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ABSTRACT: The most prevalent infection in the world is
dermatophytosis, which is a major issue with high recurrence and
can affect the entire body including the skin, hair, and nails. The
major goal of this Review is to acquire knowledge about cutting-
edge approaches for treating dermatophytosis efficiently by adding
antifungals to formulations based on nanocarriers in order to
overcome the shortcomings of standard treatment methods. Updates
on nanosystems and research developments on animal and clinical
investigations are also presented. Along with the currently licensed
formulations, the investigation also emphasizes novel therapies and
existing therapeutic alternatives that can be used to control
dermatophytosis. The Review also summarizes recent developments
on the prevalence, management approaches, and disadvantages of
standard dosage types. There are a number of therapeutic strategies
for the treatment of dermatophytosis that have good clinical cure rates but also drawbacks such as antifungal drug resistance and
unfavorable side effects. To improve therapeutic activity and get around the drawbacks of the traditional therapy approaches for
dermatophytosis, efforts have been described in recent years to combine several antifungal drugs into new carriers. These
formulations have been successful in providing improved antifungal activity, longer drug retention, improved effectiveness, higher
skin penetration, and sustained drug release.
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1. INTRODUCTION

Dermatophytosis is a fungal illness caused by fungi (geophilic,
zoophilic, or anthropophilic) that penetrate the skin’s outer-
most dead layer or keratinized tissues like hair and nails. The
dermatophytes are classified into three distinct genera,

certain pathogens, such as T. rubrum, T. interdigitale, T.
tonsurans, and M. canis, exhibited a consistent increase and
emerged as the predominant species worldwide.® Dermato-
phytes such as T. verrucosum, T. violaceum, and M. ferrugineum
are prevalent in various regions of Europe, Asia, and Africa.

specifically Trichophyton, Microsporum, and Epidermophyton.
According to surveys conducted by the World Health
Organisation, it has been found that approximately 25% of
the global population is impacted by dermatophytes.”
Dermatophyte infections, often known as tinea infections, are
the most prevalent type of infection seen all over the world.’

Approximately 40 species of dermatophytes have the
potential to impact human health. T. rubrum, T. tonsurans,
and M. canis are the most commonly occurring fungal
species.*”® The dermatophytes adapt their characteristics to
new environments based on factors such as climate and
socioeconomic standing.” Prior to the middle of the 20th
century, Epidermophyton floccosum, Microsporum audouinii, and
Trichophyton schoenleinii were the predominant pathogens
causing superficial fungal diseases; nowadays, they have been
limited to a few underdeveloped countries. The prevalence of
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Tinea rubrum is presently recognized as the primary causative
agent of cutaneous and onychomycosis fungal infections on a
worldwide basis. Tinea violaceum is predominantly prevalent in
Eastern Europe, Africa, and Asia, whereas Microsporum canis is
commonly found in numerous regions of Europe and Asia.
Trichophyton tonsurans, on the other hand, is predominantly
observed in the United Kingdom and North/South America,
specifically in cases of tinea capitis.”'* The illustration in
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Figure 1. Dermatophytes epidemiology on a worldwide basis. A solid color denotes that the identified Trichophyton is responsible for more than
85% of the cases in that country. Colorless hatching denotes that the identified Microsporum is responsible for more than 90% of cases in that
nation. Both Trichophyton and Microsporum are significant causes of fungal infection in that nation, as evidenced by the combination of color and

hatch patterns.

Figure 1 displays various dermatophytosis pathogens and their
corresponding geographical distribution worldwide."

According to projections, this condition affects between 30
and 70% of persons asymptomatically, and its prevalence rises
with age. Other factors that affect its epidemiology include
climate factors, migration, and personal aspects including
immunological status.” These diseases are spread either
directly by coming into contact with an infected person or
animal, or indirectly by coming into contact with contaminated
soil or termites.'® The primary mode of dermatophyte
transmission is the perspiration of infected skin cells and
hair. Transmission directly by contact is limited."

The possible arthrospores or hyphae are deposited onto the
surface of the susceptible host. Following the initial
introduction into the host’s skin, the infection proceeds
through a series of stages, including adherence, penetration,
and retention, which are facilitated by specific favorable
conditions. It is possible for certain fungi to adhere to specific
hosts due to a wide variety of mechanisms and host factors,
such as the ability to adapt to human biology, the number and
activity of sweat glands in a specific part within the human
body (as sweat exhibits an inhibiting effect on dermatophytes),
ruptures in the skin barrier, mashed skin, and increased
hydration.'” Limited information is currently available
regarding the factors that promote the adherence of
dermatophytes. The adherence of dermatophytes has been
postulated to be mediated by proteases that are secreted by
them. T. rubrum possesses the capability to attach to epithelial
cells by virtue of carbohydrate-specific adhesins that are
expressed on the surface of arthroconidia, which is the
infectious agent.'® Following the adherence of arthroconidia
to keratinized tissue, their growth and germination proceed in
a radial manner, expanding in multiple directions.®'” The
proteases present in dermatophytes are responsible for the

breakdown of the keratin network into oligopeptides or amino
acids. Upon establishment, the spores undergo germination
and subsequently penetrate the layer of the stratum corneum.
This penetration is accompanied by the keratinases found in
the dermatophytes. Fungal metabolic products diffuse through
the malpighian layer, causing erythema, vesicle building, and
pruritus."” After the dermatophytes have invaded and
contaminated the stratum corneum, the next phase is
retention, during which they remain in the stratum corneum
and rarely progress deeper into the epidermis than the surface
and its extensions.

Dermatophytosis is categorized based on the specific
anatomical location of the infection. These classifications
include tinea pedis for infections on the feet. Tinea cruris can
be treated with infections in the groin area. Tinea corporis for
infections on glabrous skin. Tinea barbae for ringworm of the
beard and moustache. Tinea faciei for infections on the face.
Tinea imbricata, which is a chronic superficial mycosis
primarily caused by Trichophyton concentricum. Tinea capitis
for infections on the scalp, eyebrows, and eyelashes. Tinea
manuum for infections on the hands and Tinea unguium for
infections on the nails. The site specific classification of fungal
infection is illustrated in Figure 2. Similarly, Table 1
illustrates the examples of dermatophytosis as well as the
location of the illness, the frequency of occurrence all over the
world, and the clinical presentation.

The range of severity of these infections spans from cases
that are mild or asymptomatic to those that have the potential
to cause systemic infections that can be life-threatening. There
exists a pressing necessity to improve the treatment of fungal
infections. However, managing fungal infections poses a
significant challenge. At present, topical formulations such as
creams, gels, and lotions that incorporate antifungal agents are
widely employed for the management of cutaneous fungal
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Figure 2. Specific form of dermatophytosis in humans along with the
anatomic location of infection (the organs or tissues) that is targeted
by the infection.

infections. Topical treatments exhibit localized action and
entail less adverse effects compared to orally administered
antifungal medications. Topical antifungal preparations have
two main effects: either they kill the fungus (fungicidal) or they
prevent them from growing (fungistatic).”” The likelihood of
interactions with other drugs is minimal with topical
formulations, unlike oral antlfungal medications which are
more prone to such interactions.”® Notwithstanding the
efficacy of antifungal preparations, namely creams, gels, and
lotions, there exists a possibility of encountering untoward
outcomes, including cutaneous erythema, a vascular response
characterized by skin reddening due to augmented blood flow,
as well as st1n§1ng and a sensation of burning upon topical
administration.

As a result, researchers in the pharmaceutical domain have
investigated diverse nanocarrier mechanisms to tackle these
prerequisites and deliberations for administering antifungal
medications via topical means.”® Nanocarriers have the
capability to effectively target hair follicles and accumulate
within the intercellular spaces of the stratum corneum, where
they can integrate with the lipid matrix and interact with skin
lipids. Nanocarriers present a multitude of benefits in
comparison to traditional delivery systems for transdermal
administration.”’ Furthermore, nanocarriers have the capability
to maintain drug release over an extended period, thereby
mitigating adverse effects and minimizing the frequency of
antifungal drug dispensation.”

The main objective of this Review is to examine the
limitations associated with the transdermal delivery of
antifungal medications. In order to enhance the therapeutic
efficacy and circumvent the limitations associated with
conventional therapeutic modalities for dermatophytosis,
various endeavors have been documented to amalgamate
multiple antifungal agents within novel carriers. The
aforementioned formulations have demonstrated efficacy in
enhancing antifungal activity through the reduction of drug
resistance, mitigation of adverse effects, prolonged drug
retention, increased effectiveness, enhanced skin permeation,
and sustained drug release.

2. EPIDEMIOLOGY OF DERMATOPHYTOSIS
GEOGRAPHICALLY

Dermatophytosis, a frequently occurring superficial infection,
exhibits a worldwide distribution, with a higher incidence in
tropical and subtropical areas, attributed to the elevated levels
of temperature and humidity.”> Dermatophytosis is believed to
impact around 20—25% of the global population.”* Changes in
the epidemiological patterns of the pathogens may be
associated with the emergence of persistent and treatment-
resistant cases of dermatophytosis. The aforementioned
phenomenon has resulted in the development of dermatophyte
genotypes that exhibit heightened levels of virulence and
pathogenicity. Furthermore, the emergence of drug-resistant
species has been attributed to the inadequate administration of
potent antifungal drugs.’>*° According to a study, the
prevalence and variety of dermatophytosis infections have

Table 1. Dermatophytosis Name along with Infection Site, Prevalence of the Disease Worldwide, and Clinical Manifestations

of the Disease

S.  Dermatophytosis Worldwide
No. name Infection site prevalence Clinical manifestations Ref
L. Tinea pedis Feet 4.2% for men and Long-standing, itchy, intertriginous dermatitis of the toes characterized by peeling, 22
1.7% for women maceration, and fissuring
2. Tinea cruris Groin 20 to 25% of the Red and itchy rash in warm and moist areas of the body 23
world’s population
3. Tinea corporis Glabrous skin 0.6% of A well-demarcated, sharply circumscribed, erythematous, annular, scaly plaque 24
dermatophytosis with a raised leading edge, and scaling and central clearing on the body.
4. Tinea barbae Ringworm of the 5.8% of Swollen red patches, dry, scaly rashes, severe itchiness, patches of hair loss 25
beard and dermatophytosis (alopecia).
moustache
S. Tinea faciei Face 0.5% of There are round or oval red scaly patches, often less red and scaly in the middle or 24
dermatophytosis healed in the middle.
6. Tinea capitis Scalp, Eyebrows, and ~ 8.7% of Swollen red patches. Dry, scaly rashes. Severe itchiness. Patches of hair loss 26
Eyelashes), dermatophytosis (alopecia).
7. Tinea manuum  Hand 0.1% of Itchy, round patches on the back of the hands 24
dermatophytosis
8. Tinea unguium  Nails 0.8% of Long-standing, itchy, intertriginous dermatitis of the toes characterized by peeling, 24
dermatophytosis maceration, and fissuring
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increased in recent years. This can be attributed to shifting
migration and tourism patterns, socioeconomic situations, and
increased contact with animals. As a result, endangered species
have been identified in several nations.”’

