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Abstract

Polyenes and azoles constitute 2 major drug classes in the antifungal armamentarium used to treat fungal infections
of the eye such as fungal keratitis, endophthalmitis, conjunctivitis, and blepharitis. These classes of drugs have
come to occupy an important niche in ophthalmic antifungal therapy due to their broad spectrum of activity against
a variety of filamentous and yeast-like fungi. Natamycin suspension (Natacyn�), a polyene antifungal drug, is
currently the only US FDA-approved formulation for treating ophthalmic fungal infections, whereas the other
polyene and azole antifungals such as amphotericin B, fluconazole, itraconazole, ketoconazole, miconazole,
voriconazole, and posaconazole are routinely used off-label in the clinical setting. Despite potent antifungal
activity, the clinical utility of these agents in ophthalmic infections has been challenged by their physicochemical
properties, the unique ocular anatomy and physiology, selective antifungal activity, ocular and systemic toxicity,
emergence of resistance and cross-resistance, and absence of reliable techniques for developing a robust in vitro-
in vivo correlation. This review discusses the aforementioned challenges and the common approaches undertaken
to circumnavigate the difficulties associated with the polyene- and azole-based pharmacotherapy of ophthalmic
fungal infections.
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Introduction

Ocular fungal infections such as fungal and bacterial
keratitis affect a population of nearly 1 million annually

in the United States.1–4 The incidences of keratitis account for
an estimated 930,000 visits to the doctor’s office and outpa-
tient clinics and *58,000 emergency department visits with
*76.5% of the keratitis visits requiring drug prescriptions.2–5

Episodes of keratitis and other ocular corneal infections led
to an estimated $175 million in direct health care expendi-
tures in the United States annually, including $58 million for
Medicare patients and $12 million for Medicaid patients,
according to an analysis by Collier et al. in Morbidity and
Mortality Weekly Report for the Centers for Disease Control
and Prevention.2,3,5

The polyene and azole antifungals have been the mainstay in
the pharmacotherapy of invasive systemic fungal infections
due to their broad antifungal spectrum and potent biological
activity.6,7 The polyene class, comprising amphotericin B,
nystatin, and natamycin, has been widely used in therapy ow-

ing to the antifungal activity against Candida spp., Aspergillus
spp., Fusarium spp., Scedosporium spp., and Zygomycetes
classes of fungi, which are the common causative species for
fungal infections.8,9 The polyene antifungals also report few
cases of emergence of resistance and cross-resistance, and the
use of lipid-based polyene formulations (especially ampho-
tericin B) has provided alternatives with greater safety and
lower toxicity profiles.10,11 Azoles, such as the polyenes, ex-
hibit a broad spectrum of activity. Azoles show biological
activity against Candida spp., Fusarium spp., Aspergillus spp.,
and the Zygomycetes.12,13 Fluconazole is considered to be a
more cost-effective and safe antifungal agent with low toxicity
profile among the azole antifungals, whereas the other 2 clin-
ically important azoles, itraconazole and voriconazole, even
though displaying a broad spectrum of potent antifungal ac-
tivity, exhibit concentration-dependent toxic and adverse side
effects, in ocular and invasive systemic fungal infections.14–17

These polyene and azole antifungal agents have been used
as the front-line therapeutic agents in invasive fungal sys-
temic infections, onychomycosis, ophthalmic fungal infections,
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fungal dermatitis, and meningitis.18–22 However, their use in
ocular fungal therapy has been a challenge due to the unique
ocular anatomy and the physicochemical properties of these
agents. This challenge is evident because only natamycin
(Natacyn�) has been available commercially for the treat-
ment of ophthalmic fungal infections; the other antifungals
are used off-label.7

Ocular fungal infections, like fungal infections in general,
are on a steady upsurge, necessitating the introduction of other
polyene and azole antifungal drugs as optimized commercial
ophthalmic formulations that can provide a safe and cost-
effective therapy.3,23 This review delves into the challenges
associated with the delivery of polyene and azole antifungal
agents in ophthalmic infections, along with a literature review
of the studies that have concentrated on circumnavigating the
barriers to ocular delivery.

Chemistry, Mechanism of Action,
and Antifungal Activity of the Polyene
and Azole Antifungals

Chemistry

Polyenes are characterized by the presence of multiple
conjugated double bonds [Fig. 1: i(A) and ii(A)] in a
hydroxylated chromophore. Based on the No. of the con-
jugated double bonds, amphotericin B and natamycin are
classified as heptaene and tetraene polyene antifungal
drugs.24 The conjugated double bond lactone chromophore
possesses an all-trans conformation and is essential to the
antifungal activity and stability of amphotericin B and na-
tamycin.25,26 The conjugated double bonds impart lipophi-
licity, while hydroxylation on the chromophore imparts
hydrophilicity to the 2 polyene antifungals. The chromo-
phores of both the polyene antifungal drugs (amphotericin B
and natamycin) are also characterized by the attachment of a
mycosamine (basic) moiety [Fig. 1: i(B) and ii(B)] through
an ether linkage and carboxylic (acidic) group [Fig. 1: i(C)
and ii(C)]. These groups impart an amphoteric/amphipathic
character to both the polyenes. The amino group in the
mycosamine moiety exhibits a pKa of *8.6, whereas the
pKa value for the carboxyl group is reported to be *4–4.5.
Thus, amphotericin B and natamycin are zwitterionic spe-
cies with an isoelectric point at a pH range of *5–7.24,27–29

The mycosamine and the carboxyl terminals impart a polar
character (contributes to the relative insolubility in organic

solvents), whereas the opposite unsaturated terminal imparts
a nonpolar character (contributes to the poor aqueous solu-
bility) to amphotericin B and natamycin.24,29

