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Abstract: Onychomycosis accounts for 50% of all nail disease cases and is com-
monly caused by dermatophytes. It was primarily considered a cosmetic problem
but has been garnering attention lately due to its persistent nature and difficult
treatment with relapses. With prolonged treatment duration and high cost involved
in treating onychomycosis, several attempts have been made in overcoming the
rigid nail barrier. The conventional treatment of onychomycosis involves oral and

ARTICLE HISTORY topical therapy. The oral antifungal agents though quite effective, are hepato-toxic

and cause drug-drug interactions. Topical therapy is more patient compliant being
devoid of such adverse effects but it suffers from another setback of improper nail
penetration. Amorolfine and ciclopirox nail lacquers are popular market products.
Since decades, efforts have been made to enhance topical delivery for efficiently
treating onychomycosis. Mechanical, physical and chemical methods have been
employed. Despite all the attempts made, the nail delivery issues are far from be-
ing solved. Recently, the focus has shifted to novel drug delivery systems like na-
noparticles, microemulsions, polymeric films and nail lacquers for enhanced drug
permeation and localized therapy. The research around the world is exploring their
potential as effective treatment options. This review intends to further explore the
novel delivery strategies to treat a persistent fungal infection like onychomycosis.
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1. INTRODUCTION [2]. The incidence of onychomycosis in India
ranges from 0.5% to 5% with more prevalence in
warm humid climates [3]. Mostly it is caused by
dermatophytes, which belong to one of the three
genera [Trichophyton, Epidermophyton, and Mi-
crosporum], with T. rubrum being the most preva-
lent of all [4]. Physical manifestations include brit-
tleness of nails, distortion of nail structure and dis-
coloration [5]. Various types of onchycomycosis

infections are given in Fig. (1).

Onychomycosis was not regarded as a serious
infection until quite recently. It started gaining at-
tention after the approval of terbinafine for oral
therapy by the US Food and Drug Administration
in 1996. This was succeeded by approval of ciclo-
pirox for topical therapy in 1999 [1]. It prevails
among around 5% of the total world population
and affects toe-nails much more than finger-nails

Treatment options for onychomycosis are quite
limited mainly due to deep-seated infection and
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impermeable nature of nail. The impermeability of
nail can be attributed to the highly stable and
strong disulfide linkages and hydrogen bonds in
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Fig. (1). Various types of onchycomycosis.

keratin network. With hard keratin fibers and
globular proteins to hold them tight, nail plate is
one of the toughest biological barriers to exist [6].
The oral antifungal therapy for onychomycosis
usually lasts long and brings a set of adverse ef-
fects, especially hepato- toxicity and drug interac-
tions. With their limited availability at the site of
action, the prescribed dose is escalated or the fre-
quency is increased. This not only further increas-
es the associated side effects but also the treatment
cost [7, 8]. On the contrary, topical therapy is de-
void of such side effects and is convenient to pa-
tients but its effect is hampered by rigid keratin
structure of the nail which is quite difficult to pen-
etrate. Topical therapy is usually prescribed only
in mild cases. Also, the conventional topical for-
mulations get easily removed or washed off from
the nail plate while doing chores. Many techniques
have been devised to facilitate topical delivery to
the nail like mechanical, physical and chemical.

Generally, these techniques involve applying topi-
cal formulations after therapy to enhance permea-
tion. The mechanical therapy involves complete
nail avulsion or nail abrasion with filing the af-
fected part of the nail. The physical treatment mo-
dalities include high-end techniques like iontopho-
resis, phonophoresis, photodynamic therapy or la-
ser therapy. The chemical treatment involves the
addition of chemical penetration enhancers to the
topical formulation which interferes with the
chemical bonding in nail structures and facilitates
permeation by breaking the existing bonds. Some-
times the combinations of these techniques with
oral or topical therapy are prescribed. But every
technique comes with its own set of issues and
there still does not exist a method in the market
which can provide the desired result in less time
[7]. This leaves a lot of space for developing novel
strategies to bring about not only efficient drug
delivery but also patient compliance. The focus
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has shifted from nail lacquers and painful surgical
nail removal to nanotechnology for facilitating de-
livery. Nanoparticles not only promote deeper nail
penetration but also drug retention and controlled
release. Nanoparticles can ensure site-specific
drug release over prolonged duration to maintain
the desired therapeutic drug concentration. Encap-
sulation of oral antifungal drugs in nanoparticles is
also capable of reducing the toxicity issues. Apart
from nanoparticles, research work on other novel
systems have also been carried out like in situ gels,
microemulsion, polymeric films efc. Such novel
systems delivered through an appropriate dosage
form will serve as useful vehicles for nail drug de-
livery. This review will focus on discussing such
novel strategies which hold a lot of potential for
treating persistent issue like onychomycosis [9, 10].