It is noteworthy that in developing nations, there exists a
dearth of extensive epidemiological data due to the limited
research that is dedicated to investigating the etiology of
dermatophyte infections. Hence, it is plausible that the
prevalence of dermatophytosis in a given country may not be
accurately represented by the findings obtained from specific
locations within that country.****

In various parts of the globe, people are infected with
dermatophytes in a variety of different ways, which reflects the
varying geographic distributions of dermatophytes. The
examination of the presence of these fungi is highly significant
in the process of diagnosing, treating, and differentiating the
condition from other clinical skin illnesses. T. rubrum is the
most common species of Trichophyton isolated from human
skin, followed by T. mentagrophytes. This was proven
abundantly evident in Europe, where a high rate of T. rubrum
infection was documented, but in Asia, a greater incidence of
T. mentagrophytes was seen.”” The conditions of dermatophy-
tosis vary greatly from region to region and even within the
same country.

2.1. America. Dermatophyte Survey Committee of the
Medical Mycological Society of the Americas performed an
epidemiological survey on dermatophytosis cases in the US
from 1993 to 1995 and published it in 1998. The reports of the
survey showed that T. tonsurans was the most prevalent
causative agent (44.9%), followed by T. rubrum (41.3%).”

However, the result of another survey performed at the
Centre for Medical Mycology in Cleveland, Ohio from 1995 to
2002 showed that dermatophytosis due to T. rubrum
appreciably increased from 37% to 47% in between 1999 to
2002 unlike cases of T. tonsurans which decreased from 32% to
17.9%. This trend has indicated that T. tonsurans have
expended during the 1950s from Central America and the
Caribbean to the southwest part of the United States (US)
from Central America. Moreover, mycotic infections are more
frequently observed in the black African American popula-
tion. "

2.2. Middle East. Geographical regions cause great
variations in the prevalence of dermatophytosis in the Middle
east. According to the publications, tinea corporis is the leading
form of tinea infection in Iran.*' A study was done in Mashhad,
northern Iran; as expected, the result showed that tinea
corporis is approximately 33.1% of total tinea infection
followed by tinea capitis (32.5%) and tinea pedis (3.4%). T.
verrucosum was found to be the primary pathogen followed by
T. violaceum and T. mentagrophytes, and a majority of tinea
capitis infections were caused by T. violaceum (27%). After 10
years, in 2013, Tinea pedis (43.4%) and Tinea unguium
(21.3%) were the most often seen infection in Tehran, and T.
interdigitale became the leading pathogen.*” Around 2004, in
Lebanon, tinea unguium was the chief form of tinea infection,
with a prevalence of 44.2% of total dermatophytosis followed
by tinea corporis (43.2%). Most active species was T. tonsurans
(54.8%), followed by T. mentagrophytes, M. canis, T. rubrum,
and T. verrucosum.™

In between 2003 and 2008, a survey was done in the Riyadh
Military Hospital situated in Saudi Arabia, and the result
revealed that 40.3% of the total dermatophytosis was
onychomycosis, and tinea capitis was the second most

prominent with 21.9% of the total cases. T. mentugrtiphytes
and M. canis were acting as a principal causative agent. *

Sahin et al. published a survey report on a randomized study
conducted in the remote area of Duzce, Turkey. The result
showed that tinea pedis (49.1%) and tinea unguium (35.8%)
were the major reason for dermatophytosis, and the principal
causative agent was T. rubrum followed by T. mentagrophytes.”

Tinea pedis accounted for 45.1% of all dermatophytosis
infections among 67 Iragi patients, followed by tinea manuum
(22.2%), tinea capitis (11.8%), tinea corporis (7.8%), tinea
unguium (5.7%), and tinea faciei and tinea cruris (3.57%)."

2.3. Africa. It is difficult to estimate the real data of
dermatophytosis in Africa because of the lack of published
information regarding this topic. Dermatophytosis is not so
uncommon in underdeveloped countries of Africa, but it
generally remains undetected due to poor knowledge of it. It is
difficult for the general population of Africa to bear treatment
and medicine costs; thus, they commonly ignore this disease.
Tinea capitis represents the most frequently encountered
dermatophytosis in Africa, thus leading to a predominant focus
on tinea capitis in the existing literature. Prevalence of fungal
species responsible for the disease changes according to the
geographical region.46 According to reports and publications,
primary dermatophytosis in Nigeria is tinea capitis, and its
major victims are children. T. soudanense and T. tonsurans are
the pathogens in Abia state Nigeria, and in Anambra state, M.
audouinii is the principal agent. Because of having a younger
population (according to the report published in 2001, 44% of
the total population is younger than 1S years) in Ethiopia, East
Africa, a high incidence of tinea capitis caused by T. violaceum
has been reported. The same trend has been observed in a
survey conducted between 2009 and 2010 in Botswana.”” In
the Egyptian governorate of Menoufia, tinea capitis was the
most common clinical form of dermatophytes among
students.**

2.4. Asia. In Asian nations, dermatophytes account for 40
to 48% of cases, with yeasts being responsible for 43—46% skin
infections and nondermatophyte molds responsible for 8—11%
of infections.*” A survey was conducted in 16 dermatological
clinics of Japan involving 63,029 patients, it was found that
tinea pedis was the most active type of dermatophytosis, tinea
unguium was the second one.'” When a study was conducted
in a rural area of South India, it revealed that tinea corporis and
tinea capitis were the most active forms of tinea infection,
followed by the cases of tinea cruris. As expected from the
worldwide trend, T. rubrum (58.9%) was the principal causal
agent, followed by T. mentagrophytes (24.6%). But these
statistics are changing drastically; now the prevalence of T.
mentagrophytes has increased from 20% to 90% in the past 15
years. It has been reported that 78% of the total patients
reaching a dermatologist for skin lesions are suffering from
dermatophytosis, this number is equal to the 20—25% of global
prevalence.”® The Eastern Province of Saudi Arabia is
particularly vulnerable to fungal diseases like tinea corporis
and tinea cruris owing to its location near the Arab Gulf.>" Out
of 115 individuals diagnosed with dermatophytosis in Baghdad,
26.7% had tinea corporis, whereas just 3% had Tinea
manuum.’® Tinea corporis was likewise found to be the
most common form of the infection in India, accounting for
35.4% of cases, followed by Tinea cruris and Tinea capitis each
accounting for 16.8% of cases.”

2.5. Europe. Dermatophytes such as Microsporum canis and
Trichophyton verrucosum are the most commonly isolated
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dermatophytes in regions such as Southern Europe and Arabic
countries. This dermatophyte is the most prevalent agent
responsible for tinea capitis in children at the present time. The
rise in the frequency of M. canis infection in Europe,
specifically in nations adjacent to the Mediterranean, has
resulted in a significant surge in the incidence rate over the
past few years.>” A total 350 samples from 322 individuals were
analyzed. Out of 100 samples, 90 patients (28.6%) tested
positive by direct microscopy and/or culture. Among 63
positive cultures (18%), 17 (3%) were yeasts, 2 (3%) were
molds, and 44 (69.8%) were dermatophytes. Trichophyton
rubrum (mainly from onychomycosis) and Microsporum canis
(from tinea capitis and tinea corporis in youngsters) were the
most common dermatophyte species found. Nail samples,
particularly those of women, were shown to contain yeasts
(Candida species).”* About 40% to 68% of cases in Europe
may be attributed to dermatophytes, whereas yeasts account
for 21% to 55%.>° A retrospective study was conducted
between 1985 and 2008 in Austria, and the results showed that
76.3% of total dermatophytes were zoophilic with M. canis
being responsible for 84.4% of the total cases of Tinea corporis.
But in Italy re-emergence of anthropophilic dermatophytes like
M. audouinii, T. violaceum, and T. tonsurans has been observed
over the last 20 years.>6 In Germany, E. loccusum and M.
audouinis were the commonest causative agents of tinea during
the 1920s. But this trend took a turn during the 1950s when T.
rubrum became the most frequently observed dermatophyte in
Europe chiefly responsible for tinea pedis and T. unguium.”’
Mycology Reference Laboratory, Bristol, United Kingdom
(UK), conducted a survey from 1980 to 2005 and found that
T. rubrum was responsible for approximately 70% of total
dermatophytosis in 2005, T. interdigitale was the second most
prevalent dermatophyte accountable for causing approximately
20.8% of total cases of dermatophytosis.**

