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Fungal infections can attack epithelial tissues and, according to the immunological state of the
patient, some of them invade deeper organs, becoming seriously life compromising. Besides, blood-
stream and local infections associated with intravascular devices constitute a significant problem
associated with increased mortality. Topical therapy is desirable since, in addition to targeting the
site of infection, it reduces the risk of systemic side effects and increases patient compliance. In this
review we describe the pros and cons of using nano-objects that being toxic in nature could be
used to cover surfaces of medical devices, or can act as carriers for targeted delivery of antifungals
to skin. Non-toxic nano-objects were also included because they improve the ocular delivery of
antifungals, classically suffering from ineffective topical administration, difficult access for systemic
medication or local invasive administration. The new preclinical developments of nanoparticulate
agents against cutaneous and ocular mycosis are grouped in three main sections: (1) In vitro anti-
fungal activity of metallic nanoparticles, (2) In vitro and in vivo antifungal activity of non metallic
nanoparticles (3) Ocular delivery of non metallic nanoparticles.
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1. INTRODUCTION

Fungal infections can attack epithelial tissues and, accord-
ing to the immunological state of the patient, some of
them invade deeper organs, becoming seriously life com-
promising. In particular, the invasive fungal infections
(IFIs)1 are difficult to diagnose, prevent and treat. Dur-
ing the last two decades their incidence, prevalence and
mortality increased dramatically worldwide.2�3 IFI mainly
affects patients from developed countries with large popu-
lation of hospitalized patients suffering serious underlying
diseases,4�5 inmunodepressed due to chemotherapy, bone
marrow, stem cells or other organ transplantation,6–9 or
submitted to intensive treatment including broad-spectrum
antibiotic therapy.8�10 Additionally, host immunity can
be impaired during infancy, in old age, by pregnancy,
by disease, e.g., diabetes mellitus, or through the admin-
istration of antibiotics and glucocorticoids.11 The most
common fungal pathogens causing IFI are the species of
Candida and Aspergillus.12�13 Candida spp. represent one
of the most common pathogens often causing hospital-
acquired sepsis with an associated mortality rate of up to
40%.14 Due in part to effective control of C. albicans with
azole prophylaxis, particularly with fluconazole (FLZ), the
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aetiology of IFI has shown a shift from C. albicans to
Aspergillus and other moulds.15�16 Latin American coun-
tries suffer from a significant burden of IFI, which need to
be addressed in terms of public health policies.17

Skin mycosis on the other hand, are divided accord-
ing to the level of tissue involvement into: superficial
(which include diseases that generally do not provoke a
significant histopathological inflammatory response in the
host); cutaneous (which induce pathological changes in
the host, although the fungus is confined to the stratum
corneum, include: dermatophytosis, candidasis and other
non-dermatophyte infections) and deep or subcutaneous,
which involve the dermis and subcutaneous tissues e.g.,
sporotrichosis, coccidoiodomycosis, actinomycosis.
Superficial mycosis does not usually threaten life but

can be disfiguring and their unsightly appearance cause
social stigmatization. The incidence of superficial mycoses
is increasing and according to a recent report more than
25% of the world’s population is affected;18�19 disease
progression is more rapid and its severity increased in
patients with compromised immune function.20 In low- and
middle-income countries, skin diseases are dominated by
bacterial and fungal infections that may be modified by
HIV induced immunosuppression.21�22

Cutaneous candidiasis most often reoccurs and is rarely
cured; hence patients receive therapy over a long time.
Cutaneous candidiasis is an opportunistic infection that
arises, in most cases, from endogenous, saprophytic can-
didal blastospores that selectively colonize oral, gastroin-
testinal, vaginal, and cutaneous epithelium. Additionally,
in people with weakened immune systems, Candida spp.
invades deeper tissues as well as the blood, causing life-
threatening systemic candidiasis. Topical therapy is desir-
able since, in addition to targeting the site of infection,
it reduces the risk of systemic side effects.
Besides, bloodstream and local infections associated