2. CONVENTIONAL THERAPY

For the treatment of onychomycosis, the current
therapeutic options are oral and topical drug deliv-
ery. But the topical drug delivery, in turn, can be
enhanced using mechanical, physical and chemical
methods. Cure rate with oral antifungal drugs is
high but they are not suitable for use in patients
like the elderly or immune-compromised [11].
Longer duration of therapy with oral antifungals
causes serious adverse effects like hepatotoxicity,
cardiac and gastric disturbances [12]. Drug-drug
interactions and regular liver tests are a big incon-
venience [13]. On the contrary, topical antifungal
agents bypass the systemic circulation and cause
little or no side effects. They offer easier applica-
tion with non- invasive nature and more compli-
ance [14]. They are suitable for geriatric, pediatric
and pregnant patients and in the case when the nail
matrix is not involved [15]. But the main issue
with topical therapy is improper penetration
through nails with a higher frequency of infection
relapse [16]. Also, topical therapy gives direct and
localized therapy which provides minimum inhibi-
tory concentration required to act against dermato-
phytes. The challenges faced in treating ony-
chomycosis are listed in the Fig. (2). Drugs can be
administered topically or transungually in the form
of nail lacquers, solutions and gels [17]. Nail lac-
quers offer a new exciting platform for topical de-
livery [18]. They are applied easily like nail polish
and form a film over the nail plate [19].
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Fig. (2). Challenges faced in treating onychomycosis.

No matter how cosmetic a problem like ony-
chomycosis seems, it still requires treatment, espe-
cially in case of diabetics in which it cause com-
plications like cellulitis and gangrene. Oral anti-
fungal drugs are considered the first line treatment
for onychomycosis. The conventional treatment
usually involves terbinafine or itraconazole as pos-
sible oral therapy options. Terbinafine is adminis-
tered in the dose of 250mg daily for 6 weeks in
case of fingernail onychomycosis and 12 weeks in
case of toenail onychomycosis. Itraconazole is ei-
ther administered 200mg daily for 3 months or
given in pulses at 200mg twice daily for a week
followed by a break of 3 weeks [20]. Such treat-
ment involves 2 pulses for fingernail onychomy-
cosis and 3 pulses for toenail onychomycosis. An-
other oral drug is fluconazole which is not used
usually due to moderate success rates and longer
therapy required. Many other novel oral antifungal
drugs are being designed specifically for ony-
chomycosis like luliconazole, ravuconazole,
posaconazole, efc. They are listed in the table. The
topical therapy, on the other hand, involves the use
of solutions and nail lacquers. The recommended
topical therapy involves Ciclopirox 8% and amo-
rolfine 5% nail lacquers with the regimen of
amorolfne being 1 to 2 times a week upto 6
months which can extend up to a year. Ciclopirox
nail lacquer involves daily application for at least
4 months [21]. Through the therapy sessions, it has
been observed that topical therapy alone does not
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Table 1. Current therapy available for onychomycosis.
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,1;/{1(:11;;; Drug Dosage Regimen Advantages Disadvantages Contraindications References
Impedes metabolism of
250 mg per day for 6 Hepatotoxicity, tricyclicAntidepres-
weeks (fingernails) | More effective less effective in sants, beta blockers
. d ” | non- dermatophyte selective serotonin
Terbinaf- an less relapses, . s
Oral ine K . safer for diabetic onychomycosis, | reuptake inhibitors and [12-15]
12 wee S (toena}ls) atients affects taste and monoamine oxidase
a.lone orin combina- p smell, toxic der- inhibitors, should be
tion with amorolfine mal necrolysis | avoided in breast- feed-
ing mothers.
200 mg twice a day | Wider spectrum Negative inotropic ef-
. fects, prohibited in pa-
for 1 week or pulse of antifungal tients with congestive
treatment of 2 cours- | activity, more | Absorption issues, heart failure drg -~ dru
Itracona- | es for fingernails and effective in peripheral . Jure, drugs drug
Oral zole 3-4 courses for toe- | mixed infections interations especially [16-18]
cou . »| Neurop atl‘ly‘, hepa- with warfarin- like and
nails alone or in better for Can- totoxicity ..
S . . coumarin- like drugs,
combination with | dida onychomy- .
X should be avoided by
amorolfine cosis :
breast-feeding mothers.
Lower minimum Cleaning and
. Amo- Till the desired re- 1nh1b1Fory con- abr_as10n reqqlred Not approved for treat-
Topical . centration, better | prior to applica- . . [19, 20]
rolfine sults are obtained . . S ment in North America.
retention in nail | tion, itching, red-
plate ness, irritation
Nail abrasion is
Good nail per- | absolutely neces- | Only used when less
Topical Ciclopir- | Till the desired re- | meability, less sary, complete than half of the nail is [21-23]
P ox sults are obtained | resistance devel- | removal of previ- | affected or oral therapy
opment ous layer is re- is prohibited.
quired

offer much benefit. In fact it should not be em-
ployed if half of the nail has already been con-
sumed with fungus. But combination treatment
gives good results due to synergistic antifungal
action of drugs. For example, Lecha ef al. showed
that the combination therapy of 200mg oral itra-
conazole for 3 months with amorolfine nail lac-
quer for 6 months gave a good clinical rate of 94%
[22]. Even oral terbinafine with amorolfine nail
lacquer has delivered good results [23]. Sometimes
combination therapy also includes mechanical
methods like complete nail removal or nail abra-
sion along with oral antifungal drugs. Novel phys-
ical treatment options have also been designed
now, like iontophoresis, laser therapy, photody-
namic therapy or ultrasound mediated delivery
which enhances topical penetration of drugs [24,
25]. The current therapy available for treating on-

ychomycosis is mentioned in Table 1 and the cur-
rent penetration enhancement techniques are men-
tioned in Table 2.