3. FACTORS ASSOCIATED WITH DERMATOPHYTES
INFECTION

Apart from enzymes, several other factors have been associated
with an increased incidence of dermatophytosis. These include
elevated temperatures and humidity in tropical and subtropical
areas as well as the geographical location, with a higher
prevalence of the infection in rural regions compared to urban
ones.”® Patients diagnosed with diabetes serve as a noteworthy
illustration of how chronic ailments and disorders can
potentially facilitate the transmission of infectious diseases.
The incidence of tinea infections is significantly higher in
developed countries due to the administration of immunosup-
pressive drugs and the higher prevalence of conditions such as
Acquired Immune Deficiency Syndrome (AIDS), as opposed
to infections in individuals residing in impoverished socio-
economic conditions.”” Additionally, the utilization of anti-
biotics and steroid medications, in conjunction with residing in
a communal setting, may increase the likelihood of contracting
an infection.**

In humans, the incubation period for dermatophytosis is
normally between 1 and 2 weeks before symptoms of the
disease become visible. The humid and warm conditions that
are typical of tropical places are ideal for the propagation of the
disease.*® Dermatophyte infections are linked to a number of
risk factors, including a lack of cleanliness and perspiration that
happens as a consequence of engaging in strenuous outdoor
activities when temperatures are high. Dermatophytes are a
type of fungus that can cause infections of the skin.”' The
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shifting epidemiology of dermatophytosis was influenced by a

variety of factors, including travel, socioeconomic status, use of

antifungal medication, and immunosuppressive status among
54,60

others.”™

4. TREATMENT STRATEGIES FOR SUPERFICIAL
FUNGAL INFECTIONS

In the past few years, there has been a significant lack of
attention paid to research pertaining to the treatment of
dermatophytosis. This is concerning given the increasing
prevalence of cutaneous dermatophytosis worldwide, partic-
ularly in tropical regions. As a direct consequence of this, the
illness can still be found in a significant number of people all
over the world and provides a complex therapeutic challenge to
practitioners of medicine.”” There exists a variety of treatment
modalities that can be utilized for the management of
dermatophytosis. Although these medications demonstrate
promising clinical cure rates, they are also linked to notable
limitations, such as the emergence of antifungal drug resistance
and adverse reactions. The azole-derived compound is a
frequently employed antifungal approach owing to its extensive
range of effectiveness, chemical stability, and superior oral
bioavailability.”’ Antifungal drugs, including polyenes, azoles,
allylamines, echinocandins, and other classes of drugs, can be
classified according to their respective mechanisms of action.
The modes of action of these classes are as follows:

1) Polyenes bind to ergosterol: Instead of stopping an
enzyme from working, it binds to ergosterol, the main
sterol in fungus membranes, which disrupts membrane
function enough to let cellular contents leak out
(amphotericin B).%”

Azole derivatives: An enzyme termed 14-lanosterol
demethylase, which is essential for the biosynthesis of
ergosterol, a vital component of fungal cell membranes,
is inhibited by azole medications. Azole derivatives like
ketoconazole, fluconazole, itraconazole, and voricona-
zole interfere with the synthesis of ergosterol by
inhibiting this enzyme, compromising the viability and
integrity of fungal cell membranes.®”

2)

3) Inhibition of squalene epoxidase: The allylamine class,
which includes terbinafine and naftifine, works by
blocking the squalene epoxidase enzyme during the

initial stages of fungal ergosterol production.®”

DNA and RNA synthesis inhibitors: Flucytosine is an
antifungal medication that works by preventing fungal
cells from synthesizing DNA and RNA. Inside the fungal
cell, it is transformed into fluorouracil, a metabolite that
interferes with the normal synthesis of nucleic acids and
L 62
prevents the growth and replication of the fungus.

4)

5) 1,3-f-Glucan synthase inhibitors: Echinocandins belong
to this class of antifungal drugs. They work by inhibiting
the activity of the enzyme 1,3-f-glucan synthase, which
is responsible for the synthesis of a specific component
of the fungal cell wall called f-glucan. By blocking the
synthesis of f-glucan, echinocandins weaken the fungal
cell wall, causing cell lysis and death. These different
classes of antifungal drugs target various aspects of
fungal cell structure and function, providing a diverse
range of treatment options for fungal infections.”

Inhibition of C-14 sterol reductase and C-11 sterol
Isomerase by morpholines class.”

6)

https://doi.org/10.1021/acsomega.3c01988
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7) Inhibition of chitin synthase: The fungal cell wall, which
is mostly made up of chitin, glucans, mannans, and
glycoproteins, is important for adhesion and for fungi to
cause disease. It also acts as a protective shield,
preventing molecules from reaching the plasma mem-
brane. The primary mechanisms that antifungals which
target the cell wall function are by stopping the
production of chitin and —glucan.63

Inhibition of Heat Shock Protein 90 (Hsp90): The Hsp
family has a molecular helper called Hsp90. Pathogenic
microorganisms in the host are able to stay alive because
they make these proteins in reaction to toxic conditions.
Hsp90 could be a target for antifungal therapy because it
is linked to fungal pathogenesis, phase change in
dimorphic fungi, and resistance to antifungal drugs.®*
Inhibition of microtubules assembly: Griseofulvin
inhibits the formation of microtubules. It is understood
that griseofulvin disrupts the intercellular synthesis of
microtubules and prevents fungi from going through
mitosis.®”

8)

9)

10) Reactive oxygen species (ROS) and reactive nitrogen
species (RNS) leading to cell death: Amphotericin B,
miconazole, and ciclopirox cause the production of ROS
and RNS, resulting in cell death.®®

In addition to their ergosterol inhibitory properties, azoles
have also been found to inhibit enoyl acyl carrier protein
reductase, which has been associated with antibacterial activity.
Triazole compounds exhibit greater efficacy against fungi,
bacteria, and tumors in comparison to other azole deriva-
tives.” The mechanism of action of azoles as well as other
fungal class drugs is illustrated in Figure 3.

4.1. Azoles. The largest group of antifungals is azoles.
Currently, three generations of azoles are used clinically to
treat dermatophytosis. The first-generation azoles have an
imidazole in their ring structure and are mostly employed
topically (with the exception of Ketoconazole; KTZ) due to
their low oral absorption and severe systemic toxicity. Instead
of an imidazole framework, the second and third generations of
azoles have a triazole ring in their chemical structures.*’
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Table 2. Standard and Modified Treatment Regimens for Fungal Infection”

S.
No. Drugs Target fungi
1. Fluconazole Histoplasma, Blastomyces, and

Coccidioides

2. Ketoconazole  blastomycosis, candidiasis,
coccidioidomycosis,
histoplasmosis, chromomycosis, phospholipids by fungi.
and paracoccidioidomycosis

3. Itraconazole  Aspergillus species

Mechanism of action Ref

Fluconazole interacts with 14-demethylase, a cytochrome P-450 enzyme responsible for catalyzing 67
the conversion of lanosterol to ergosterol

Ketoconazole works as an antifungal agent by inhibiting the cytochrome P-450 14a-demethylase 68
enzyme. This enzyme is responsible for inhibiting the biosynthesis of triglycerides and

Itraconazole acts by inhibiting the fungal cytochrome P-450 dependent enzyme lanosterol 14-a- 69

demethylase. When this enzyme is inhibited, it blocks the conversion of lanosterol to ergosterol,
which disrupts fungal cell membrane synthesis.

4. Terbinafine Trichophyton species,
Microsporum canis,
Epidermophyton floccosum, and

Tinea species

Its inhibition of fungal membrane production and ergosterol synthesis. 70

6. Clotrimazole  Candida albicans Clotrimazole thereby inhibits the biosynthesis of ergosterol in a concentration-dependent manner 71
by inhibiting the demethylation of 14 alpha lanosterol.
8. Miconazole Candida spp., Trichophyton spp., The primary mechanism of action is through inhibition of the CYP450 14a-lanosterol 72
Epidermophyton spp., demethylase enzyme, which results in altered ergosterol production and impaired cell membrane
Microsporum spp. composition and permeability, which in turn leads to cation, phosphate, and low molecular
weight protein leakage.
Newer Antifungal Therapy
S.

No. Immune Therapy Target fungi

Mechanism of action Ref

1. T cell therapy Aspergillus Aspergillus-specific CD4" T cells protect immunosuppressed host from aspergillosis 73
infection

Invasive fungi Developed CD4" responses 74
Invasive fungi Triggering C-type lectin dependent pathways 75,6

7

Aspergillus and C. albicans Developed Thl memory response 73

2. Gene therapy A. nidulans Boosting NADPH function and the NET formation 77,
78

Aspergillosis Boosting NK cell responses 79

Invasive fungi Human recombinant IFN-y fine-tune the immune responses 80

3. Cytokine therapy  Cryptococcus spp. High levels of IFN-y in cerebrospinal fluid reinforce the immune response to 81,
cryptoccal infections 82

C. neoformans 18B7 mAb attached to the polysaccharide capsule of C. neoformans and triggers the 83,
optimum immune responses 84

4. Neutrophil and Candida spp. Granulocyte infusion 85

fﬁ:rrl:;;cyte Invasive fungi Phagocytic activity by different types of killer cells such as neutrophils 86

S.  Antibody therapy  IFIs especially C. albicans Efungumab attached to the HSP90 fungal shock protein and AmB and boosts 83

immune responses to fungi

7. Monoclonal
antibodies Histoplasma, Paracoccidioides,

Sporothrix

8. Rezafungin Candida albicans, Candida glabrata,

Candida parapsilosis

Candida albicans, Candida, Cryptococcus, Complement proteins trigger this portion of the innate immune response, enhancing 87
C3 receptor-mediated phagocytosis. Antibodies also catalyze.

Cell morphological changes cause osmotic instability, which leads to cell death and/ 88
or inhibition of cell proliferation when 1,3-f-p-glucans are depleted from the cell

wall.
9. Oteseconazole Fungal CYPS1 Oteseconazole is a fungicidal CYPS1 inhibitor that belongs to the azole 89
metalloenzyme class.
10.  Ibrexafungerp Aspergillus spp. Inhibits biosynthesis of -(1,3)-p-glucan in the fungal cell wall 90
11.  Laser treatment Superficial fungal infection Fungus killed by thermal process (1064 nm laser). 91
12.  Olorofim Invasive fungal infections Olorofim acts by inhibiting the enzyme DHODH. 92

“NADPH: Nicotinamide adenine dinucleotide phosphate; NK: Natural killer; NET: Neutrophil extracellular traps; IFN-y: Interferon-gamma;

DHODH: dihydroorotate dehydrogenase.