Azole antifungals are characterized by the presence of
imidazole [Fig. 2: i(A) and ii(A)] or 1,2,4-triazole [Fig. 2:
iii(B), iv(B), v(B), and vi(B)] rings bound to the rest of the
structure through a nitrogen-carbon bond. The imidazole
and 1,2,4-triazole rings impart a weak basic character to the
azole antifungals with the nitrogen atoms having a pKa in
the range of 6.5–6.8.30 The nitrogen atom (N-3 in the im-
idazoles and N-4 in the triazoles) is believed to bind to the
heme portion of cytochrome P-450 resulting in inhibition of
demethylation of lanosterol, an essential step in the bio-
synthesis of ergosterol.31 Azoles possess 2 or 3 aromatic
rings with an attached halogen substituent (Cl: miconazole,
itraconazole, ketoconazole; F: fluconazole, voriconazole,
posaconazole); the aromatic rings and the halogen substit-
uents are essential to the antifungal potency and activi-
ty.30,31 The No. of aromatic rings and halogen substituents
determine the hydrophilic/lipophilic balance of the azole
antifungals with the former imparting a lipophilic character
and the latter a hydrophilic character.30 Most of the azole
antifungals (except fluconazole) possess a high degree of
lipophilicity, which renders them poorly soluble in an
aqueous medium.30,31

Mechanism of action

Fungi contain sterols that are responsible for mediating
their cellular and physiological functions. Most of these
sterols are similar to those found in humans; hence, a unique
and specific fungal target (that is absent in the human host)
is essential for the selective action of an antifungal agent.32

Ergosterol, a sterol that is specifically present in the fungal
species and absent in the human hosts, is one of the most
common targets for an antifungal drug.32,33 Disruption of
the ergosterol biosynthesis pathway, depriving the fungal
species of ergosterol (an essential structural and signaling
sterol), constitutes the predominant mechanism of action of
most of the polyene and azole antifungal agents.34,35

Ergosterol is an essential fungal sterol that is responsible
for maintaining membrane fluidity and integrity and relay-
ing cellular signals in fungal cells.36 Polyene antifungal
drugs are known to exhibit antifungal activity by binding to
ergosterol and inhibiting its cellular functions with (am-
photericin B) or without (natamycin) permeabilizing the

FIG. 1. (i) Amphotericin B, (ii) Natamycin; [(A): Conjugated multiple bonds, (B): Mycosamine moiety, (C): Carboxylic
group].

PHARMACOTHERAPY OF OCULAR FUNGAL INFECTIONS 7



fungal membrane.23,33 Amphotericin B and natamycin are
known to bind to ergosterol and to inhibit its cellular ac-
tivity, leading to a fungicidal action.33,37,38 The binding of
polyene antifungals to ergosterol results in the inhibition of
ergosterol-dependent membrane fusion and fission pro-
cesses, endocytosis, and plasma protein complexes, leading
to the death of the fungal species.39–45 In addition, ampho-
tericin B-ergosterol binding also results in the formation of
aqueous pores leading to a permeabilization of the fungal
cell membrane causing efflux of potassium and other cel-
lular components and eliciting antifungal activity.46,47 The
binding of amphotericin B to ergosterol is considered a
predominant mode of action for amphotericin B, while the
permeabilizing effect is considered a secondary mode of
action.47,48

Azoles, in contrast to the polyene antifungals, act by in-
hibiting the biosynthesis of ergosterol. Azoles bind to the
heme protein, which cocatalyzes cytochrome P-450-
dependent 14a-demethylation of lanosterol, an essential step
in the biosynthesis of ergosterol, leading to a depletion in
the ergosterol reserves in the fungal cells,49 resulting in the
accumulation of ergosterol precursors (lanosterol, 4,14-
dimethylzymosterol, and 24-methylenedihydrolanosterol)
and leading to an alteration in the structure and integrity of
the fungal cell membrane that causes fungal cell death. In
addition to the inhibition of 14a-demethylase enzyme, the
newer azoles such as fluconazole, itraconazole, and vor-
iconazole also exhibit supplementary mechanisms of action
that lead to the buildup of other ergosterol precursors, apart
from the abovementioned sterols, such as squalene, obtusi-
folione, and zymosterol.33

Figure 3 illustrates the mechanism of action of polyene
and azole antifungal drugs in fungal cells.

Antifungal activity

Polyene antifungal drugs—amphotericin B and natamycin—
possess a broad spectrum of activity against filamentous and
yeast-like fungi (natamycin exhibits weak-to-moderate action
against the yeast-like fungal forms).22,23,31 The broad spec-
trum of activity of the polyene drugs is owing to the conju-
gated double bonds (affinity to ergosterol found in most
fungal species) in the cyclic polyene structure and the my-
cosamine moiety.26 These structural features along with the
hydroxyl groups in the cyclic backbone provide desired
conformation for the formation of hydrogen bonds and ion
channels.26 Table 1 elaborates on the antifungal activity of
the 2 polyene drugs against various fungal species with the
minimum inhibitory concentration (MIC) corresponding to
each species.23,39,47,50–63

Among the polyene class of antifungal drugs, ampho-
tericin B shows the most potent activity with low MIC
values (<4 mg/mL) for all the clinically relevant fungal
species (with a few exceptions from Paecilomyces species)
that are responsible for the fungal infections in humans
(Table 1). In comparison to amphotericin B, natamycin
shows less potent activity with a broad MIC range for the
fungal species (Table 1).

The azole class of antifungals, similar to the polyene
group, is broad spectrum of antifungal agents. However,
due to the presence of a variety of azole antifungals be-
longing to different generations, this class shows differ-
ential antifungal activity and potency against a variety of
fungal species that are known to cause invasive and su-
perficial fungal infections. Table 2 illustrates the fungal
species and MIC of the various azole drugs against these
fungal species.64–76

FIG. 2. (i) Miconazole, (ii) Ketoconazole, (iii) Fluconazole, (iv) Posaconazole, (v) Itraconazole, (vi) Voriconazole; [(A):
Imidazole, (B): 1,2,4-triazole].
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FIG. 3. Mechanism of action of polyene and azole antifungal drugs in fungal cells.