with intravascular devices are a significant problem associ-
ated with increased mortality, length of hospitalization and
healthcare costs. Candida spp., together with coagulase-
negative staphylococci, Staphylococcus aureus, Enterococ-
cus spp. and Gram-negative bacilli are the main pathogens
associated with catheter-related infections. These organ-
isms usually enter the bloodstream from the skin insertion
site or the catheter hub, whereas haematogenous seeding
and contamination of the infused fluid are rare. Accord-
ingly, the primary strategies used to prevent catheter-
related infections focus on reduction of colonization at the
insertion site and hubs, thus preventing microbial spread
to the catheter tip lying in the bloodstream. Given the
importance of cutaneous microorganisms in the pathogen-
esis of intravascular device-related infections, measures to
reduce colonization at the insertion site are of the high-
est priority. Reducing skin and catheter colonization has
long been associated with a reduced incidence of local
and systemic infections. However, currently used topical
antiseptics suffer from a short duration of killing activity.

Topical antibiotics may offer a longer period of protection
but they are associated with an increased frequency of fun-
gal infections or the emergence of bacterial resistance.23�24

The first line treatments against epithelial and subcu-
taneous fungal infections are the polyene amphotericin B
(AmB) and azole antifungals such as clotrimazole (CLZ),
econazole nitrate (ECZ) and FLZ.25 However, AmB is
water-insoluble macrolide, consisting of seven double
bonds along the hydrophobic moieties of the ring, mul-
tiple hydroxyl groups along the hydrophilic moieties and
a mycosamine residue. Azole antifungals on the other
hand, are highly lipophilic (although there are exceptions
(e.g., FLZ) and they can readily partition into the lipid-
rich intracellular space in the stratum corneum. In these
cases, the challenge is to develop a simple stable formu-
lation that facilitates drug delivery to the epidermis and
dermis.26 Undesirable systemic absorption is reported for
AmB and FLZ. The existent topical formulations (e.g.,
Fungizone cream, lotion, gels, ointments) generally pro-
duce local reactions (including irritation, burning sensa-
tion, erythema, stinging, pruritic rash, and tenderness) in
patients treated topically and therefore failed to achieve
mycological eradication.27 Other problems associated with
creams include failed stability test, either chemical insta-
bility or physical separation of emulsion caused by the
salting out effect of the imidazole salt when used at a
concentration of about 1% or more. The toxic effects of
conventional medication combined with the growing yeast
resistance to antifungal therapy28�29 generate a pressing
need for the search of new antimicrobial agents from nat-
ural and inorganic sources.30–34

1.1. The Intervention of Nanotechnology
Against Epithelial Fungal Diseases

Prophylaxis and antifungal therapy require of new
strategies capable of eliminating extracellular eukariotic
microorganism, that both colonize living beings and inert
surfaces as biofilms. From the point of view of the classi-
cal medicinal chemistry, the filogenetic similitude between
fungi and host demands the careful search for leading com-
pounds acting on selected therapeutic targets. Apart from
this, the search for antifungals could be enriched by new
alternative approaches. For instance, the growing resistance
against conventional chemotherapy has led to the use of
agents that because of their non specific damage make dif-
ficult the assembling of survival mechanisms. Another way
of improving therapeutic strategies is to control the delivery
of classical drugs to accurately selected tissues or places
within these tissues. It is here where Nanotechnology,
being a source of structures with new quantum, mechan-
ical, thermal and superficial properties, alone or in com-
bination with classical drugs, can offer new therapeutic/
prophylactic options. Nanotechnology encompasses a
broad conjunct of techniques aimed to engineer, char-
acterize and make use of structures of 1 (nanoplates),
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2 (nanotubes) or 3 dimensions (nanoparticles) in the
nanoscale, known as nano-objects. The upper limit of the
nanoscale was fixed at 100 nm,35 but in the nanophar-
maceutical field the nano-scale is accepted to rise up to
200–300 nm. Biosynthesized molecules (such as hor-
mones, proteins, nucleic acids) and drugs, whose activity
depends on a primary structure and not on new phenom-
ena derived from its size in the nano-scale, do not fit
into the definition of nano-object.36 Also the lower limit
of the nanoscale was fixed in 1 nm in order to exclude
atoms.36 Beyond these constraints, there is no restriction
in the chemical nature of nano-objects.
In this review we have focused on describing the nature