“Triazoles” have a more extensive range of action when
compared to imidazoles. In addition, they are safer, have
improved oral bioavailability, and have pharmacokinetic (PK)/
pharmacodynamic (PD) properties.”’ Examples of second-
generation azoles include itraconazole (ITR) and fluconazole
(FLU), whereas third-generation azoles include posaconazole,
voriconazole, and isavuconazole.” The C-14 demethylation
phase of the ergosterol synthesis process is where the azoles are
most effective. This is an oxidative process that takes place over
the course of three stages and is mediated by the 14-lanosterol
demethylase (P-450DM) enzyme.** The interaction that

results from the nitrogen atom of azoles binding to the iron
heme of P-450DM is described here. This disruption of the
pathway and accumulation of 14-methylated sterols disrupts
the “bulk” function of ergosterol, which in turn increases the
plasma membrane’s permeability to further damage and
modifies the activity of membrane-bound enzymes, most
notably those involved in nutrient transport and chitin
synthesis.”> Table 2 includes some examples of commonly
used dosage regimens for the treatment of fungal infections.
4.1.1. Topical Treatment. Topical antifungal agents are
considered the primary treatment option for superficial

https://doi.org/10.1021/acsomega.3c01988
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dermatophytosis due to their high efficacy and minimal
systemic adverse effects. Pharmaceutical compounds are
developed into a multitude of delivery systems, such as topical
creams, sprays, lotions, and gels.93 The effectiveness and depth
of penetration are dependent on the specific location of
involvement. Upon topical application, these substances can
readily penetrate the stratum corneum and exert antifungal
effects by either inhibiting fungal growth or inducing fungal
cell death.”* The three primary categories of antifungal agents
utilized in the management of dermatophytosis are azoles,
polyenes, and allylamine/benzylamines, which are commer-
cially accessible in traditional dosage formulations. Imidazole’s
exhibit broad-spectrum antifungal properties against dermato-
phytosis of glabrous skin when used as monotherapy.”

However, there are currently topical combination products
on the market that contain both imidazole and corticosteroid,
which are designed to treat patients with inflammatory
dermatomycoses. These products have been found to offer
more effective and frequent relief from inflammatory
symptoms as well as improved rates of mycotic healing.96

Itraconazole (ITR) is often known to be utilized effectively
in the treatment of dermatophytosis during the course of the
past three decades. Although the medicine has a favorable
pharmacokinetic profile when applied to the skin, its oral
bioavailability is quite poor, and it has a high degree of
interindividual variability.”” ITR moves extremely quickly to
the subcutaneous tissue, most likely through the sebum, where
it accumulates to levels that are far higher than those found in
plasma.”® Because of the strong keratin adherence, the levels
may be maintained for up to three to 4 weeks after therapy has
been stopped; however, this can vary depending on the body
area that is being treated.”® Even though there has not been a
clinical occurrence of ITR resistance in dermatophytosis as of
yet, there have been infrequent reports of higher MICs. These
findings are almost always connected with T. interdigitale,” the
causative agent of dermatophytosis. In one study, authors
aimed to assess the in vivo effectiveness of terbinafine in
comparison to lanoconazole and luliconazole for the topical
management of dermatophytosis caused by Trichophyton
mentagrophytes, utilizing a guinea pig model.'® A clinical
study was conducted to evaluate the efficacy of a 1%
griseofulvin spray formulation and the vehicle alone in treating
experimentally induced Trichophyton mentagrophytes lesions on
the forearms of 16 healthy volunteers. The study was
conducted in a double-blind manner. Furthermore, the
investigation also assessed the effectiveness of the identical
composition in managing a group of 100 patients with tinea
pedis instigated by various dermatophytes."”"

4.1.2. Oral Treatment. The oral route for antifungal
administration is mainly used in the treatment of widespread
skin lesions, systemic fungal infection, and in a condition
where topical antifungals become unresponsive for example
topical formulations can be used for low-grade tinea capitis and
onychomycosis, but in severe conditions, oral antifungals are
primarily used.'”” Five chief systemic antifungals present on
the market are terbinafine, ketoconazole, itraconazole,
griseofulvin, and fluconazole. Terbinafine is orally administered
in a dosage of 250 mg/day for the treatment of
dermatophytosis. It produces fast and enduring remissions in
dry type tinea pedis and tinea cruris, as well as tinea corporis
when taken for 2 weeks.'”® Ketoconazole (KTZ), Itraconazole
(ITR), and Fluconazole (FLU) are three systemic azoles that
are commonly employed in the treatment of dermatophytosis.

The clinical efficacy of KTZ was found to be superior to that of
griseofulvin (GRI), which was the sole systemic antifungal
agent used for treating dermatophytosis at the time. KTZ was
able to address various challenges associated with GRI, such as
extended treatment durations, frequent treatment failures, an
unfavorable skin pharmacokinetic (PK) profile, and limited
oral bioavailability.'**'% It gave the benefits of high keratin
adherence as well as prolonged therapeutic levels in the
systemic circulation (SC) for up to 10 days after therapy had
been discontinued.'”'"” Although there have been sporadic
reports of high in vitro MICs, to the best of our knowledge, no
clinical instance of resistance to KTZ has been recorded up to
this point.””'®® On the other hand, due to the hepatotoxic
nature of the medicine’s side effects, it has been banned in
certain nations, and strict limitations and extreme care have
been recommended in others, despite the fact that there are
some people who say that this should not be the case. In
addition, the drug has been linked to a number of deaths."” It
is still used as an effective topical therapy for superficial
mycoses,'” and some physicians may occasionally use it as a
reserve medicine for resistant dermatophytosis at a dosage
ranging between 200 and 400 mg/day.'”

Fluconazole (FLU) has a high bioavailability when taken
orally, it quickly accumulates in the SC, and it reaches very
high levels.''° However, after treatment is discontinued, there
is a chance that the substance will rediffuse back into the
circulation. This suggests that the avidity with which it was
bound was not particularly strong. The elimination from the
SC happens with a half-life that can range anywhere from 60 to
90 h. This is a slower process than the elimination from the
plasma.''® Despite the fact that FLU is not specifically
prescribed for dermatophyte infection, it has been shown to
be beneficial in treating dermatophytosis, particularly tinea
capitis. This is the case even though it is not the intended use
of the medication.""" FLU was initially given at a dosage of 50
mg/day, but later on, in light of the skin pharmacokinetic
features, a weekly dose of 150 mg was tested, and it was proved
to be effective in studies."*~'"*

Itraconazole works effectively against tinea cruris and
corporis, and in dry type tinea pedis.''> Fluconazole is also
used for the treatment of dermatophytosis of skin and shows
the great result when given in a dose of 50 mg/day for 2—4
weeks.''® Griseofulvin is active against Trichophyton, Epider-
mophyton, and Microsporum species and acts as a first-line drug
in the treatment of tinea capitis. Ketoconazole works actively
against yeasts, some systemic fungal infections, and dermato-
phytes, such as tinea cruris, tinea capitis, and tinea pedis.
Besides, it eradicates tinea versicolor when given orally for 1
week.""”

Various oral antifungals are available in suspension form to
allow for easier dosing for children. However, the oral
suspension may exhibit a different pharmacological profile
from tablets/capsules.

4.1.3. Intravenous Treatment. Amphotericin B is the
traditional treatment of choice for a majority of systemic
mycosis. But in the case of superficial fungal infections, it is
preferred only for the management of chronic mucocutaneous
candidiasis and candida granuloma.''® Miconazole is a broad-
spectrum antifungal agent and shows the satisfactory result in
the treatment of chronic mucocutaneous candidiasis.'"’
Furthermore, Caspofungin is an antifungal agent that has
received exclusive approval for intravenous administration.
This medication is specifically indicated for the treatment of
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invasive aspergillosis in patients who have demonstrated
resistance to amphotericin B and itraconazole. Furthermore,
the drug caspofungin has been granted approval for the
management of infections caused by Candida spp. as reported
by Hashemian et al."*’

5. DRAWBACKS OF CONVENTIONAL DOSAGE
FORMS

5.1. Drawbacks of Conventional Oral Formulations.
Oral antifungals exhibit more serious adverse events as
compared with topical formulations. Along with being costly,
some of them can produce organ toxicity and show frequent
drug—drug interactions.'”" Griseofulvin, a generally used oral
antimycotic agent, shows adverse effects like hepatotoxicity,
photosensitivity, headache, nausea, and vomiting. Ketocona-
zole, along with hepatotoxicity, shows other side effects like
impotence, hemolytic anemia, and abdominal pain.'**

Most of the antifungals have limited water solubility; as a
result, this leads to poor oral bioavailability and restricted
formulation approaches which adds further complications in
antifungal formulation development.'*

5.2. Drawbacks of Conventional Topical Formula-
tions. Despite being cheaper and safer than oral antifungals,
topical preparation may show local irritation, redness,
erythema, stinging, and burning sensation at the site of
application. It becomes insufficient to use topical antifungals in
the treatment of severe and extensive superficial skin
infections. In onychomycosis, topical antifungals show inferior
results than oral preparations due to their inability to cross the
nail bed.'**

It may show a poor response when not applied in an
adequate amount. Conventional topical agents generally show
poor bioavailability due to difficulty in penetration through the
Stratum corneum which acts as a protective multicellular
barrier."

6. ADVANTAGES OF NANOCARRIERS OVER
CONVENTIONAL TREATMENT

6.1. Antifungal Drug Resistance and Underlying
Mechanism. The global prevalence of drug resistance to
antifungal medications is a significant epidemic, with severe
implications for patient care. This includes adverse effects on
both physical and mental health as well as a decrease in overall
quality of life.'*® Antifungal resistance became prevalent only
in the late 1990s. In recent times, however, its incidence has
increased. The azole antifungal agents have been observed to
be less effective against dermatophytes due to the development
of resistance.”” In a similar way, the discovery of T. rubrum
that is resistant to terbinafine has been reported.*® Addition-
ally, indications of resistance to griseofulvin and other
antifungal medications were observed.'””