Table 1. Antifungal Activity of Amphotericin B and Natamycin with Their Minimum Inhibitory

Concentration Against Various Clinically Relevant Fungal Species

Species/strains

Polyene drugs (MIC: mg/mL)

ReferenceAmphotericin B Natamycin

Candida 0.25–2 1–2 44,47–50

Aspergillus 1–4 5–40 51–53

Fusarium 1 to >4 4–8 51,52,54

Penicillium 1 1–3 36,55

Paecilomyces 0.25 to >16 2–6 55

Rhizopus 0.5–2 2–6 52,56

Cunninghamella 0.5–2 <4 55,57

Others (Cryptococcus neoformans,
Histoplasma capsulatum, Blastomyces
dermatitidis, Sporothrix schenckii,
Coccidioides immitis)

0.25–4 1–25 33,36,57–60

MIC, minimum inhibitory concentration.
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Posaconazole and voriconazole, belonging to the latest
generation of azoles, exhibit the highest potency and
broadest spectrum of activity (in vitro, preclinical, and
clinical studies) compared to all the earlier generations of
azole antifungals. Accordingly, posaconazole and vor-
iconazole have exhibited clinical efficacy and outcomes
superior to the other azole antifungals.73,75

Resistance

The polyene and azole class of antifungals exhibit sus-
ceptibility toward the emergence of fungal resistance similar
to the antibacterial agents. The degree of susceptibility,
however, differs between the 2 classes, with azole antifungals
having greater predisposition to the development of fungal
resistance than the polyene class of antifungals.33 In addition,
the mechanism of resistance in fungal species against the
different classes of antifungal drugs also differs.69

The occurrence of resistance against polyene antifungals is
less prevalent than the occurrence of resistance against azole
antifungals; however, resistance toward amphotericin B is
observed in fungal species such as Candida lusitaniae,
Candida glabrata, Candida guilliermondii, Aspergillus ter-
reus, and Trichosporon beigelii and against natamycin in
Aspergillus parasiticus, Aspergillus flavus, and Candida
parapsilosis.23,33,77 An increase in the biosynthesis and ac-
cumulation of other sterols as a replacement for ergosterol,
with a concomitant reduction in biosynthesis of ergosterol
(due to a modified and mutated ERG3 gene that causes a
reduction in ergosterol synthesis) in fungal cell membranes, is
considered to be a major mechanism for the development of
polyene resistance.78 The polyene resistance has led to the
emergence of resistant fungal species with low ergosterol
content. This emergence of resistant species, coupled with
decreased susceptibility to oxidative damage due to enhanced
catalase activity, has been attributed to the development of
resistance against amphotericin B.77,79 Apart from these
mechanisms, replacement, reorientation, and/or masking of
some or all the polyene-binding sterols (ergosterol, cholesterol,
or stigmasterol) with sterols having lower affinity for polyenes
(hindering their binding) has been noted to be another major
factor in the emergence of resistance.24 This mechanism has
been particularly associated with the emergence of innate re-
sistance against natamycin in the fungal species.23,77,79

In comparison to the polyenes, resistance to azoles has
been known to occur through multiple mechanisms. One of

the major underlying mechanisms contributing to the emer-
gence of resistance80,81 has been the overexpression of active
efflux pumps due to the upregulation of the confluence-
dependent resistance and multidrug resistance genes that lead
to a decreased concentration of the azole antifungals within the
fungal cells (due to their efflux). Moreover, mutations in the
ERG11 gene that encodes the target enzyme (lanosterol C14a-
demethylase) result in the alteration in the structure and
chemistry of the enzyme that leads to a hindrance in the effi-
cient binding of the azole drugs to the enzyme, thus causing the
emergence of resistance against these azole drugs.77 In some
cases, similar to the polyene antifungals, mutation of ERG3
genes, leading to the inhibition of ergosterol biosynthesis and
increase in the biosynthesis and accumulation of other sterols
in the fungi, has also been implicated as a predominant mode of
resistance development against azole drugs.82 Apart from these
cases, upregulation of the ERG11 gene responsible for the
coding of the target enzyme also occurs, leading to an increase
in the target enzyme concentration in the fungal cells, thereby
providing resistance against the azole drugs, which has also
been suggested.83 Figure 4 provides an overview of the
mechanisms of resistance against polyene and azole antifun-
gals that occur in fungal cells.

Challenges to the Ocular Delivery of Polyene
and Azole Antifungals

Anatomical and physiological limitations

The topical route is the most preferred route for the ad-
ministration of drugs in the treatment of ophthalmic infec-
tions and diseases. However, in the case of ocular fungal
infections, the severity and localization of the fungal infection
in the ocular tissues dictate the route of drug administration.84

For example, most of the fungal infections of the anterior
chamber are treated by administering the drugs topically,
whereas in case of endophthalmitis or deep-seated mycoses,
parenteral or intraocular injections are routinely used.84

Delivering antifungal drugs, especially polyene and azole
antifungals, to the different infected ocular tissues, is still
one of the formidable challenges associated with antifungal
pharmacotherapy,85 primarily because of the complex
anatomy of the eye and the physicochemical properties of
the various classes of antifungal drugs.