3. NOVEL DRUG DELIVERY STRATEGIES
FOR TREATING ONYCHOMYCOSIS

The chances of relapse in the onychomycosis
cases are very high. Current oral therapy poses the
risk of hepatotoxicity and drug-drug interactions
whereas topical therapy suffers from extremely
longer duration of treatment. Both of these situa-
tions are inconvenient to patients as well as inef-
fective due to frequent relapses [49]. This calls for
better and effective therapies leading to extensive
research in this area. Various novel drug delivery
systems like nanoparticles, microemulsions, hy-
drogels efc. have been tried in research across
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Table 2. Penetration enhancing techniques for treating onychomyecosis.
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Category Technique Specifications Procedure Advantages Disadvantages |Reference
Anesthesia followed
by Surgical (physi- .
Complete separa- No side effects . .
. . . . cal removal) or Postoperative nail
Nail avulsion tion of nail plate . ) or long term . . [24-26]
. chemical (applica- 2 deformity, pain.
from other units, . . complications.
tion of urea oint-
ment)
Mechanical Decreases the Better efficacy is
Filing or debriment | Sanding of the nail | critical fungal obtained in c01}1]1bi-
of nail plate so as to | plate with sandpa- | mass and aids nation with topical
Nail abrasion | increase penetration | per number 150 or | the penetration, antif r;Nal . gnts [27, 28]
of topical antifungal 180 attached to better patient Also rl; giresgex e;rt
drug dermabrader device | acceptability, no (llllel:l P
complications. P-
Add1t1og of | Keratolytic agen.ts, These are added in | Enhanced nail S
penetration enzymes, organic the topical formula- | permeation. non- Itching, irritation at
Chemical enhancing solvents, thiols, tion ;)S enetration pinvasive ;:on- the site of applica- [28]
chemical com- | mercaptans, hydro- P L tion.
. enhancers venient.
pounds phobins
. Application of small | Does not affect L
Comprises of two electric current (0.5 | nail structure Inappropriate inten-
Iontophoresis electrodes and a ’ > | sity of current, cuta- | [28-31]
mA.cm-2) to en- affordable, pa- .
power source . . . neous side effects.
hance penetration | tient compliant.
Avulsion/ abrasion .
of the nail plate Tissue damage, pho-
Includes Nd:YAG followed by laser Byp_asses'sys- toageing, too many
short pulse and Q treatment at tem¥c tox.1c1ty, parameters to be
Laser therapy | switch 1064 nm and | 5000W/cm2 power fon-vasive, no cgntrolled for de- [32-34]
the diode 870, 930, | density or applyin teratogenic risks, | sired results, less
4980 ' ’ o ylaser%izm £l no photo- abla- | specificity, less in-
an nm with2 daily topical tion. formation, high
antifungal drug cost.
N | Teratogenic risks,
Physica ; ; .
Employs a light | Delivered in combi- triSItlig};t 11;1 aim, Te .
source to excite the | nation with methyl- SeTo exposure
. . .. °. | Norelapses, no | to direct sunlight or
photo-sensitizer to | aminolevulinic acid hepatotoxicit heat for at least 2
Photodynamic | create reactive oxy- | (three sessions, with nopinteractiori/s, davs. improper pen- [35-38]
gen species which | 15 days interval) or with drues eti]a‘;ionlz folr) w}?ich
destroys fungal S-aminolevulinic £s- ther urea is em-
structure acid (once a week) cither trea 1s ©
ployed or microa-
brasion is done).
Low frequency ul- | 400 and 600 kHz Enhanced and
tra;z(:;:c ;i::;iﬁ_ d fizgzin;:;els ;I)nge_ controlled rate of | Complicated device,
Ultrasound pby folrjming mi cl:)n ds were found penetration, no | expert help neces- | [39-48]
. . . ic si , costly.
cropores in the nail | most efficient for Sysz,lleismde sary, costy
structure application '
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the field. The same will be discussed following in
the review.

3.1. Nanoparticles

Nanoparticles in topical/ transungual drug de-
livery have gained a lot of attention in recent
years. Nanoparticles in the form of a topical medi-
cation can be easily applied on nail and also dodge
the adverse effects associated with oral drugs. The
inclusion of nanoparticles improves drug targeting
and also enhances the drug profile and permeation
[50]. Below are some of the nanoparticles which
have been tried for treating onychomycosis.

3.1.1. Nanocapsules

Nanocapsules are nanosized drug delivery car-
riers that have a core comprising a solid or liquid
bound by a polymeric shell on the outside. The
core is usually a lipophilic solvent like oil which is
employed for enclosing lipophilic/ hydrophobic
drugs. Synthetic polymers like poly[lactic acid]
[PLA] and poly[lactide-co-glycolide] [PLGA] are
usually involved in the preparation of nanocap-
sules. Encapsulating antifungal drugs in nanocap-
sules ensures sustained release, antifungal efficacy
and enhanced permeation. Some research studies
showing the use of nanocapsules delivering anti-
fungal drugs for onychomycosis are discussed be-
low [51].