In addition, causative agents of dermatophytosis may acquire
resistance to all kinds of antifungals. A few of the most
important include (a) lowering the drug’s accumulation inside
the fungal cell, (b) diminishing the drug’s target affinity, and
(c) adjusting metabolism to nullify the drug’s antifungal
impact. The molecular mechanisms underlying azole action
can be broken down into four distinct types: (i) a decrease in
azole affinity for its target; (ii) an increase in the number of
copies of the azole target; (iii) a change in the ergosterol
biosynthesis pathway as a result of azole action; and (iv) a
decrease in azole accumulation within the cell. It was shown

that several mechanisms of resistance are often coupled when
extremely resistant tissue isolates were collected from patients
receiving long-term medication.'*”

Nanocarriers are currently seeing widespread application as
a potential solution to the problems outlined above. The
incorporation of antifungals into nanoformulations results in
enhanced therapeutic action and, in many instances, a
sustained effect due to the stimuli-responsive release character-
istics. It is feasible to achieve the target-specific delivery of
antifungals by appropriately ligand-tagging the formulation.
This results in a lower re%uired dosage, which in turn results in
fewer adverse effects.' According to existing literature,
nanoformulations have the potential to exhibit a wide range
of antifungal activity, facilitate sustained drug release, minimize
the need for frequent dosing, and offer a novel mechanism of
action that may help to surmount antibiotic resistance.”*" El
Rabey et al. conducted a study wherein they observed that
chitosan nanoparticles loaded with fluconazole exhibited
inhibitory eftects against C. albicans, C. parapsilosis, and C.
glabrata, including drug-resistant strains.”>* Kelidari et al.
conducted a study wherein they formulated solid lipid
nanoparticles loaded with voriconazole. The results indicate
a decrease in the minimum inhibition concentration (MIC) for
both the resistant and susceptible strains.'** In another study,
Salehi et al. prepared caspofungin loaded gold nanoparticles.
According to the author’s report, the nanoparticles that were
prepared have demonstrated efficacy against resistant
strains.'”* Noorbakhsh et al. conducted a study to investigate
the effects of silver nanoparticles (Ag NPs) both alone and in
combination with antifungal drugs, specifically fluconazole and
griseofulvin, on T. rubrum. The findings indicated that the
activity of T. rubrum was inhibited by Ag NPs alone when
administered at a concentration of 10 ug/mL. Nevertheless,
the inhibitory effect exhibited by them was comparatively
lower in contrast to griseofulvin (0.8 sg/mL) and higher than
fluconazole (40 pg/mL). It is noteworthy that the antifungal
efficacy of these drugs was augmented upon amalgamation
with Ag NPs.'*

6.2. Side Effects Associated with Antifungal Treat-
ment. The adverse effects associated with antifungal therapy
pose an additional challenge in the management of
dermatophytosis. Certain individuals have reported instances
of pruritus, erythema, or discomfort subsequent to the
application of topical antifungal agents that comprise azoles,
such as miconazole. The administration of econazole has been
associated with pruritus, erythema, and a burning sensation,
while the use of ketoconazole has been correlated with xerosis,
irritation, seborrheic dermatitis, and a stinging sensation.’>°
Following the administration of Nystatin, some patients had
uncomfortable side effects such as burning, rashes, itching,
redness, and pustular eruption.””” It was stated that using
tolnaftate could cause irritation to the user’s skin in some
cases.”” The topical application of terconazole cream may
result in cutaneous irritation or a sensation of burning.138 The
use of systemic antifungal medications is also associated with
serious adverse effects. The administration of triazoles such as
fluconazole and itraconazole has been associated with a range
of adverse effects, including but not limited to headache,
dizziness, heartburn, alterations in taste perception, as well as
more severe manifestations such as fatigue, anorexia, vomiting,
paresthesia, urticaria, angioedema, dysphagia, pyrexia, and
chills."*” Therefore, it is necessary to develop a system that has
less adverse effects compared to the formulation that is

https://doi.org/10.1021/acsomega.3c01988
ACS Omega 2023, 8, 31575-31599


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

-carrier over

conventional treatment

Advantages of Nano

‘ Increase drug bioavailability ,

safety

Ketoconazole
Sertaconazole

Ketoconazole
Griseofulvin
Miconazole &
Terbinafine 5%

Clotrimazole O_¥
.

Liposomes

23117,
LA
b e o Nk %
Ehoronazeie ST
Ketoconazole 23 A AA B e
Griseofulvin -:;_,A 'ix\_i:
Naftifine -~ o
T
LT

Niosomes

Fluconazole

Griseofulvi
Terbinafine
Clotrimazole |

Solid-lipid nanoparticles

)

T
T. schoenleinii

T. verrucosum

M. gypseum

k E. floccosum

(Tinea Capitis\

Tinea Barbie
Tinea Corporis
Tinea Manuum
Tinea Unguium

Tinea Cruris

\ Tinea Pedis )

Econazole nitrate

Terbinafine
Clotrimazole

Itraconazole
3 Fluconazole
Clotrimazole

o S Tevmarne
é égg':no- Naftifine
OOL%QL‘%?%’?P@O sion/ microemulsion/Subm
oy LN
%O,XS [} O Fluconazole

ssss®

O Econazole nitrate
Micelles

A
Ao
0

Clotrimazole

Figure 5. A wide range of nanoformulations incorporating azole antifungal medicines are being explored as potential treatments for

dermatophytosis.

31584

https://doi.org/10.1021/acsomega.3c01988
ACS Omega 2023, 8, 31575-31599


https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c01988?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c01988?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

EVE

currently in practice. In a study Hussain et al. prepared
amphotericin B loaded nanoemulsion-gel for better antifungal
activity. Based on the findings, it can be inferred that utilizing
nano emulsion-gel as a delivery method is a cost-effective
approach for safe and efficient localized administration of
amphotericin B to treat fungal infections."*® The authors,
Kassem et al, formulated a niosomal gel containing
griseofulvin with the aim of treating tinea corporis. They
conducted a comparative analysis of the efficacy of this
formulation against liposomal gel and standard griseofulvin gel.
A clinical trial was conducted involving 16 patients diagnosed
with tinea circinata, wherein the efficacy of the niosomal gel
was evaluated. The results indicated that the aforementioned
gel demonstrated the most favorable outcomes in terms of
both clinical and mycological cure over a treatment duration of
2.5 weeks. The investigators additionally noted that the
niosomal gel comprising 1% griseofulvin exhibited efficacious
therapeutic outcomes with negligible adverse reactions.'*" The
authors, Chen et al., presented an optimized formulation of
solid lipid nanoparticles (SLNs) that may serve as a promising
vehicle for the delivery of terbinafine. The aforementioned
formulation exhibited enhanced permeability, thereby enabling
a decrease in the frequency of dosage and mitigation of adverse
effects. Consequently, the utilization of this particular mode of
drug administration amplifies the safety, cost-efficiency, and
tolerability of antifungal treatment.'*> Figure 4 illustrates
several other advantages of drug delivery systems utilizing
nanocarriers in comparison to conventional treatments.

7. NOVEL DRUG DELIVERY SYSTEM FOR THE
TREATMENT OF SUPERFICIAL FUNGAL
INFECTIONS

In the last ten years, the future of the pharmaceutical and
biotechnology industries has been greatly improved by the use
of nanotechnology to medicine. The use of nanomedicines in
the treatment of superficial fungal infections has shown
promising results. For the treatment of fungal infections,
topical formulations based on conventional techniques, such as
creams, lotions, sprays, and ointments, have not been able to
accomplish active skin targeting and controlled release. By
creating and manufacturing nanocarriers, novel drug delivery
systems solve the problem with conventional drug delivery
systems.'** Antifungal agents have been tested in a variety of
nanoparticulate systems, including microemulsions, micelles,
nanoemulsion or submicrometer emulsions, liposomes,
niosomes, ethosomes, transfersomes, nanoparticulate carriers,
and gelling systems, as shown in Figure S. Antifungal
nanotechnology has a number of benefits, including the
capacity to deliver medication to a specific location, solve drug
solubility or stability problems, and reduce adverse drug
reactions.'** Additionally, nanodrug delivery systems are
equipped to circumvent drug resistance pathways that are
already in place. The numerous antifungals developed as
nanomedicines for the treatment of superficial fungal infections
are listed in Table 3 together with information about their
preparation process, size, and intended use.'*

7.1. Colloidal Carriers. 7.1.1. Microemulsions. Micro-
emulsions are colloidal dispersions that are transparent and
thermodynamically stable. The incorporation of oils and
surfactants in the formulation of a drug can enhance its ability
to penetrate across the stratum corneum, thereby improving its
solubility. Additionally, the ease of preparation of such a
formulation is noteworthy. The aforementioned characteristics

render it a desirable vehicle for the administration of
pharmaceuticals through topical and transdermal routes.
According to El Hadidy et al’s findings, the application of
voriconazole in the form of a microemulsion resulted in
improved skin permeation, with a duration of up to four h
when applied to pig skin. Additionally, this form of application
demonstrated enhanced antimycotic activity against C.
albicans."*® Patel et al. conducted a study in which they
prepared an oil in water microemulsion system of ketocona-
zole. Their findings suggest that the ketoconazole exhibited
enhanced percutaneous absorption and superior antifungal
activity against C. albicans, a model fungus, in comparison to its
conventional formulation.'*” Comparable investigations were
conducted on topical microemulsion formulations containing
itraconazole, fluconazole, and clotrimazole. The findings
indicated superior drug permeation, elevated skin retention,
as well as enhanced effectiveness and tolerability.** Projan et al.
conducted a study in which they formulated microemulsions
(MEs) containing itraconazole (ITZ). The system that was
prepared demonstrated superior inhibitory properties against
C. albicans and T. rubrum in comparison to a gel that is
commercially available.'**

