture for about 
a month, the absenteeism of local and systemic side effects, 
in addition to lack of collateral effects as a result of the local 
treatment, and the potentiality to reapply the treatment with-
out inducing fungal resistance [96]. Moreover, Aggrawel et 
al. listed some nail formulations, such as NB 002, ME 1111, 
VT 1161, TDT 067, and MOB-015, that are going through 
different phases of clinical trials which are able to advance 
the efficiency of therapy [13].

Conclusion

Onychomycosis represents a tenacious and invasive fungal 
infection because of the weak penetrability of the antifun-
gal medications through the nail plate which eventually 
leads to the failure of therapy and, consequently, relapses. 
Mechanical, physical, and chemical methods of treatment 
suffer from high costs and unknown long-term side effects of 
some techniques. Topical formulations such as nail lacquers 
and patches do not provide enough sustaining effects. As per 
such conditions, nanosystems like nanoparticles and herbal-
based formulations seem promising due to minimized side 
effects, and better drug penetration and retention. Being an 
invader of multiple fields, nanotechnology along with novel 
technology such as printing would be the most effective ther-
apy to overcome the challenges of transungual drug delivery.
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