and action mode of nano-objects that can be toxic in nature
or that act as carriers for targeted delivery of classical
antifungals. The covered targets will be the skin and the
ocular epithelia, a place of difficult access for systemic
medication or that requires local invasive administration
and in general is ineffective. In this context, developing
new antifungal agents, especially against the opportunistic
Candida, a cutaneous mycosis that can become invasive
and that can both infect skin epithelium and eye tissue,
is of particular interest. The new preclinical developments
of nano-objects against cutaneous and ocular mycosis are
grouped in three main sections:
(1) In vitro antifungal activity of metallic nanoparticles,
(2) In vitro and in vivo antifungal activity of non metallic
nanoparticles
(3) Ocular delivery of non metallic nanoparticles.

2. IN VITRO ANTIFUNGAL ACTIVITY OF
METALLIC NANOPARTICLES

2.1. Silver Nanoparticles

The use of silver compounds as antimicrobials is well
known from ancient times. Currently, silver compounds
are used against bacterial infections in wounds.37�38 and
in preventing bacterial colonization of prostheses and
catheters.39�40 In this context, developing and character-
izing different types of silver nanoparticles has became
a task of paramount importance because of the singular
responses induced in prokaryote and eukaryote cells as
compared to silver cations (Ag+�.
Silver nanoparticles (AgNp) has emerged as a promising

new type of antimicrobial agent. The action mechanism
of AgNp is non specific and presumably broadly similar
to that of Ag+.41 The weak acid Ag+ has a great ten-
dency to react with sulfur- or phosphorus-containing weak
bases, such as R-S-R, R-SH, RS- or PR3. AgNp in biolog-
ical media may act as a constant source of Ag+ on parti-
cles’ slow oxidation. Ag+ released from the AgNp even at
very low concentrations can bind to and thereby damage
cells at multiple sites (Fig. 1). It has been observed that
10–20 nm AgNp are taken up by living cells.42�43 Sulfur-
containing proteins in the membrane or inside the cells

+

=

To the nucleus via cytoplasm

To the nucleus via endoplasmic
reticulum

To the lysosomes

To the mitochondria

Soft bases: R-S-R, R-SH, RS-or PR3
(sulfur containing proteins, DNA, RNA)

acido-base complexes

Fig. 1. (1) NpAg as a source of soluble Ag+; (2) Interaction of AgNp
with cells: (a)–(e): Internalization: according to the size, shape and sur-
face characteristics of AgNp and on the cell type, different endocytic
mechanisms will be involved in the uptake of AgNp: (a) phagocytosis, (b)
macropynocytosis, (c) clathrin mediated endocytosis, (d) caveolin medi-
ated endocytosis, (e) non clathrin, non caveolin mediated mechanisms;
(g) endocytosed AgNp are not free but trapped within different types of
cytoplasmic vesicles from where will be finally released to different tar-
gets; (f) in the absence of internalization AgNp can interact with weak
basis at the cell surface.

and phosphorus—containing elements like DNA are likely
to be the preferential sites for Ag+ binding. The inhibition
of respiratory enzyme(s), facilitate the generation of reac-
tive oxygen species (ROS) and consequently damage the
cell.
The bactericidal effect against both gram-positive and

gram-negative bacteria including multiresistant strains of
AgNp as well as silver nanocomposites or AgNp based
materials has been intensively studied.42�44–48 Whereas
most antibiotics only attack one specific structure of the
microbial cell, Ag+ interferes with the bacterial replica-
tion process and kills bacteria by binding to proteins of the
cell wall, to thiol groups present in enzymes as well as to
DNA and RNA.49–52 AgNp were reported to kill bacteria
at concentrations in the order of units of �g/ml.45�53 which
do not produce acute toxic effects on human cells.54�55

In addition, AgNp have not been shown to cause bacte-
rial resistance, currently complicating antibiotic therapy of
bacterial infections.