7.1.2. Micelles. Micelles are submicroscopic vesicles
characterized by a hydrophilic outer layer and a hydrophobic
inner core. The structural configuration of this system renders
it a desirable vehicle for administering hydrophobic pharma-
ceutical agents. The enhancement of effectiveness and
selectivity can be achieved through the utilization of block
copolymers that are sensitive to pH, temperature, ultrasound,
or light, or via the conjugation of ligands for targeted
delivery.'*’

Bachav et al. formulated aqueous micelle solutions of azole
antifungal agents including fluconazole, econazole nitrate, and
clotrimazole. They found that econazole showed better porcine
skin deposition when compared with its commercial liposomal
formulation.">°

7.1.3. Submicron Emulsions or Nanoemulsions. These
colloidal systems have been used to improve the penetrability,
tolerability, and efficacy of antifungal medications used
topically. Nystatin was developed as a nanoemulsion topical
administration technology to lessen or completely eliminate
side effects and systemic absorption. Ex vivo experiments on
human skin revealed that there was no systemic absorption and
that the amount of drug maintained was sufficient to provide
antifungal activity. To comprehend the connection between
skin penetration and a charge on the emulsion, numerous
studies were conducted.'! In one of the investigations, it was
discovered that positively charged miconazole nitrate micro-
emulsions displayed better skin accumulation (almost twice as
much) than their negatively charged counterparts.'*> The
authors Yang et al. formulated a delivery system using oleic
acid-based self-micro emulsifying technology to encapsulate
Clotrimazole. The systems that were prepared demonstrated
antifungal properties against both planktonic and biofilm cells
of C. albicans. Furthermore, the oleic acid-based self-micro-
emulsifying delivery system (OA-SMEDDS) underwent an
additional conversion to gel form. The gel that was prepared
exhibited significant antifungal effectiveness against both wild-
type and drug-resistant strains of C. albicans and C.
tropicalis.">

7.2. Vesicular Carriers. 7.2.1. Liposomes. Liposomes are
vesicular structures composed of concentric bilayers wherein
the hydrophilic core is enclosed by a phospholipid bilayer. Due

https://doi.org/10.1021/acsomega.3c01988
ACS Omega 2023, 8, 31575-31599
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Table 3. continued

Ref

Comments

Method of preparation

Vesicular system Particle size

Active drug

No.

commercial product, the produced gel showed superior clinical improvement. It may be said that the recently created oxiconazole

nitrate sublingual tablets (SLNs) is a promising medication for the treatment of Tinea fungal infection.

ultrasonication meth-

od
Cold method

208

The increased entrapment efficiency and superior stability profile of ethosomes were shown by the investigation to be extremely

99.5 nm

Ethosomes

43.

promising carriers for the transdermal distribution of oxiconazole nitrate. Finally, it was determined that the ethosomal gels loaded with

oxyconazole nitrate were effectively developed and provide benefits of quick drug onset and maximal release with minimal adverse

effects.

209

Over a three-month period, the NLCs-incorporated gel remained stable and exhibited no change in its physical characteristics. The

Hot emulsification fol-

172.8 nm

Nanostructured

findings of the current research demonstrated that luliconazole topical gel loaded with NLCs is a potential topical formulation to treat

dermatophytosis since there is not a gel version of luliconazole on the market at the moment.

lowed by ultrasonica-
tion technique

lipid carriers

210

The current research effectively attests to the methodical QbD-based creation and optimization of NLCs formulation, demonstrating

Hot emulsification fol-

86.480 nm

Luliconazole-loaded

Luliconazole

4S.

nanostructured
lipid carriers

regulated luliconazole release, improved penetration, and better skin retention with a large dosage decrease that will assist to lessen the

unwanted side effects.

lowed by ultrasonica-
tion technique

(NLCs)
Nanoemulgel

211

‘When administered topically to the test animal, the produced product was confirmed to be secure. Erythema was not seen in the animals

The self-nanoemulsify-

17 nm

46.

who received LUL-NEG. LUL-NEG might be a useful strategy for the safe and more effective localized distribution of LUL.

ing technique

(NEG)

to their ability to modify the biodistribution profile of a
pharmaceutical agent, they are regarded as a promising
mechanism for transdermal drug delivery.

The first commercially available liposomal formulation was
AmBiosome R, a vesicular version of the antibiotic
Amphotericin B (AmB). In 1990, Nexatar Company USA
produced it. Following this, numerous new lipid-based
innovative amphotericin-B delivery methods were created,
and these formulations revealed a startling decrease in
amphotericin-B-related side effects, such as a decrease in
nephrotoxicity, while maintaining broad-spectrum antifungal
effectiveness. These encouraging outcomes prompted research-
ers to create more cutting-edge antifungal formulations in
order to improve the safety and effectiveness. However, all of
these formulations were given parenthetically and were
intended for systemic use. Around the world, numerous
topical liposomal formulations have been developed to treat
superficial mycotic infections."* Agarwal and Katare devel-
oped liposomes containing miconazole nitrate and conducted a
comparative analysis between the liposomal preparation and
conventional cream formulations. The study revealed that the
systems that were developed exhibited enhanced stability,
superior permeability, and favorable size distribution. The
researchers arrived at the conclusion that liposomes compris-
ing of 97.3% saturated phosphatidylcholine content exhibited
superior retention in comparison to liposomes formulated with
98.0% unsaturated phosphatidylcholine content.">> Guo et al.
have reported that the combined application of ethanol and the
anionic edge activator sodium dodecyl sulfate facilitates the
targeted delivery of medicine to the skin strata, including the
subcutaneous and deeper skin layers, resulting in the formation
of small drug reservoirs. The utilization of lipid-based
nanocarrier DEL (deformable liposomes) presents significant
potential for the targeted and localized delivery and storage of
lipophilic medication KTZ (Ketoconazole) in specific areas. In
order to gain a deeper comprehension of the mechanisms
underlying the significant enhancement of skin penetration and
deposition by DEL, further investigation is required."*®

In addition, Patel et al. developed ketoconazole liposomes
loaded in a Carbopol gel. These liposomes were then
compared with a simple gel and plain medication cream.
The findings demonstrated that liposomal gel has a higher
potential for the retention of drugs."’

7.2.2. Niosomes. Nonionic surfactant-based niosomes are a
distinct class of liposomes. This approach surmounts the
constraints commonly associated with traditional liposomes,
offering a range of benefits, such as enhanced chemical
stability, biocompatibility, biodegradability, reduced toxicity,
ease of storage, and cost-effectiveness. The clinical efficacy of
griseofulvin-loaded niosomes combined with Carbopol gel was
formulated and investigated by Kassem et al. The researchers
arrived at the conclusion that the niosomal preparation
exhibited significantly higher rates of mycological cure,
approximately 80%, in comparison to the liposomal
formulation, which demonstrated a rate of approximately
50%."*' The authors, Firthouse et al, conducted a study in
which they formulated and enhanced a niosomal gel containing
miconazole. The gel was prepared using span 60, cholesterol,
and sodium carboxymethyl cellulose as a gelling agent. The
study revealed a significant release of the drug from the
formulation, with a rate of 92.10% within a 24 h period.158

The researchers Shirshad et al. formulated a niosomal gel
containing ketoconazole, utilizing a 1:0.2 ratio of Span 60 and

https://doi.org/10.1021/acsomega.3c01988
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cholesterol (CHO). The evaluation of the antifungal properties
was conducted by using the cup-plate method. The outcomes
of the zone of inhibition of the formulated preparation were
compared with those of plain ketoconazole gel and
commercially available ointment. The niosomes that were
developed exhibited superior antifungal efficacy in comparison
to the commercially available formulation. The enhanced
antifungal potency of a gel formulation comprising ketocona-
zole in niosomal structure was evidenced to exhibit prolonged
efficacy in contrast to formulations containing ketoconazole in
non-niosomal configuration.">”

The in vitro studies conducted by Gupta et al. investigated
the niosomal formulation of fluconazole utilizing Span 40,
Span 60, and Brij 72. The findings of the study indicated that
the niosomes not only enhanced the cutaneous retention of the
drug but also facilitated sustained drug release by creating
depots in the skin.'®

7.2.3. Ethosomes. Ethosomes can be characterized as lipid-
based delivery systems that incorporate phospholipids and a
significant concentration of alcohol. The research has revealed
that the drug can be administered to deeper layers of the skin
and has the potential to penetrate systemic circulation. The
presence of alcohol in cosmetic formulations disrupts the lipid
barrier of the skin, resulting in increased permeability.