Anatomical and physiological barriers pose significant
challenges to the topically administered formulations of

Table 2. Antifungal Activity of Azoles with Their Minimum Inhibitory Concentration Against Various

Clinically Relevant Fungal Species

Species/strains

Azole drugs (MIC: mg/mL)

ReferenceFLU ITR KET MICO VOR POS

Candida 0.5–32 0.03–4 0.03 to >32 0.02–8 0.03–4 £1 61–63

Aspergillus >64 0.5–2.0 0.06–8 1.5–3.5 0.5–2.0 0.25–0.5 64–67

Fusarium >64 32 0.1–50 0.07–40 0.5–8 0.25–16 64,68,69

Rhizopus >64 0.03–8 1–16 1 to >4 2 to >8 1–8 64,70

Cunninghamella >64 0.125–2 >16 2 to >4 8 to >32 0.03–1 64,70,71

Dimorphic fungi (Histoplasma,
Blastomyces, Coccidioides,
Paracoccidioides, Sporothrix species).

0.06–32 0.06–0.5 0.03–8 0.1 to 0.001 0.03–1 0.01–1 64,72,73

FLU, fluconazole; ITR, itraconazole; KET, ketoconazole; MICO, miconazole; VOR, voriconazole; POS, posaconazole.

10 LAKHANI, PATIL, AND MAJUMDAR



F
IG

.
4
.

S
ch

em
at

ic
re

p
re

se
n
ta

ti
o
n

o
f

th
e

d
ev

el
o
p
m

en
t

o
f

re
si

st
an

ce
ag

ai
n
st

p
o
ly

en
e

an
d

az
o
le

an
ti

fu
n
g
al

s
m

an
if

es
te

d
in

fu
n
g
al

sp
ec

ie
s.

C
D

R
,

co
n
fl

u
en

ce
-d

ep
en

d
en

t
re

si
st

an
ce

;
M

D
R

,
m

u
lt

id
ru

g
re

si
st

an
ce

.

11



polyene and azole antifungals.86–88 The anatomical barriers
are composed of the different layers of cornea, sclera, retina,
and blood-retinal and blood-aqueous barriers, whereas oc-
ular blood flow, tear dilution, and ocular enzymes and
transporters constitute the physiological barriers.89–92 These
barriers collectively affect the ocular pharmacokinetics of
all administered drugs.93 The cornea, conjunctiva, iris-
ciliary, retina-choroid, and sclera act as barriers to the per-
meation of topically and parenterally administered drugs,
including amphotericin B, natamycin, miconazole, ketoco-
nazole, and fluconazole.85,87,94 The blood-aqueous barrier
and the blood-retinal barrier collectively form the blood-
ocular barriers.85 These blood-ocular barriers are composed
of tight endothelial junctions that inhibit the movement of
high molecular weight antifungal drugs such as amphotericin B,
natamycin, ketoconazole, posaconazole, and itraconazole.95–98

Thus, the anatomical barriers are significantly responsible
for altering the drug penetration, bioavailability, and intra-
ocular concentration upon their topical and parenteral ad-
ministration.95,99–101

The physiological barriers also act as a hindrance to the
ocular delivery of drugs. Topical application of polyene and
azole drugs as solution/suspension leads to considerable
losses due to the nasolacrimal drainage.102–104 In addition,
the tear film is also responsible for reducing the topical
residence time of the antifungal drugs.95,105 The tear film,
composed of mucin, salts, enzymes, and proteins, has been
shown to bind anti-infective drug classes such as antifungals
and antibacterials, thereby posing another challenge to ef-
fective ocular delivery of these agents.95,106–110

Figure 5 provides a brief overview of the anatomical and
physiological ocular barriers that compromise the ocular
pharmacokinetics of the drugs.

Physicochemical limitations

The physicochemical properties of drugs affect their
ability to penetrate the ocular barriers and reach the site of
activity in the ocular milieu. One of the major challenges
associated with the antifungal agents lies in their molecular
weight and aqueous solubility.85,86 The ocular delivery of
amphotericin B is challenging due, in part, to its high mo-
lecular weight and low aqueous solubility, which hinders its
penetration across the cornea and blood-retinal barrier and
severely limits its ocular bioavailability.85 The reduced
bioavailability of itraconazole and natamycin, due to poor
corneal penetration, has also been attributed to their high
molecular weights.84 In addition, binding of itraconazole to
the proteins in the tear-lipid film and high hydrophobicity
have contributed to its poor corneal penetration upon topical
administration.84,85 Ketoconazole and miconazole have also
exhibited poor penetration across the cornea and blood-
ocular barriers due to their high molecular weights, hydro-
phobic characteristics, and protein binding.85 Voriconazole,
even though having a broad and potent spectrum of activity
against ocular fungal infections and effectiveness when
administered systemically and intraocularly (intrastromal,
intracameral, and intravitreous), has elicited side effects
such as visual disturbances and increased sensitivity to light
in more than 30% of patients in clinical trials, as reported by
Kaur et al. in their review report.85 Thus, high molecular
weight, high hydrophobic characteristics, and poor aqueous
solubility have been the major physicochemical challenges

reported with respect to the ocular delivery of polyene and
azole antifungal drugs.

Selective antifungal activity

Selective activity of the polyene and azole antifungals is
one of the major challenges associated with their mono-
therapy. This selective activity is apparent from the MIC
values for these drugs that have been presented in Tables 1
and 2. The selectivity in their antifungal activity has been
abundantly evidenced and discussed in the literature.
Among the polyene class of antifungals, natamycin is
known to have a potent activity against filamentous fungi
such as Aspergillus and Fusarium but only a weak-to-
moderate activity against the yeast-like fungi (Candida
species).7,23,87 This selective activity has led to the use of
natamycin as a front-line therapy drug in treating superficial
ocular fungal keratitis caused by Fusarium and Aspergillus
species.23 In treating fungal keratitis complicated by both
filamentous and yeast-like fungal species, a combination
antifungal drug regimen is initiated using natamycin con-
comitantly with miconazole, itraconazole, ketoconazole, or
fluconazole (used off-label).111 Similarly, amphotericin B
has shown differential activity against the filamentous and
yeast-like fungal species, with a weak-to-moderate activity
against Fusarium species and a potent activity against the
Candida species.112 This selective activity has led to its
frequent use as an off-label antifungal agent in treating the
cases of severe Candida keratitis but not in cases of Fu-
sarium keratitis in which natamycin is preferred.113 Fluco-
nazole is also known to have weak-to-moderate action
against the filamentous fungi, but has excellent activity
against Candida species making it a suitable candidate in
the treatment of deep-seated Candida keratitis but not a
preferred candidate for filamentous fungal keratitis.112,114