4 J. Biomater. Tissue Eng. 3, 1–19, 2013
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The study of antifungal action of AgNp started by 2008,
to find out that AgNp also affect yeast cells by attaching
to the sulfur containing proteins of cell membranes, thus
disrupting membrane potential. After exposure to AgNp,
important changes in the membranes of C. albicans are
observed, such as the formation of “pits” on the membrane
surfaces that lead to pores and subsequent cell death.56

Recently it was found that AgNp induce increased ROS
and hydroxyl radical production in C. albicans, together
with mitochondrial dysfunction and apoptotic features.57

The activity of 3 nm diameter AgNp was comparable to
that of AmB (IC80 1–5 �g/ml) and superior to that of
FLZ (IC80 10–30 �g/ml) on ATCC strains of Trichophy-
ton mentagrophytes and Candida spp. (Table I).56�58 AgNp
was also found to exert activity on the mycelia. The anti-
fungal activity of AgNp was also proved in biostabilization
of footwear materials.59 In this application, AgNp at 1%
solution inhibited the growth of the majority of yeast-like
fungal and mold strains. AgNp at 100 ppm totally inhib-
ited bacterial growth, but its activity against molds and
dermatophytes was observed to be lower, being reported
that molds and bacteria were resistant to 50 ppm of AgNp.
Considering spherical particles of uniform size, a reduc-

tion in size from ∼ 10 �m to 10 nm will increase the
contact surface area by 109. This explains why the activ-
ity of AgNp is inversely related to its size: a large contact
surface is expected to enhance the extent of microbicidal
activity. On the other hand, recent reports emphasized that
shape dependent interactions of AgNp played a crucial role
in their microbicidal properties.47 Spherical AgNp (gener-
ally with a cubo-octahedral or multiple-twinned decahe-
dral or quasi-spherical morphology) predominantly have
(100) facets along with small percentage of (111) facets,
while in case of the rod-like AgNp (e.g., pentagonal rods),
side surfaces are bound by (100) and the ends by (111)
facets. It has been demonstrated that the reactivity of sil-
ver is favored by high-atom-density facets such as trun-
cated triangular nanoplate in comparison to other particles
that contain fewer than (111) facets, like spherical or rod-
shaped particles.42

Interestingly, the bactericidal activity of AgNp is
higher than its fungistatic (minimum inhibitory concen-
trations, MIC) and fungicidal (minimum fungicidal con-
centration, MFC) activities. The MIC and MFC of 25 nm
mean size AgNp either plain or stabilized by sodium
dodecyl sulfate (SDS), sodium polyoxyethylene sorbi-
tan monooleate (Tween 80), Brij (35; 58, 97 and 98)
surfactants, or the polymers polyvinylpyrrolidone (PVP;
average molecular weights (MW) of 10,000; 40,000 and
360,000) and polyethylene glycol (PEG; MW of 1500;
4,000; 10,000 and 35,000) against C. albicans was recently
determined.60 At first sight the results were far from being
promising. The MIC of plain AgNp against C albicans II
showed no significant differences with the MIC of Ag+

(Table I). It was observed that surfactant and polymer sta-
bilization of AgNp (used at concentrations between 0.5

and 5×104% w/w) decreased the MIC. And even though
the fungicidal activity (measured by development of MIC
in time as well as by MFC) of Ag+ against C albicans
was higher (MFC of 135 �g/ml) than that of plain AgNp
(MFC of 27 �g/ml), the MFC of SDS stabilized AgNp
was 338 �g/ml. Remarkably, the main differences between
Ag+ and AgNp were found in their cytotoxicity against
fibroblast BJ cells, that resulted in an absolute lethal con-
centration (LC100) value of 1 �g/ml for Ag+ but ascended
to 30 �g/ml for plain or PEG/PVP stabilized AgNp. The
high cytotoxicity of surfactants solutions alone impaired
further cytotoxicity test of surfactant stabilized AgNp.
Both fungi and host cells are eukaryotes and this would
explain the close values of MFC and LC100 of AgNp. The
low concentrations of AgNp (below than 10 �g/ml) needed
to exert bactericidal activity on the other hand, would obey
to the fact that yeast cell type can resist higher concentra-
tions of silver thanks to their improved cell organization
and structure, and more efficient detoxification system than
evolutionarily older prokaryotic types of bacteria. Overall,
these studies showed that AgNp, in spite of their close
MFC and LC100 values (27 vs. 30 �g/ml), are still safer
antifungal than Ag+. This is underscored by the far higher
MFC than LC100 value (13.5 vs. 1 �g/ml) of Ag+