Flores et al. [2013], developed and evaluated
nanocapsules and nanoemulsions containing Mela-
leuca alternifolia essential oil [tea tree oil] in an
onychomycosis model. The in vitro antifungal ac-
tivities were evaluated against Trichophyton
rubrum species by two onychomycosis models.
The diameter of the fungal colony was measured
in both the cases. It was found that the nanocap-
sules containing tea tree essential oil performed
better in reducing the growth of 7. rubrum. It was
also found to facilitate better permeation into the
fungal cells [52].

In another study, Flores et al. [2016] developed
Tioconazole-loaded nanocapsule suspensions with
a coating of a cationic polymer for transungual
drug delivery. It presented a size of 155 nm for
uncoated nanoparticles and 162 nm for those with
the cationic coating. The formulations demonstrat-
ed good in vitro antifungal activity against C.
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albicans. Pullulan nanobased nail formulation
demonstrated good viscosity which is essential for
nail application. The nanocapsule suspensions and
Pullulan nanobased nail formulation also demon-
strated lesser irritancy than free drugs and com-
mercial formulations. Pullulan nano-based nail
formulation was found promising for the treatment
of onychomycosis [9]. This work has been further
extended to the addition of in vitro release tests
[IVRT] and in vitro permeation tests [[VPT]. The
effect of nail poration on penetration was also
studied. Series of experiments with Nile Red and
confocal microscopy utilizing fluorescent marker
into the nail plate was employed to observe the
pathway and depth of nail penetration. The tiocon-
azole loaded- nanocapsule formulation was found
to provide sustained and greater drug release. With
the Nile red experiments a penetration depth of 90-
160 um was found to attain after 7 days. Moreo-
ver, the nail poration aided in better nail permea-
tion of the nanocapsule formulations [53].

3.1.2. Polymeric Nanoparticles

Since last few years, polymeric nanoparticles
have been exploited for novel drug delivery to tar-
get various diseases. The reasons behind its suc-
cess have been biocompatibility, flexible design-
ing, stability and longer duration of action. Poly-
meric nanoparticles have also found use in treating
onychomycosis [54].

For example, Chiu et al. [2015], formulated
polymeric nanoparticles of poly-[e-caprolactone]
loaded with Nile Red for visualization after topical
application. The nails were pretreated with mi-
croneedle poration so as to open up pores to facili-
tate fluorescent probe- loaded polymeric nanopar-
ticles penetration. Laser scanning confocal mi-
croscopy was employed to visualize the pathway.
Afterwards, two-photon fluorescence and stimu-
lated Raman scattering microscopies were used in
combination to further track the Nile Red loaded
polymeric nanoparticles and observe their fate.
Sustained release of polymeric nanoparticles was
clearly observed and the techniques were success-
ful in monitoring the release. Microneedle poration
facilitated fluoroscent probe delivery into deeper
regions of the nail. The results support the poten-
tial of polymeric nanoparticles acting as drug res-
ervoirs in the deeper regions of nail and micronee-
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dle poration facilitating drug delivery and deeper
nail penetration [55].

A recent research work carried out by Wang
et al. [2018], demonstrated the potential of keto-
conazole-encapsulated crosslinked fluorescent su-
pramolecular nanoparticles as controlled release
formulation for treating onychomycosis. The prep-
aration of such novel nanoparticles required a two-
stage approach. The nanoparticle delivery was done
intradermally via tattoo. Nanoparticle characteriza-
tion revealed good encapsulation efficiency and
sustained release of ketoconazole. /n vivo studies
using tattoo were carried out on a mouse model.
The results support the use of ketoconazole-
encapsulated crosslinked fluorescent supramolecu-
lar nanoparticles as an intradermal controlled re-
lease solution for treating onychomycosis [56].

3.1.3. Nanoemulsion

Nanoemulsion consists of droplets of a mixture
of lipids and surfactants lying within the size range
of 10-500nm. It possesses all the characteristics
essential for antifungal therapy like stability, im-
proving solubilization issues, enhanced permeation
effect and targeted action. They are better alterna-
tives to less stable liposomes [51]. Much research
work has been carried out exploiting nanoemul-
sion for onychomycosis therapy. Many times the
nanoemulsion is delivered in the form of gel which
has been termed as ‘nanoemulgel’. Some studies
are delineated below.

Mahtab et al. [2016] prepared Ketoconazole
nanoemul-gel with the incorporation of permeation
enhancer for transungual drug delivery and chec-
ked its efficacy in inhibiting the growth of derma-
tophytes in vitro. In vitro camulative drug released
at the end of 24 h from formulations NE3, NEG1
and drug suspension were found to be 98.87 +
1.29, 84.42 + 2.78% and 54.86 + 2.19%, respec-
tively. Ex vivo transungual permeation studies
were performed. The antifungal effect of NEG1 on
Trichophyton rubrum and Candida albicans sho-
wed a significant zone of inhibition as compared
to drug solution. The results demonstrated en-
hanced permeation with ketoconazole nanoemul-
gel [57].

In yet another study done by Kumar er al.
[2012], nano-emulsion- gel of ciclopirox olamine
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was developed, evaluated and optimized for treat-
ing subungual onychomycosis. The formulation
was developed by aqueous phase titration method
and was evaluated in-vitro. Pseudoternary phase
diagrams were constructed and Box Benkhem
model [RSM] was employed for optimization. Size
and zeta potential were taken as dependent varia-
bles and formulation components were taken as
independent variables. Series of nanoformulations
were developed. Fluorescence microscopy was
employed to observe the longer retention capability
of the nanoemulsion-gel formulation. So, the study
successfully formulated a thermodynamically sta-
ble antifungal nanoemulsion gel carrying ciclopir-
ox olamine with prolonged retention capability
[58].