Itraconazole and miconazole show variable activity against
the filamentous fungal species with potent activity against
Aspergillus species and a weak activity against Fusarium
species, making them suitable candidates for treating deep-
seated Aspergillus infection but not Fusarium infections.112

Ocular and systemic drug toxicity

The polyene and azole antifungals are known to exhibit
ocular and systemic toxicities, which manifest as one of the
foremost challenges associated with their therapeutic use. In
a toxicity evaluation by Foster et al., the ocular toxicity of
the polyene and azole antifungals (amphotericin B, flucy-
tosine, miconazole, and ketoconazole) was studied on deb-
rided rabbit cornea, in vivo, following topical application of
these antifungals as 1% solutions or suspensions.115 The
evaluations were based on rate of closure of the debrided
epithelial corneal wounds, quality of regenerating epithe-
lium, stromal edema and haze, and iritis (visual and mi-
croscopic evaluations). Amphotericin B was found to
severely retard the rate of debrided corneal closure and
manifested dramatic pathologic changes (evaluated on the
bases of scores for quality of regenerating epithelium,
stromal edema and haze, and iritis) that worsened each day
with the continuation of therapy. However, ketoconazole,
flucytosine, and miconazole produced histologically unde-
tectable changes. Although toxicity manifestations were re-
ported with the 1% dose, in ocular infections, the therapeutic
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dose is significantly lower.116 Thus, the toxicity evaluation of
amphotericin B in the abovementioned study by Foster et al.,
at 1% w/v concentration (vs. its concentration in marketed
formulations), may not accurately manifest its clinical ocular
toxicity profile.

The ocular toxicity of amphotericin B was also observed
in in vivo studies, in which it was shown to cause retinal
toxicity and loss of retinal ganglion cells, at doses higher
than 10 mg of amphotericin B, upon intravitreal injection in
vitrectomized rabbit eyes. Interestingly, increased vitreal
inflammation, corneal edema, neovascularization, and in-
flammation were observed upon the intrastromal and sub-
conjunctival administration of amphotericin B and its
deoxycholate form in comparison to the liposomal ampho-
tericin B (L-AMB) complex.117–121 Evidently, from the
above studies, the formulation of amphotericin B as a li-
posomal complex reduces the toxicity associated with the
amphotericin B molecule, leading to the use of amphotericin
B as a liposomal complex in cases of severe ocular fungal
infections.

Similarly, itraconazole (doses above 10 mg injected in-
travitreally in rabbits) and voriconazole (400 mg b.i.d, orally
in fungal keratitis patients) are known to cause retinal ne-
crosis and visual disturbances, respectively.122–124 Systemic
side effects/toxicities such as nephrotoxicity (amphotericin
B), hepatotoxicity (ketoconazole and voriconazole), and
gastrointestinal upsets (itraconazole) are also commonly
encountered upon their oral and/or intravenous administra-
tion in ocular fungal infections.87,124–126 Hence, from the
abovementioned discussion, ocular and systemic toxicities
evidently present an important aspect of the challenge in the
ocular delivery of these agents.

Emergence of clinical resistance
and cross-resistance

Resistance has been one of the major challenges associ-
ated with the antifungal drug consortium; particularly with
the azole antifungals.77 Clinical instances of primary and
secondary resistances are observed for the different anti-
fungal drugs.77 Polyene antifungals are generally associated
with primary resistance, meaning that some of the fungal
species are inherently and naturally resistant to them. Such a
kind of primary or intrinsic resistance is observed against
amphotericin B in C. lusitaniae, A. terreus, and T. beigelii
and against natamycin in A. parasiticus, A. flavus, and C.
parapsilosis.23,67,127,128 Azoles, in contrast to the polyene
drugs, exhibit both primary and secondary resistance (re-
sistance due to a prolonged exposure of the fungal species to
the azole antifungals).22 For example, Candida krusei is
known to be resistant toward fluconazole, and secondary
resistance is emerging in Candida albicans and C. glabrata
against fluconazole due to the continuous clinical use of
fluconazole.22,129 In addition, cross-resistance has also been
one of the challenges plaguing the use of azole drugs.
Widespread and continuous use of itraconazole and fluco-
nazole has resulted in the development of resistant species
against them, as well as against other antifungals.22,33,77 The
emergence of resistance and cross-resistance against the
newer azoles is demonstrated by reports of voriconazole
resistant Fusarium and Aspergillus ocular infections being
reported. Use of posaconazole instead of voriconazole in the
former case and a surgical method in the latter help over-

come the challenge of resistance associated with vor-
iconazole.130,131 Currently, posaconazole (off-label use) is
considered one of the most effective therapies in cases of
resistant fungal keratitis and other refractory ocular fungal
infections.130–132

Lack of robust in vitro susceptibility testing
of clinical samples

One of the challenges associated with antifungal agents,
especially azole drugs, is the lack of in vitro susceptibility
testing of clinical samples that provide a robust in vitro-
in vivo correlation because the in vitro susceptibility testing
with fungal species is not yet standardized, and the results of
in vitro tests do not always correlate with the results ob-
tained in vivo.22 The absence of the standardized tests for
in vitro susceptibility testing in mycotic keratitis is attrib-
uted to small sample sizes, nonuniformity of MIC data due
to the use of a variety of in vitro susceptibility testing
methods, and focus on 1 particular species.133 One such
challenge is faced in the evaluation of the most suitable
polyene and/or azole antifungals for treating Fusarium
keratitis due to the MIC variability of the different polyene/
azole antifungals between and within the different Fusarium
strains that cause keratitis.71 Similar situations have fre-
quently been observed for fluconazole, which shows a weak
in vitro activity against Candida and Cryptococcus neofor-
mans isolates but exhibits potent in vivo activity against
them,75 attributed to the lack of standardized in vitro sus-
ceptibility testing methods for the antifungal agents. Sensi-
tive, specific, reliable, reproducible, and standardized
in vitro susceptibility testing methods are warranted for the
accurate and timely diagnosis of fungal infections, particu-
larly fungal keratitis, to avoid treatment failures and relapses
with the polyene and azole drug-based ocular pharmaco-
therapy.71