Recently, 32.5 nm average size spherical AgNp obtained
by extracellular biosynthesis by the fungus Alternaria
alternate, were tested in combination with FLZ against
C. albicans, among other skin fungi (Table I).61 Topi-
cal treatment of severe life threatening skin fungal infec-
tions with FLZ is an efficient therapy and occupies a
prominent position among the alternatives of treatment.62

However, topical delivery of FLZ results in systemic
absorption, skin irritation and therefore failing to achieve
mycological eradication.63 These problems affect patient
compliance and compromise the efficacy of the therapy.
Nonetheless AgNp significantly increases the antifungal
activity of FLZ (measured as diameter of inhibition zone
and increased fold area). The combination between FLZ
and AgNp showed the maximum inhibition against C.
albicans, followed by Phoma glomerata and Trichoderma
spp., whereas no significant enhancement of activity was
found against Pleospora herbarum and F. semitectum.
In another approach, 7–20 nm AgNp synthesized by a

proprietary biostabilization process, were found to exhibit
good antifungal activity (Table I).64 Interestingly, AgNp
exhibited good anti-inflammatory properties as indicated
by concentration-dependent inhibition of marker enzymes
(matrix metalloproteinase 2 and 9). The post agent effect
(a parameter measuring the length of time for which bacte-
rial growth remains suppressed following brief exposure to
the antimicrobial agent) varied with the type of organism
(e.g., 10.5 h for P. aeruginosa, 1.3 h for Staphylococcus
spp. and 1.6 h for C. albicans) indicating that dose regimen
of the AgNp formulation should ensure sustained release
of the antifungal. To meet this requirement, a gel formu-
lation containing AgNp was prepared. As part of toxicity

J. Biomater. Tissue Eng. 3, 1–19, 2013 5
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Table I. Metallic nanoparticles used as in vitro antifungal agents.

Nanoparticle type Fungus Nanoparticles features and antifungal activity Reference

AgNp C. albicans Formation of “pits” on the membrane surfaces [56]

C. albicans Increased ROS and hydroxyl radical production [57]

Clinical isolates and ATCC strains of Trichophy-
ton mentagrophytes and Candida spp.

3 nm AgNp; IC80 1–4 �g/ml [56, 58]

C. albicans II Ag+; MIC 0.21–1.69 �g/ml; MFC 13.5 �g/ml; LD 100 on
fibroblast BJ cells 1 �g/ml

Plain 25 nm AgNp; MIC 0.21–1.69 �g/ml; MFC 27 �g/ml;
LD 100 30 �g/ml

25 nm SDS-AgNp; MIC 0.052 �g/ml; MFC 3.38 �g/ml

[60]

C. albicans 20–60 nm AgNp significantly increases the antifungal
activity of FLZ

[61]

C. albicans 7–20 nm AgNp MIC 25 �g/ml
50% inhibition at 75 �g/ml with antifungal index 55.5%

against A. niger
IC50 on Hep G2 cell line 251 �g/ml

[64]

C. albicans 500 nm×50×50 nm square bases salep capped Ag
nano-wedges MIC 5 �g/ml, MFC300 �g/ml

[65]

C. albicans and C. glabrata adhered cells and
biofilms

5 nm AgNp stabilized with ammonia MIC 0.4 and
3.3 �g/ml

[66]

C. albicans, C. glabrata and M. sympodialis 1560 nm AgNp loaded within an inorganic matrix showed
complete or nearly complete growth inhibition

[74]

Aspergillus glaucus 14 nm Ag@Fe3O4; MIC 2 mg/ml [76]

Candida spp. Ag@Fe3O4 with ∼ 70 nm Fe3O4 magnetic cores covered
by a shell of ∼ 5 nm AgNp

�-Fe2O3@Ag with 20–40 nm AgNp cores covered by a
shell of ∼ 5 nm �-Fe2O3

Both nanocomposites MIC 1.9–31.3 �g/ml
26 nm AgNp; MIC 0.2 �g/ml

[77]

ZnONp Fusarium spp. 2–28 nm ZnONp less active than CuSO4 ·5H2O [98]

TiO2Np C. albicans biofilms TiO2Np were deposited on 50–100 nm diameter ZnO
nanowires.