3.1.4. Nanovesicles

Vesicular systems have always been fair option
while promoting skin penetration. Although vesi-
cles like liposomes, ethosomes, transferosomes
have shown their capability as drug delivery sys-
tems, yet another new class of vesicles called pen-
etration enhancing vesicles have also shown prom-
ise [59]. These nanovesicles have been employed
for transungual delivery for nail fungal infections
as well. The studies conducted are discussed be-
low.

Bseiso et al. [2015], developed and character-
ized nanovesicles loaded with sertaconazole for
transungual delivery. The nano- penetration en-
hancing vesicles [nPEVs] were prepared using dif-
ferent nail penetration enhancers and character-
ized. The selected nPEVs formula and the market-
ed Dermofix cream were compared. N-acetyl-L-
cysteine was found to be the optimum nail pene-
tration enhancer for incorporation within vesicles.
nPEVs showed high encapsulation efficiency of
sertaconazole ranging from 77 to 95%, a size rang-
ing from 38-538nm. Compared to the conventional
marketed cream, the selected nPEVs formula
showed 1.4-folds higher hydration and drug uptake
enhancement into nail clippings and higher zone of
inhibition too [6].

Elsherif et al. [2016] formulated terbinafine
hydrochlo-ride in a spanlastic nano-vesicular car-
rier that enables and enhances transungual drug
delivery. A full factorial design was implemented
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to study the effect of different formulation and
process variables. An optimized formulation with
high entrapment efficiency [62.35 + 8.91%],
average particle size of 438.45 + 70.5 nm, and
29.57 + 0.93 was obtained. The release of drug
was 59.53 £ 1.73% after 2 and 8 h, respectively.
An ex vivo study was also conducted in a human
cadaver nail plate. The results confirmed that
nanovesicular spanlastics exhibit promising results
for the trans-ungual delivery of Terbinafine for
onychomycosis [60].

3.2. Liposomes

Liposomes are phospholipid bilayered vesicles
which consist of an aqueous core and phospholipid
outer membrane. The structure is similar to that of
natural membrane thereby imparting a unique
characteristic for drug delivery. Liposomes have
been found suitable for both hydrophilic and hy-
drophobic drug delivery. Liposomes have been
widely employed in topical drug delivery applica-
tions due to their advantageous features like bio-
compatibility, better skin penetration, stability,
less toxicity and sustained release. For better sta-
bility and controlled release, usually cholesterol is
added in liposomes. Moreover, if ethanol is added
in lipid vesicles, it becomes ethosomes consisting
of phospholipid, ethanol and water. It is believed
that liposomes and etho-somes are capable of tak-
ing advantage of some lipophilic pathways in the
nail which makes them a promising option for nail
drug delivery. Several antifungal drugs have al-
ready been incorporated in liposomes and
ethosomes for topical antifungal therapy [51, 61].

Tanriverdi and Ozer [2012] conducted a
research in which they developed terbinafine load-
ed liposome and ethosome formulations with their
gel forms. Evaluation tests along with in vitro and
ex vivo release studies were also carried out. Nail
characterization studies showed changes in the nail
surface after application of all the formulations
with gel formulations inducing more changes than
others. It was found that all the formulations had
the potential for efficiently delivering terbinafine
to the nail. Moreover, the accumulation studies
showed that liposome poloxamer gel formulation
was the best regarding better accumulation and
easier application to the nail [61].
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Tanriverdi and Ozer continued the research
work with others in liposomal formulations for
nail delivery by doing another study in 2015. They
developed and evaluated a new film formulation of
terbinafine hydrochloride loaded liposome. The
efficacy of the terbinafine loaded liposome film
was compared with terbinafine-loaded liposome,
ethosome, liposome poloxamer gel and ethosome
chitosan gel formulations. Characterization studies
involved drug content estimation, bioadhesive and
tensile strength. /n vitro and ex vivo permeation
studies were also carried out to identify an opti-
mum film formulation which demonstrated better
antifungal activity than the rest. This was done to
validate the use of such a novel formulation for
treating onychomycosis. It was found that terbinaf-
ine-loaded liposome film formulation had better
antifungal activity on fungal nails than all other
formulations [62].

3.3. Microemulsion

Microemulsion is a thermodynamically stable
carrier having low surface tension and droplet size
in the range of 10-100nm. It possesses superior
qualities like enhanced bioavailability, absorption
and permeation. It enhances bioavailability of all
kinds of drugs including hydrophilic as well as
lipophilic [63]. Undoubtedly, microemulsions
have garnered a place for themselves in novel drug
delivery systems due to their versatility and ease
of preparation. Microemulsions include oil, surfac-
tant, cosurfactant, and water in defined ratios.
They have become popular means of delivery for
topical and transdermal formulations due to their
capacity to hold large amounts of drug and en-
hancing diffusion across dermal membranes [64].