Maheshwari and colleagues developed ethosomes and
ultradeformable liposomes containing clotrimazole for the
transdermal treatment of candidiasis. The findings indicate that
the ethosomal formulation that was prepared exhibited a
greater zone of inhibition when compared to both the
deformable liposomal formulation and the commercially
available formulation."®"

Vermaand and Pathak developed a formulation of
econazole-nitrate-loaded ethosomes and conducted a com-
parative analysis with hydroethanolic and liposomal gels. The
percentage increase in drug diffusion observed with ethosomes
was nearly twice as high as that observed with liposomal and
hydroethanolic gels. The authors have demonstrated that the
ethosomal gel exhibited remarkable antifungal efficacy, optimal
storage stability, and controlled drug release.'®*

Luliconazole-loaded transethosomes (LCZ-TE) were pre-
pared by El-Sonbaty et al. through utilization of ethanol
injection and thin film hydration techniques. The nanovesicles
that were produced underwent characterization to determine
their size, zeta potential, entrapment efficiency, and in vitro
drug release. Additionally, the ex vivo permeation and
deposition of skin through rat skin were evaluated and
compared with those of LCZ-solution in propylene glycol.
As per the in vitro characterization of LCZ-TE, the ethanol
injection technique yielded an average vesicle size of 246.3 +
0.56 nm, while the thin-film method resulted in a size of 62.75
+ 0.16 nm. The thin film hydration method resulted in a
higher percentage of LCZ deposition (54.79 + 5.23%)
compared to LCZ solution in propylene glycol (PG) (25.26
+ 2.84%) and ethanol injection (35.65 + 4.354%), with a more
than 2-fold increase in the former and a 1.5-fold increase in the
latter. The findings of this study demonstrated the efficacy of
the synthesized nanovesicles in addressing cutaneous fun§al
infections, thereby highlighting their therapeutic potential."®’

Bhalaria et al. conducted a study on the clinical efficacy of
fluconazole in ethosomal preparation against candida species.
The findings of the study indicate that the antimycotic activity
of fluconazole-loaded ethosomes was superior to that of both

the marketed hydroethanolic solution and liposomal for-
mulation of the drug.'®*

7.2.4. Transferosomes. Transferosomes are highly deform-
able liposomes mainly composed of surfactants and phospho-
lipids. Along with acting as a carrier for transdermal or topical
delivery of a drug, they can deliver the vaccine and genetic
material very efficiently. Singh Shalu and colleagues formulated
a transfersomal gel containing ketoconazole using a Box-
Behnken design with three factors and three levels.
Subsequently, the optimized transfersomal formulation was
subjected to evaluation for its potential antimicrobial activity
against C. albicans, as well as for its effects on skin irritation.
The findings indicate that the formulation exhibited no
observable signs of skin irritation. The formulation exhibited
notable antimicrobial activity against C. albicans, as evidenced
by its minimum inhibitory concentration (MIC) range of 4.57
to 4.6 ug/mL. The aforementioned results indicate that the use
of transfersomal gel exhibits a high degree of promise for the
delivery of ketoconazole.'®> Abdellatif et al. conducted a study
in which they formulated a transferosomal gel loaded with
Sertaconazole (STZL). A comparative analysis was conducted
to evaluate the antifungal efficacy of STZL-loaded trans-
ferosomal gel in contrast to a commercially available product,
namely Dermofix. The study conducted in vivo demonstrated a
significant prophylactic impact in the rat model with immune
deficiency. The gel that was prepared exhibited a higher level
of antifungal activity when compared to the formulation
available in the market.'®

7.3. Nanoparticulate Carriers. Solid lipid nanoparticles
(SLNs) and nanostructured lipid carriers (NLCs) are getting
recognition as efficient carriers for topical delivery of a drug
because of their high skin penetration capacity. The major
benefit of these carriers is that they have a low toxicity. Their
small size allows these lipid carriers to make close contact with
skin layers.'®”

Terbinafine (TB)-loaded solid lipid nanoparticle (SLN)
formulation was developed by Chen et al. as a potential
strategy to improve permeability and decrease the frequency of
dosing, thereby enhancing adherence and reducing adverse
effects. The optimized formulation of TB’s SLN exhibits
promising potential in augmenting the safety, cost-effective-
ness, and tolerability of antifungal therapy. It was concluded
that optimized SLN formulation of TB applied for 12 h might
halwgg efficacy comparable to that of Lamisil OnceTM for 24
h.

Miconazole (MN)-SLN, or miconazole nitrate-loaded solid
lipid nanoparticles, were created by Bhalekar et al. Ex-vivo tests
were performed to determine whether a gel prepared with a
specific MN-SLN dispersion could penetrate the skin of
cadavers. The Franz diffusion cell was used to conduct the
penetration study. The results show that the MN-SLN
formulations showed a considerable increase in the cumulative
uptake of MN in the skin when compared to a commercially
available gel. These formulations also showed a noticeably
enhanced capacity to target the skin. These findings imply that
the tested MN-SLN formulation, which has skin targeting
capabilities, has potential as a vehicle for the topical delivery of
miconazole nitrate. Compared to conventional gel preparation,
the developed miconazole nitrated encapsulated SLN dis-
persiloélg improved skin targeting and drug accumulation in
skin.

Mukherjee et al. developed and assessed a system of Solid
Lipid Nanoparticles (SLNs) containing itraconazole, with the
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Table 4. Available Patents, Commercial Products, and Ongoing Clinical Trials for the Treatment of Dermatophytosis

PRODUCTS
S. No. Active drug Brand name Manufacturing company Approval year
1. Efinaconazole Jublia Valeant Pharmaceuticals 2014
2. Tavaborole Kerydin Pfizer 2014
3. Terbinafine Lamisil AT Dr. Reddy’s
4. Miconazole Vusion Barrier Therapeutics, Inc. 2006
S. Ciclopirox Penlac Taro manufactures 1999
6. Nystatin Nystop Perrigo 1996
7. Ketoconazole Adenosan Pharmanik 2000
8. Akorazol Collins
9. Kazinal Asian Pharm
10. Kenalyn Silom
11. Nizoral Janssen-Cilag
12. Extina Elegant india overseas
13. Xolegel Aqua Pharmaceuticals
14. Econazole Spectazole Ortho-McNeil Pharmaceutical’s 1982
18. Naftifine Naftin Sebela International Limited 2013
16. Oxiconazole Oxistat Fougera Pharmaceuticals Inc. 1988
17. Nystatin Nyamyc Upsher-Smith Laboratories, LLC 1971
18. Ciclopirox Loprox Medimetriks Pharmaceuticals, Inc. - 2004
19. Terbinafine Lamisil AT Novartis Consumer Health, Inc. 2007
20. Miconazole Secura Smith and Nephew 2010
21. NuZole Sun Pharmaceutical Industries Ltd.
22. Micaderm ALTAIRE.
23. M-Zole 3 Alpharma
24. Luliconazole LUzZU Sun Pharmaceutical Industries Ltd. 2013
28. Clotrimazole Mycelex Ortho-McNeil Pharmaceutical, Inc. 2004
26. Eberconazole Ebernet Cream Dr. Reddy Laboratory 2015
27. Ebertif Cream A. S Lifesciences
28. Ebzole cream Will impex pharmachem Pvt. Ltd.
29. Eberclin Canixa life sciences Pvt. Ltd.
30. Ebernet Lotion Dr. Reddy Laboratory
3L Ebspor Intas pharmaceuticals Ltd.
32. Eberfine cream KLM Laboratories Pvt. Ltd.
33. Eberwin cream Sun pharmaceuticals industries
34. Crurix Curation healthcare Pvt. Ltd.
3S. Ebermac Macleods pharmaceutical Pvt. Ltd.
36. Eberjen Jenburkt pharmaceuticals Ltd.
37. Eberfun cream IPCA laboratories
38. Eberderm cream Palsons Derma Pvt. Ltd.
39. Ebertif Cream A. S Lifesciences
40 Ebzole cream Will impex pharmachem Pvt. Ltd.
PATENTS
S. Patents No./Approval
No. Inventor Year Title Ref
1. Maibach HI, Luo EC, Hsu TM. US6846837B2 (2005) Topical administration of basic antifungal compositions 212
to treat fungal infections of the nails.
2. Baker JR, Flack MR, Ciotti SM, Sutcliffe JA. U?2009§)269380A1 Methods of Treating Fungal, yeast and mold infections 213
2012
3. Blank LB, Gettings RL, White WC. US4865844A (1989)  Method of Treating Tinea pedis and related 214
dermatophytic infections
4. Godefroi EF, Eijcken CAMV. US3485917A (1969)  Composition and method for combating fungus with 215
imidazole carboxylates
S. Brillowska-Dabrowska AH. WO2006133701A2 Pcr Diagnostics of dermatophytes and other pathogenic 216
(2010) fungi
6. Pier AC. USS5277904A (1994)  Broad Spectrum Dermatophyte Vaccine 217
7. Gray NM, Woosley RL. WO01994014447A1 Methods and compositions of (—) ketoconazole for 218
(2000) treating fungal, yeast and dermatophyte infections
Freeman A, Segal R, Dror Y. US7825104B2 (2010) Methods and compositions for treating fungal infections 219
Scoppettuolo L, Peterson M, Almarsson O, Remenar J. US20070293674A1 Novel saperconazole crystalline forms and related 220
(2007) processes, pharmaceutical compositions and methods
10.  Balkovec JM, Bartizal K, Locke JB, Ong V, Sandison T, Thye D, US20180256673A1 Methods for treating fungal infections 221
Perlin DS, James KD. (2018)
31590 https://doi.org/10.1021/acsomega.3c01988
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Table 4. continued

PATENTS
S. Patents No./Approval
No. Inventor Year Title Ref
11.  Khanuja SPS, Chaturvedi P, Singh AK, Shasany AK, Agarwal VK, US7291349B2 (2007) Antidermatophytic preparation and use thereof 222
Gupta VK, Gupta SC, Tripathy AK, Pal A, Saikia D.
12.  Trimble JO. US8333981B2 (2012) Antifungal treatment of nails 223
13.  Genberg C, Beus CS, Savage PB. US10238665B2 Methods for treating fungal infections 224
(2019)
14.  Bartizal K, Daruwala P. US20190374601A1 Methods for treating fungal infections 225
(2019)
1S.  Zhou B. US20120310307A1 Treatment of fungal infection by light irradiation 226
(2012)
ONGOING CLINICAL TRIALS
S.

No.  Clinical trial no.

16. NCT05777525
17. NCT05363449

Sponsor

University of Extremadura, Badajoz, Spain
Therapeutics, Inc., San Diego, CA, United States

18. NCT05770245  Dove Medical Press Ltd., Macclesfield, United

Kingdom

Title

Use of essential oils as natural therapies

Safety, tolerability, and pharmacokinetics of UHE-103 cream in Subjects with tinea
cruris and/or tinea pedis

Novel electrolyzed water spray treatment mild dermatophytosis

aim of improving the drug’s therapeutic efficacy while reducing
the required dosage. The formulated solid lipid nanoparticles
(SLNs) present several benefits, such as a substantial drug-to-
lipid ratio, efficient drug loading, reduced particle size and size
distribution, and a moderate zeta potential of the particles. The
SLNs that were prepared exhibit controlled release of
itraconazole and demonstrate superior antifungal efficacy.'”’