Approaches at Overcoming the Challenges
to the Ocular Delivery of Polyene and Azole
Antifungal Drugs

Formulation strategies have been one of the most pre-
ferred options for overcoming the anatomical and physio-
logical ocular barriers, physicochemical challenges, and
ocular toxicities/side effects associated with the polyene and
azole drugs.

To improve the ocular penetration and safety of ampho-
tericin B, lipoidal formulations containing amphotericin B
have been formulated.126 Different lipoidal formulations
[amphotericin B lipid complex (ABLC), L-AMB, and am-
photericin B deoxycholate (D-AMB)] of amphotericin B
were evaluated for their ocular penetration, biodistribution,
and safety in rabbit eyes, in vivo, after intravenous admin-
istration at doses of 5 mg/kg/day for ABLC and L-AMB and
1 mg/kg/day for D-AMB. All the amphotericin B lipoidal
formulations were observed to penetrate the blood-retinal
barrier in the inflamed eyes (induced unilateral uveitis), and
the concentration of amphotericin B in the aqueous humor
following L-AMB administration was *8 times more than
the concentration of the ABLC and D-AMB formulations
after single dose administration. Upon repeated intravenous
daily doses for 7 days, the amphotericin B concentration in
the aqueous humor from L-AMB was *10 times higher
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than the concentration of the ABLC and D-AMB formula-
tions.126 At the end of 7 days, amphotericin B was also
detected in the vitreous, with the concentration from L-
AMB being approximately twice the concentration from
ABLC and D-AMB.126 This study demonstrated the utility
of intravenous L-AMB formulations in deep-seated fungal
infections and/or fungal inflammations, as an alternative to
the topical administration of amphotericin B.

In another study, amphotericin B lipid emulsion (0.5%)
was found to penetrate across the corneal barrier upon
topical administration (one instillation every hour for 6 h)
and was shown to be safer than the marketed amphotericin B
formulation (Fungizone�, 0.5%) in rabbits.134 The corneal
and aqueous concentrations of amphotericin B lipid emul-
sion were observed to be *2-fold higher than Fungizone.
The plasma concentration following the administration of
amphotericin B lipid emulsion was 20 ng/mL, which was
deemed to be safe by the authors.134

The reduction in toxicity associated with liposomal for-
mulations of amphotericin B in comparison to amphotericin B
was also corroborated by Barza et al. and Tremblay et al., in
in vivo studies carried out on rhesus monkeys and rabbits,
respectively.135,136 Barza et al. observed a significantly lower
presence of infiltrates in the anterior chamber of rhesus
monkeys, on histopathological examination, upon intravitreal
injection of L-AMB formulation in comparison to the mar-
keted amphotericin B formulation. The reduction in toxicity
was reported to be *4-fold, with 30 mg of commercial am-
photericin B being tolerated versus 120 mg of the L-AMB
formulation.135 In rabbits, the safety was evaluated using
histopathological methods, in which significantly higher ret-
inal necrosis and/or atrophy was observed with the marketed
amphotericin B formulation at a lower dose (5 mg dose)
compared to the higher dose of L-AMB formulation (20mg
dose) upon intravitreal administration.136

In 2 independent studies using the rabbit model, positively
charged amphotericin B loaded Eudragit� RL100 nano-
particles and positively charged chitosan/lecithin nano-
particles exhibited higher corneal penetration in comparison
to Fungizone due to an improvement in the precorneal resi-
dence time because of the mucoadhesive characteristics of the
nanoparticles.137–139 The nanoparticles provided signifi-
cantly higher precorneal retention (*3.36-fold) compared to
the marketed amphotericin B formulation (Fungizone). The
nanoparticles also exhibited sustained release and antifungal
activity against Fusarium solani, C. albicans, and Aspergillus
fumigatus, upon in vitro evaluation.

In a study by Serrano et al., amphotericin B/g-cyclodextrin
aqueous solution was prepared and evaluated for its physi-
cochemical stability and antifungal activity.140 The formu-
lation was found to have a statistically higher physical
(particle size, sterility, pH, and osmolarity) and chemical (%
amphotericin B content) stability, along with an improvement
in its in vitro antifungal activity against C. albicans (*35%)
in comparison to the reference formulation (Fungizone in
dextrose solution).140 In vitro and/or in vivo data on perme-
ability flux or bioavailability from these cyclodextrin-based
formulations have not yet been studied.