Barot et al. [2011], developed a microemulsion-
based gel of terbinafine for onychomycosis thera-
py. D- optimal design was applied in order to op-
timize the amount of oil, mixture of surfactant and
cosurfactant and water in the microemulsion. The
prepared formulations were evaluated for droplet
size and drug solubility. The formulation was
adapted into gel form with 0.75% w/w carbopol
934P. The optimized gel demonstrated better pene-
tration and retention as compared to commercial
formulation. It also showed better antifungal activ-
ity against strains of Candida albicans and Tri-
chophyton rubrum. The optimized microemulsion
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based gel showed promising results as potential
therapy for onychomycosis [64].

Yet another microemulsion based gels were de-
veloped by Kansagra and Mallick [2015] for solu-
bilization and better nail penetration of novel anti-
fungal drug, Luliconazole. The microemulsion was
optimized with its components of Olive oil as oil,
Capmul MCM as a surfactant and iso propyl alco-
hol as a cosurfactant. Evaluation tests like particle
size analysis, droplet size, spreadability, stability,
in vitro release studies were conducted. The glob-
ule size of the optimized batch was 32.59 nm. The
microemulsion based gel demonstrated antifungal
activity against Candida albicans indicating its
efficacy as a formulation in onychomycosis [65].

3.4. Hydrogels/ In situ Gels

Hydrogels are hydrophilic polymeric networks
which possess the ability to absorb huge amounts
of water or physiological fluids. Hydrogels can be
synthesized from both natural and synthetic poly-
mers. They have demonstrated good viscosity and
bioadhesion without causing any irritation or sen-
sitization. They can be easily washed out and ad-
here well. Self- assembling type hydrogels are
formed in response to some external stimuli like
temperature or pH or even concentration. Such
systems are called in sifu gelling systems [66]. The
hydrogel solution turns to gel and then to sol [sol-
gel transition] due to self- assembly because of
hydrophobic interactions. The most common ex-
amples of such polymers are Pluronics® or polox-
amers which undergo transition due to temperature
changes. Such systems offer many advantages like
ease of administration, better local availability,
simple manufacturing and patient compliance [67].
Hydrogels have been employed in topical drug de-
livery a lot. The good reputation is due to swelling
character, adhesiveness and biocompatibility. Most
importantly, incorporation of a drug in hydrogel
improves the release kinetics and solubility profile
of the drug [68]. Some of the research work tar-
geted at onychomycosis is described below.

Nogueiras-Nieto et al. [2013] explored the use
of in situ gelling hydrogels based on polypseu-
dorotaxanes of Pluronic F- 127 and partially meth-
ylated B-cyclodextrin as aqueous nail lacquers. N-
acetylcysteine and urea were incorporated as pene-
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tration enhancers. The transungual drug delivery
of the formulation across human nail was found to
be better than a marketed organic lacquer which
supports the growing hypothesis that aqueous-
based nail lacquers are better drug delivery strate-
gy in nail topical delivery [69].

El-sherif et al. [2017] developed two drug de-
livery dosage forms; the in-situ gel and the nail
lacquer and evaluated them for their ability to de-
liver terbinafine hydrochloride [TBH] encapsulat-
ed in spanlastic carriers to the nail plate. The op-
timized in-situ gel formulation, showed higher
amounts of retained TBH in the nails [2.05 + 0.008
mg/cm2] compared to the marketed product
Lamisil“cream 1% [1.36 + 0.03 mg/cm2] indicat-
ing successful trans-ungual delivery of TBH from
the prepared in-situ gels [67].

Celebi et al. [2014], developed hydrogels and
microemulsion -based gel both enclosing terbinaf-
ine hydrochloride and assessed their antifungal
efficacy. Three different hydrogel formulations
were prepared using chitosan, Carbopol 974 and
Natrosol 250 polymers. The microemulsion based
gel was prepared using Carbopol 974. Compara-
tive release studies were conducted between the
formulated gels and the marketed product. The in
vitro release studies demonstrated that the Na-
trosol gel exhibited highest drug release, followed
by Carbopol gel, chitosan gel, commercial prod-
uct, and then the microemulsion-based gel. Conse-
quently, Natrosol based hydrogel loaded with
terbinafine exhibited highest potential as a topical
formulation against fungal infections like ony-
chomycosis.

3.5. Other Novel Strategies

There are many other research studies conduct-
ed for developing novel treatment for onychomy-
cosis. Some of these are currently undergoing clin-
ical trials and have shown immense potential in
antifungal activity against onychomycosis. These
are discussed as follows.

3.5.1. PB-3058

P-3058 is another novel terbinafine transungual
solution. Dose finding investigation studies were
conducted in patients suffering from mild to mod-
erate onychomycosis with P-3058. P-3058 5%
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0.d., 10% o.d. and 10% o.w. gave superior results
as compared to P-3058 2% after 24 weeks. A
phase IIb still needs to be conducted at a larger
scale to determine its efficacy as a formulation
[70]. A Multicenter, Randomized, Double-blind,
Parallel, Vehicle-controlled Study to Evaluate the
Efficacy and Safety of P-3058 10% Nail Solution
[NCT02549001] in the treatment of onychomyco-
sis is still being conducted and was expected to
complete by October 2018. The study was in
Phase III [71].