Elshear et al. conducted a study to determine the antifungal
activity of clotrimazole (Cz) and Thompson Seedless Vitis
vinifera juice extract (VJ) loaded on chitosan nanoparticles
(NCs). The NCs/V]J/Cz formulation was stable, with a
substantial drug entrapment efficiency, i.e., 94.7%; polydisper-
sity index (PDI) 0.24; zeta potential value +31; and an average
size of 35.4 nm in diameter. Ex vivo and in vivo evaluations of
the skin retention, penetration, and wound healing potential-
ities of NCs/V]/Cz ointment were studied using experimental
rats with injured skin fungal infections. The new antiderma-
tophytic agent Cs/V]/Cz ointment has a good wound healing
capability and may be used to treat skin infections.'”"

7.4. Gelling Systems. Ghose et al. prepared terbinafine
hydrochloride loaded polymeric nanosponge hydrogel. The
antimicrobial potential of nanosponge hydrogel was evaluated
against C. albicans and T. rubrum infections. The study’s results
indicate that the hydrogel preparation exhibits nonirritating
properties and possesses the capacity to impede the
proliferation of fungal infections.'””

The study conducted by Ozcan et al. involved an assessment
of the efficacy of topically applied Terbinafine hydrochloride in
hydrogel form, which resulted in greater drug release. The
findings of the study suggest that the hydrogel formulation
utilizing chitosan with the lowest molecular weight demon-
strated the most substantial zone of inhibition in comparison
to other chitosan-based gels and commercially available
products.”?

Sertaconazole microemulsion loaded hydrogel was prepared
by Radwan et al. The hydrogel that was prepared and assessed
for its antimycotic activity against C. albicans demonstrated
larger zones of inhibition in comparison to the commercially
available Dermofix cream.

31591

8. PATENTS AND COMMERCIAL PRODUCTS FOR
DERMATOPHYTOSIS

There are numerous antifungal medications that are widely
employed for the treatment of dermatophytosis and are
currently available in the market. However, the existing
literature on patents related to the diagnosis and delivery
systems for superficial dermatophytosis is notably limited.
Table 4 gives a detailed account on available product in
market, patents related, and ongoing clinical trials to different
topical drug delivery systems for infectious disorders in recent
years.

9. CHALLENGES ASSOCIATED WITH NANOCARRIERS

The utilization of nanocarrier systems has demonstrated
remarkable efficacy in the treatment of cutaneous fungal
infections through the targeted delivery of bioactive agents to
specific skin layers and affected regions. Vesicular nanocarriers
exhibit significant utility owing to their ability to negotiate the
skin via strategies such as fusion, absorption, and lipid
exchange.””” Excessive skin penetration may pose a challenge,
as it can result in the entry of drug molecules into the
bloodstream, which is not conducive to the localized treatment
of skin fungal infections. Hence, it is extremely important for
pharmaceutical scientists to tackle these issues. Furthermore, it
is imperative to address various obstacles such as ensuring
safety, achieving clinical efficacy, implementing effective scaling
up techniques, and determining the fate of vesicular nano-
carriers in transdermal therapeutics.””® Further investigation is
required to establish an optimal framework for a vesicular
nanocarrier that can facilitate efficacious transdermal admin-
istration of antifungal therapeutics. Table S displays additional
significant scientific obstacles linked to nanocarriers.

10. EXPERT OPINION

Dermatophytosis poses a significant threat and is on the verge
of becoming an epidemic. It is crucial to ensure proper
treatment for this condition. Several therapeutic approaches
have demonstrated elevated rates of efficacy in clinical
contexts.”>* Nonetheless, there are certain limitations
associated with their usage, such as the emergence of antifungal
resistance and the manifestation of adverse reactions.”*” At

https://doi.org/10.1021/acsomega.3c01988
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Table 5. Challenges Associated with Nanoformulations

S.

No. Challenges Reason Ref
1. Surface area and The process of translocation to target 228
shape cells has been augmented, resulting in

the induction of endocytosis.
2. Aggregation Initiation of cellular apoptosis. 229
3. Antigenicity Immune response. 230
4. Surface charge Initiation of opsonization. 231
5. Development of Outcome prediction is difficult. 232
testing and
analytical
procedure
6. Aspect ratio Aggregation of nanocarrier results 233
toxicity.

present, dermatophyte infections are treated with drugs that
have been approved by the FDA. Topical formulations of these
medications, including creams, gels, lotions, and solutions, are
readily accessible.”** Examples of these medications include
naftifine 1%, butenafine 1%, clotrimazole 1%, econazole 1%,
ketoconazole 1% and 2%, oxiconazole 1%, sulconazole 1%,
ciclopirox 1%, and tolnaftate 1%. Regrettably, the topical
application of these medications may elicit adverse reactions,
including pruritus, erythema, a burning sensation, and
cutaneous inflammation.””” In some cases, they may also
lead to mild to severe gastrointestinal symptoms, abnormalities
in liver function, taste loss, and headaches. Applying the
medication topically on a regular basis is an efficient way to
cure the infection and reach therapeutic levels in the tissue, but
it can be tiresome and may cause the aforementioned adverse
effects.”*® In addition, various obstacles and problems must be
addressed before the medicine can reach the desired tissue.
Lipophilic (BCS Class II) antifungal medicines predominate,
yet their larger molecular size might often limit their inherent
penetrability. Therefore, nanoformulations offer a superior
option for the topical formulation development of these
medicines. These delivery systems can improve the bioavail-
ability of these antifungals by delivering them in an optimal
manner. Increased permeability and decreased dosage
frequency and side effects can lead to better patient
compliance with treatment.

In recent times, multiple efforts have been recorded to
integrate diverse antifungal agents into innovative carriers,
encompassing liposomes, solid lipid nanoparticles, nano-
structured lipid carriers, ethosomes, transfersomes, and
niosomes, with the aim of surmounting the constraints of the
traditional treatment approaches for dermatophytosis due to
their attributes, such as diminutive size, biocompatibility, and
multifaceted nature. Certain nanocarriers were recently
assessed through experiments on animal models. By incorpo-
rating antifungal agents like ciclopirox olamine and econazole
into liposomes and testing them on guinea pig models of tinea,
researchers found that these formulations were more effective
as compared to conventional treatments.””” However, when
griseofulvin was encapsulated in transfersomes, it successfully
cured guinea pig models of dermatophytosis. Similarly,
griseofulvin-loaded solid lipid nanoparticles were tested against
Microsporum canis in guinea pigs and showed promising
results."”

On the basis of these findings, clinical trials are required to
investigate their application. One of these studies has
progressed to clinical trials. Griseofulvin was formulated as
liposomes and niosomes, for which clinical trials were

conducted on 16 patients with tinea circinata. After 2.5
weeks of treatment, the maximum clinical and mycological
cure rates were observed with niosomal preparations. Large-
scale comparative studies should be conducted so that these
novel carriers can be utilized to treat dermatophytosis in the
general population."®’”

The primary objective is to develop a safe and efficacious
therapy for the treatment of dermatophytosis. Appropriate
delivery systems cannot be developed without a comprehen-
sive understanding of the structure of the skin, the
pathophysiology of the disease, and a well-established protocol
for randomized, controlled clinical trials to support the
commercialization of nanomedicines for the benefit of patients.
Nanotechnology utilizing vesicular systems such as liposomes,
transfersomes, and niosomes exhibits promising potential for
further exploration of research on the market. According to
clinical trials, liposome and niosome-based formulations have
shown significant potential for the treatment of dermatophy-
tosis. The key reason, proposed herein in the review article,
appears to be quite convincing, as it suggests that the
utilization of liposomal technology to encapsulate antifungal
drugs can lead to beneficial effects across multiple dimensions.
These achievements are anticipated to result in significant
advantages, including reduced drug dosage requirements and
improved effectiveness, as well as enhanced biosafety. We
firmly believe that the technology developed, which is
characterized by its ease-of-scalability, will effectively address
the urgent needs of patients who are experiencing suffering.
When considering all of these factors collectively, there is a
notable disparity in comparison to the traditional approach to
formulation.

11. CONCLUSION AND PROSPECTIVE

Dermatophytosis is a condition that affects both people and
animals and is believed to be a widespread skin disease across
the globe. Dermatophyte antifungal resistance is one of the
most significant challenges and problems in the treatment of
dermatophytis for both clinicians and researchers. Other
significant issues include the limited number and availability
of antifungal agents, the high prevalence rate and recent
revolutions of dermatophytes, and the extended duration of
treatment. Several therapeutic strategies are available for the
treatment of dermatophytosis. Despite the fact that these
interventions yield elevated clinical remission rates, they
possess certain limitations. These drawbacks include resistance
to antifungal medications, as well as the unpleasant effects that
are associated with them. In recent years, efforts have been
documented to incorporate various antifungal agents into
novel carriers in order to offer better therapeutic action and
overcome the limitations of conventional treatment strategies
for dermatophytosis. The encapsulation of antifungal drugs
within various carriers of nano- and micrometer-sized particles
makes it possible to improve the treatment, particularly
therapeutic activity and prolonged effect, while also allowing
for triggered release by particular chemical and/or pathophy-
siologic stimuli. In addition, the utilization of such systems
makes it possible to preserve the localized therapeutic effect
and offers an enhancement of the drug’s accumulation in the
skin. One can improve the therapeutic effectiveness of
antifungal drugs delivered transdermally by increasing the
efficiency of the delivery method. The objective of these
endeavors is to enhance therapeutic alternatives for individuals
afflicted with dermatophytosis. The goal of creating
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formulations with higher antifungal activity, extended retention
of medication, better effectiveness, greater skin penetration of
the drug, and sustained release of drug has been successfully
accomplished by using nanocarriers.
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