Natamycin-loaded nanoparticles have also been formu-
lated for their potential use in fungal keratitis. In the study
by Bhatta et al. and Chandasana et al., natamycin-loaded
lecithin/chitosan nanoparticles and poly-d-glucosamine
(PDG) functionalized polycaprolactone (PCL) nanoparticles

(PDG-PCL-NPs) were developed with the aim of improving
the ocular residence time and providing a sustained release
of natamycin.141,142 Upon in vitro evaluation, the natamycin
release was found to be sustained up to 7 and 8 h, respec-
tively, by the nanoparticulate carriers in comparison to the
marketed formulation (natamycin suspension), which
showed complete natamycin release within 2 h in the release
medium used. In vitro antifungal activity of the nano-
particles and the marketed natamycin suspension were
comparable. Ocular pharmacokinetic studies demonstrated
statistically higher bioavailability of natamycin from the
nanoparticles in comparison to the marketed suspension
(AUC0-N for nanoparticles was 1.47 times higher than the
marketed suspension) and a significantly lower clearance
from the precorneal sites (clearance for nanoparticles was
7.9 times lower than the marketed suspension). In addition,
a natamycin-loaded in situ gelling niosome formulation
demonstrated a safe (absence of any signs of ocular irritation
and/or inflammation in rabbit eyes, in vivo) and sustained
release of natamycin, 24 h in comparison to the marketed
natamycin suspension (nearly 100% release within 5 h),
upon in vitro evaluation.143 All of these formulations ex-
hibited significantly higher safety in comparison to the
marketed natamycin suspension in rabbits, in vivo. Apart
from these formulations, several other approaches such as
improving the aqueous solubility of natamycin by com-
plexing with cyclodextrins and formulating them in different
lipid formulations are also being actively investigated as
potential ways to circumvent the challenges associated with
the ocular delivery.23,144

To improve the corneal penetration of fluconazole, Silva
et al. developed fluconazole-loaded poly-lactide-co-glycolide
implants (FL-PLGA implants). The FL-PLGA implants (25%
w/w) in comparison to fluconazole suspension (1.8 mg/mL,
control) injected into the vitreous humor of rabbits demon-
strated significantly higher sustained and prolonged release (6
weeks for implants vs. 2 h for the suspension), ocular tolerance
(clinical examination of the rabbit eyes using ophthalmosco-
py), and ocular biocompatibility (using the ARPE-19 cell
line).145 In addition, in an in vitro study by Fetih, fluconazole-
loaded niosomal chitosan and poloxamer gels were found to
show higher transcorneal fluconazole permeation and flux
(*2.5 times higher) in comparison to the free fluconazole gel
(control). The drug could permeate the corneal barrier ef-
fectively from the niosomal gel formulation over a prolonged
duration of time due to the permeation-enhancing properties
of niosomes and an increase in the precorneal residence time
(owing to the formulation being a gel).146

Ketoconazole loaded into a niosomal gel was formulated
and evaluated by Abdelbary et al., and the gel showed a
significantly higher bioavailability (*20 times higher) in
the aqueous humor than the control (ketoconazole suspen-
sion).147 Moreover, ketoconazole-loaded solid lipid nano-
particles showed higher bioavailability in aqueous and
vitreous humor (*2.5- and 1.6-fold higher than the control)
in a study by Kakkar et al. In addition, in the same study, the
ketoconazole-loaded solid lipid nanoparticles were found to
be noncytotoxic on corneal and retinal cell lines (in vitro)
and in rabbits (in vivo) in comparison to ketoconazole sus-
pension (control).148 Grossman and Lee improved the ocular
delivery of ketoconazole using trans-scleral and transcorneal
iontophoresis.149 Higher amounts of ketoconazole were
found in the aqueous humor (*10-fold higher with trans-
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scleral iontophoresis and *5-fold higher with transcorneal
iontophoresis) and cornea (*5-fold higher with transcorneal
iontophoresis) in comparison to the ketoconazole adminis-
tered as a subconjunctival injection.149

To facilitate ocular delivery of itraconazole by surpassing
the corneal barrier, itraconazole-loaded chitosan suspension,
solid-lipid nanoparticles, and polymeric micelles entrapped
in an in situ gel were evaluated. All formulations exhibited
significantly higher corneal permeation and flux (greater
than 2-fold in all the formulations) in comparison to the
marketed itraconazole suspension (Itral�); the itraconazole-
loaded polymeric micelles and solid lipid nanoparticles were
found to have in vitro activity against C. albicans and A.
flavus, respectively.150–152

Lipoidal formulations of voriconazole microemulsion,
solid-lipid nanoparticles, and liposomes demonstrated corneal
penetration of voriconazole at concentrations above its MIC
value, both ex vivo and in vivo.153–155 In addition, the solid-
lipid nanoparticles also exhibited *2-fold higher Cmax and
AUC in the aqueous humor in comparison to the voriconazole
suspension (control).154 To overcome the poor aqueous sol-

ubility of voriconazole, Pahuja et al. formulated voriconazole
complexed with 2-hydroxypropyl-b-cyclodextrin (HP-b-CD)
for ocular delivery as aqueous drops.156 The HP-b-CD-
complexed voriconazole demonstrated improved aqueous
solubility when chitosan and EDTA (mucoadhesive agent and
preservative) were added to the HP-b-CD-complexed vor-
iconazole eye drops, which was *4 and 5 times higher in
comparison to the controls (control 1: devoid of chitosan;
control 2: devoid of chitosan and EDTA).

To overcome the challenges associated with the develop-
ment of resistance and potential therapeutic relapse associ-
ated with monotherapy, a combination of antifungal therapies
is usually initiated.157 The data, however, remain scarce in
this regard due to quick replacement and/or substitution of 1
antifungal drug for the other in cases of resistance development
and/or relapse in ocular fungal infections.87 In multilaboratory
antifungal combination testing (in vitro), a posaconazole and
caspofungin combination was found to be effective against
Candida species, whereas posaconazole and voriconazole
and anidulafungin and posaconazole combinations were
found to be effective against A. fumigatus.158 In a study by Li

Table 3. Summary of the Challenges and Possible Approaches at Overcoming the Challenges Associated

with the Ocular Delivery of Polyene and Azole Antifungal Drugs

Challenges Approaches References

1. Anatomy and physiological limitations.
Reduced precorneal residence time.
Frequent dosing leading to a reduced patient

compliance.
Drug losses due to nasolachrymal drainage.
Systemic toxicity.
Ocular toxicity.

Delivery of drugs using novel drug delivery
systems, such as nanoparticles, films, liposomes,
mucoadhesive formulations, ocular implants, and
so on, for targeting of drugs to the ocular site.