3.5.2. TDT- 067

TDT-067 is the novel formulation of terbinafine
in a transferosome particle. It has completed Phase
IT clinical trials [72]. Transferosome promotes
more drug absorption because of its hydrophilic
surface. The formulation is potent against Tri-
chophyton rubrum, T. mentagrophytes, and Epi-
dermophyton floccosum with a minimum inhibito-
ry concentration in the range of 0.03 to 15 ng/ml
[42]. Phase II clinical studies involved administra-
tion of TDT-067 twice daily for about 12 weeks.
Only 23.5% of patients reported mild adverse ef-
fects [72]. TDT-067 demonstrated more potent
antifungal activity against dermatophyte species
than conventional terbinafine formulations [73].

3.5.3. NB-002

Pannu et al. [2009], designed NB-002 which is
a novel formulation of terbinafine in the form of
nanoemulsion. It demonstrated better antifungal
activity against major dermatophytes involved in
onychomycosis and Candida albicans too. NB-002
includes a penetration enhancer called cetyl-
pyridinium chloride. In a randomized, double-
blind, vehicle-controlled trial, sponsored by
NanoBio Corporation, participants were adminis-
tered NB-002 at 0.25% twice daily, 0.5% once dai-
ly, 0.5% twice daily or vehicle once or twice daily
for 42 weeks. Only mild dermal side effects were
noticed. It has completed Phase II clinical trials
but the data is not available [74].

3.5.4. Novel Techniques

Novel techniques like device based therapies
are gaining a lot of appreciation lately because
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they circumvent some of the issues associated with
oral and topical therapy. These therapies can be
used or in combination with antifungal drugs to
improve efficacy. The major disadvantage of such
techniques is the requirement of a medical assis-
tant throughout the treatment process [75].

Some techniques which have been recently de-
veloped are:

Mesoscissioning technology. This technique in-
volves the creation of micro- conduits of 300- 500
microns through the nails. They serve as transport-
ing pathways for drugs across the nail plate.

Nanopatchnail  fungus: This involves the
application of AC/DC current to facilitate delivery
of drugs though nail cuticle. This treatment can be
used to target fungus at its source of growth [48,
76].

The recent work done in the field of novel de-
livery systems for onychomycosis [77-80] is dis-
cussed in Table 3.

CONCLUSION

Onychomycosis remains a persistent and inva-
sive fungal infection with the affected part of nail
difficult to reach for treatment. Relapses still hap-
pen even after years of therapy and the more tech-
nical treatment options come with high cost and
requirement of assistance. Moreover, patients are
not still comfortable being subjected to iontopho-
resis or laser therapy no matter how efficient these
techniques are. Longer therapies frustrate patients
and they have to switch over to the last resort of
surgical nail removal. In such a scenario, novel
options like nanoparticles, liposomes or transfero-
somes, seem promising. With negligible side ef-
fects, better and deeper drug release and drug re-
tention, these systems have a lot to offer to the an-
tifungal therapy. Coupled with a novel dosage
form which can act as an excellent delivery vehi-
cle, novel delivery systems have the potential to
replace the conventional therapy in coming years.
More attention is being focused on eradicating the
long-standing issues associated with onychomyco-
sis and it will not be surprising to assume the solu-
tion may well be on its way.
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Table 3. Most recent research work done on novel drug delivery strategies for treating onychomycosis.

Novel . . . o .
Category |Year Form(:ﬂfl tion Main Techniques/ Studies Key Findings Advantages |References
Ratiometric mixing, in vivo Less invasive,
Ketoconazole- | fluorescent imaging, high- . localized and
encapsulated | performance liqfid %hro%na— 'The nanopartlf: les showed controlled re-
crosslinked | tography, matrix-assisted high encapsulation efficiency, lease, dodges
Nanoparticles| 2018 fluorescent lasegr disz’ tion/ ionization appropriate fluorescence, sus- s ste;nic s%de [1]
supramolecular| mass spectl;IZ)metry imaging tained release and intradermal efyfects can be
. . ’ tention. 7
nanoparticles | histology, mouse model, fetention applied to other
tattoo based delivery. diseases as well.
Ultrafiltration 3 formulations- lacquer,
. SRR nanocapsule and film were
centrifugation, in vitro re- e (:;egsalllnfi chirac teriwzz d Prolonged re-
tioconazole- |lease and in vitro permeation prep o .’ | lease, efficient
loaded poly- | tests, nail poration, laser almost 100% encapsulation delivery, greater
Nanoparticles| 2018 meric nanoc}z; scannil’l confocal m’icrosco- efficiency, were stable, con- dru a; load [2]
sules b };goton fluorescence sistent release profile, nail rea;gef }énetr;l-
Riﬁsn scattering ima in, poration provided no leverage, & p é)n
confocal micr%) sco B8 1 Jocalized therapy observed '
py: through Nile Red.
Voriconazole- | HPLC, hydration studies, bﬁ@"“gmﬂf ?etratlon o
loaded nanoparticles characteriza- ° Zme Wll rea a;g ngzzl/c- Deeper nail pen-
Nanoparticles| 2017 |nanostructured| tion, stability studies, in cr, drug reiease was /6- | etration, con- [3]
lipid carriers | vyijzro studies with porcine formulations were stable, the trolled release
hooves. statistical all)nal i release kinetics fitted Higuchi '
(NLC) . SIS model.
Nanocapsule characteriza-
ti hological analysi . A hydratin
o m%rﬁr;ﬁ(l)t%aiion— o Homogenous nanoparticles, formt}lllation %0
tioconazole centrifugation, in viro re- Newtonian properties, release increases perme-
Nanoparticles| 2017 Pullulan nano- lease studies I;io adhesion | "o bi- exponfen'tial, bgtter ation easily, bet- [4]
based nail for- assays anti%ungal stud antifungal activity against ter efficacy and
mulation irritazlnt, potential througl; C.albicans, le?S irritant poten- deeper nail per-
Hen's Egg Test - Chorio tial. meation.
allantoic Membrane method.
. N . | Entrapment efficiency was 8
Terbinafine |Ethanol injection method, in to S(IJ)‘V esot?icaiion 1‘};;\;06
loaded nano- | vitro release studies, 2°* full article :’ize amorphous. par- | Better drug re-
. based span- |factorial design, Differential pal > AmOTh P EK
Nanoparticles| 2016 . . . . ticles were unilamellar and | lease and nail [5]
lastic vesicular|Scanning Calorimetry, X-ray . .
. ) . spherical, better drug reten- penetration.
carriers (nano- | Diffractometry, ex vivo per- tion. more drue distribution
vesicles) meation, nail pulverization. ’ o .
and deeper nail penetration.
Ultra-performance liquid
h t h PL . .
¢ A?Egu(;g;?fa tiyofthigg), Optimized mean droplet size
e range: 63- 126nm, No phase ..
Ketoconazole | pressure homogenization £e . op Less toxicity and
loaded (HPH), Stress-Stability Stud- separation or flocculation oc- irritant potential
. . ’ . ) -Newtonian S ’
Nanoparticles| 2016 | nanoemulgel |ies, Nanoparticle characteri- curred, non-"ewto » bseu kinetically sta- [6]
with penetra- | zation, nanoemulgel evalua- do-plastic nature, maximum ble, safe and
. . P drug release was approx. 98%, S
tion enhancer |tion studies, in vitro release, . . effective.
tranungual permeation, anti- better antifungal activity than
. ’ drug solution.
fungal activity and histo &
pathological studies.

(Table 3) contd...
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Novel . . . S
Category |Year Formulation Main Techniques/ Studies Key Findings Advantages |References
loggégnsl;iﬁzs- Ethanol i.n ] egtion mgthod, : ; Greater efficacy
tics delivered characterization studies, in |Drug permeation was obtained atient com i
S . vitro drug release, 2° full in the order: P P
panlastic | 2017 | through novel ¢ ol . | de- ] . ance, more cov- [7]
dosage forms- | . actorial experimental de In situ gel> nail lac- erage, no irrita-
. sign, ex vivo nail permeation uer>marketed product. ’.
in situ gels and di ! p tion.
nail lacquer studies.
Thin film hydration tech-
nique, quality by design Drug permeation was more
Terbinafine |(QbD) technique, liposomes| with liposome loaded nail Enhanced per-
delivery via | characterization, In Vitro | lacquer than with simple nail ced p
Nail lacquer |2017| liposome- Drug Release, Lyophiliza- |lacquer, same antifungal activ- meatﬁ)n and [8]
loaded nail | tion, characterization of lip- |ity as of drug solution, formu- more therapeu-
. . . tics efficacy.
lacquer osome loaded nail lacquer, | lations passed all evaluation
In Vitro drug permeation, tests.
antifungal activity.
Penetration enhancers
Ciclopirox- scregning, 3? full factgrial Endopeptidase enzyme was | oo 4 per-
' Based Eudragit design, Pl_lyS{cocll.em{cal selected as penetration en- meation. non-
Nail lacquer |2017 . characterization, in vitro |hancer, better permeation than| . L [9]
RLPO Nail . . invasive, local-
Lacquer releasevstudy, ex vivo nail | marketed lchugr, better drug ized therapy.
permeation, Confocal Laser diffusion.
Scanning Microscopy.
Quasi-pre-polymerization
method, Fourier Transform
Infrared Spectroscopy Biocompatible
Terbinafine in (FTIR), In vit;jo cytotoxicity Co'nt.act angle< 90°, no cyto- lacquer's, Bgtter
Nail lacquer |2017 | polyurethane assay, 'Determlnatlon of_wet— toxicity, better adhesion, low-| drug d1fqumn, [10]
nail lacquer tability, /n vitro adhesion | er MIC value, better in vitro hydrophlhc na-
test, in vitro release study, in drug release. ture, nail adhe-
vitro antifungal activity, sion.
positron annihilation lifetime
(PAL) measurement.
Carboxy methyl cellulose
sodium salt (Sod CMC),
Chitosan, 2-Hydroxy ethyl
Polymeric cellulose (HEC), (Hydroxy Dry an'd non-sticky films, no
' films as novel propyl)methyl cellulose irritation, HEC and HPMC Non- invasive
Polymeric 2016| d f (HPMC), Polyvinyl pyrroli- | showed swelling, the poly- table f .’l 11
films 08age 1o 1 40 (PVP), Propylene gly- | meric films showed stabilit suitable for nai [11]
for onychomy- » 1TOPY gy o . Y application.
cosis col (PPG) were the polymers| flexibility, water resistance
used for making films, film and adhesiveness.
characterization, irritation
studies, microscopic studies,
adhesive studies.
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