Use of excipients such as chitosan, poloxamer,
EDTA to improve the precorneal residence times
and enhance the drug penetration.

To deliver the drugs as gels and viscous suspensions
and emulsions to improve the precorneal
residence time and reduce the nasolachrymal
drainage.

121,129–134,

136–138,

140–150,157

2. Physicochemical limitations.
Reduce transcorneal flux.
Poor drug solubility.
Drug storage instability leading to reduced

efficacy and increased cost.

Use of abovementioned novel drug delivery systems
for the delivery of polyene and azole antifungals.
Use of salt forms of drugs, their complexation
with cyclodextrins, etc., to improve their aqueous
solubility.

Encapsulation of drugs in surfactant and lipid core
(in case of niosomal drug delivery) for improving
its transcorneal permeation and/or flux.

135,138,139,141,

142,151

3. Ocular and systemic toxicities.
Damage to the ocular tissues (retinal necrosis,

loss of retinal ganglion cells, vitreal
inflammation, corneal edema,
neovascularization, and inflammation) and
occurrence of systemic toxicities
(hepatotoxicity and nephrotoxicity) and side
effects (gastrointestinal disturbances) observed.

Ocular targeting of drugs for treating of the ocular
fungal infections using novel drug delivery
systems such as lipoidal drug delivery systems,
gels, nanoparticles, and so on.

84, 112–121,134,

136–138,145,

147–150,158

4. Selectivity in antifungal activity.
Efficacy of pharmacotherapy is reduced and

chances of relapse increase.
Long-term treatment required.

Combination therapy is initiated.
Newer generation of antifungals, such as posaco-

nazole, ravuconazole, echinocandins, and so on,
is used.

153–156

5. Emergence of clinical resistance and
cross-resistance.

Limited activity of a drug against a given
fungal species/strain.

A class/category of drug rendered inactive
against fungal species/strains.

Increase in severity of the infection over time.

Combination therapy is initiated.
Newer generation of antifungals such as posaco-

nazole, ravuconazole, echinocandins, and so on
is used.

153–156
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et al., Fusarium species were isolated from ocular tissues of
keratomycosis patients, and the effectiveness of combination
antifungal therapy was evaluated in vitro.159 In the study, a
greater effectiveness was observed against Fusarium species
when amphotericin B was used in combination with terbinafine
(synthetic allylamine antifungal) and itraconazole in compar-
ison to its use alone, indicating that amphotericin B con-
comitant therapy with terbinafine and itraconazole could be
more efficacious clinically due to their synergistic activi-
ty.159 Itraconazole and micafungin (echinocandin antifun-
gal) combination and 5-flucytosine and amphotericin B and
voriconazole and anidulafungin combinations have also
shown better clinical activity and efficacy in comparison to
itraconazole, 5-flucytosine, and voriconazole monotherapies,
in systemic fungal infections, indicating that these combina-
tions could also be utilized in ocular fungal infections, due to
their synergistic activities.23,160

Amphotericin B and fluconazole combination has shown
efficacy in the treatment of keratomycosis and in reduc-
ing the clinical cases of relapse in comparison to the
monotherapies with the antifungals (83% success rate with
the combination vs. 67% success rate with the mono-
therapies).161

Table 3 summarizes the challenges that are associated
with the ocular delivery of polyene and azole antifungals
and enlists the possible approaches/alternatives to overcome
the challenges.

Future Directions

Despite research in the formulation of novel dosage
forms, US FDA-approved ophthalmic formulations for the
polyene and azole antifungals, except for natamycin, for
the pharmacotherapy of ocular fungal infections are lack-
ing, leading to the off-label, nonoptimized use of the
polyene and azole antifungals, which also increases the
chances of resistance and cross-resistance. The absence of
marketed formulations, exclusive to ocular fungal infec-
tions, leads to the lack of valid comparators (controls) for
evaluating the efficacy, activity, and potency of the newly
developed ocular dosage forms for the polyene and azole
antifungals intended for ocular antifungal pharmacother-
apy. Hence, concentrated effort is necessary to bring about
the transition of novel dosage forms from the bench to the
bedside.

The approaches to overcome the challenges of emergence
of resistance and cross-resistance and lack of robust in vitro-
in vivo correlation techniques still must be developed to
improve the polyene- and azole-associated antifungal ther-
apy. Combination drug therapy has provided some means of
overcoming a few of these challenges. However, further
research and studies are warranted to effectively tackle these
2 predominant clinical issues in improving the antifungal
pharmacotherapy associated with polyene and azole anti-
fungals. In addition, to combat the challenges of future
emergence of resistance and cross-resistance and to improve
treatment outcomes, it is essential to continue with the de-
velopment of newer generation antifungals, with superior
physicochemical properties and a broad antifungal spec-
trum, and/or potentiating agents and synergistic combina-
tions to enhance activity against resistant strains and/or to
lower the dose and associated toxicity of the currently
available agents. Development of robust in vitro-in vivo

correlation models is also necessary to optimize and im-
prove the success rates of ocular antifungal therapy.

Summary

Polyene and azole antifungals have provided effective
ocular antifungal therapy against fungal keratitis, en-
dophthalmitis, blepharitis, and conjunctivitis.23,87 However,
these classes of antifungals have faced some challenges,
most of which have been countered using formulation ap-
proaches, whereas some preclinical (robust in vitro-in vivo
correlation) and clinical (resistance, cross-resistance, and
relapse) aspects still must be resolved for improved out-
comes. Some challenges have been overcome by echino-
candin antifungals. Since the polyene and azole class of
antifungals constitutes such an important locus in the con-
sortium of antifungal drugs, it is imperative to understand
and overcome the preclinical and clinical challenges asso-
ciated with these drugs to further improve effectiveness of
ocular antifungal therapy.
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