Viability of cells significantly decreased nearly 4.3 times
after 5 h exposure visible light

[101]

C. albicans biofilms Branched carbon nanotube arrays covered with TiO2Np
Highly photocatalytic antifungal activity

[102]

Aspergillus niger,
C. albicans,
C. neoformans

250–300 nm TiO2AgNp combined nanoparticles; MIC
3–25 �g/ml; LD50 on THP-1 monocytes

55.9 �g/ml
AgNp; MIC 20–25 nm; LD50 10 �g/ml

studies, localization of AgNp in Hep G2 cell line, cell via-
bility, biochemical effects and apoptotic/necrotic potential
were assessed. It was found that AgNp localized in the
mitochondria and had an IC50 value of 250 �g/ml. Even
though they elicit an oxidative stress, cellular antioxidant
systems (reduced glutathione content, superoxide dismu-
tase, catalase) get triggered and prevent oxidative dam-
age. Further, AgNp induce apoptosis at concentrations up
to 250 �g/ml, which could favor scarless wound healing.
Acute dermal toxicity studies on gel containing AgNp in
Sprague-Dawley rats, showed complete safety for topical
application. These results suggest that AgNp could provide
a safer alternative to conventional antimicrobial agents in
the form of a topical antimicrobial formulation.
On the other hand, highly sized salep capped Ag

nano-wedges, were prepared by photochemical facile

green synthesis. Salep (a palmate-tuber, multi-component
polysaccharide with a high content in glucomannan pos-
sessing natural, neutral and watersoluble fibers) caused
creation of flower-like self-assembled structures of the
Ag nano-wedges. The MIC value of salep-Ag nano-
wedges against C. albicans was similar to that of AmB
(2.5–5 �g/ml). The MFC however, resulted to be exces-
sively high (Table I).65 These results, indicating poor
fungicidal efficiency, could be owed to the large size of
the poniards. Nonetheless, in order to assess the poniards
safety, their cytotoxicity against host cells remains to be
tested.
Recently the effect of 5 nm diameter AgNp stabilized

with ammonia against C. albicans and C. glabrata adhered
cells and biofilms, was tested. AgNp were applied to
adhered cells (2 h) or biofilms (48 h) (Table I). It was

6 J. Biomater. Tissue Eng. 3, 1–19, 2013
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also determined that AgNp were more effective in reduc-
ing biofilm biomass when applied to adhered cells (2 h)
than to pre-formed biofilms (48 h), with the exception of
C. glabrata ATCC, which in both cases showed a reduc-
tion of ∼ 90%. AgNp were highly effective on adhered
C. glabrata and respective biofilms. On C. albicans the
effect was not so evident but there was also a reduction in
the number of viable biofilm cells. These results suggest
that AgNp could be an effective alternative to conven-
tional antifungal agents for future therapies in Candida-
associated denture stomatitis.66

A well known problem of silver is that it is toxic to
human at high concentration.47 The topical application of
Ag compounds that can be significantly percutaneously
absorbed can cause argyrosis and argyria, leading to a
local or systemic tissue deposition of Ag in skin, nerve
tissues and inner organs—particularly liver, spleen and
kidney—with the attendant risk of organ dysfunction.67–71

Therefore, maximum contamination levels for silver in
drinking water (100 ppb).72 and the occupational exposure
limit to the various forms of silver (0.01 mg/m3�73 have
been established in order to avoid the accumulation of sil-
ver in the human body. In this context, recently highly
sized (1560 nm mean diameter) AgNp were loaded within
an inorganic matrix, to impair its systemic absorption after
topical application in mice. The silver contents of AgNp
and silver sulphadiazine used as control at concentrations
of 1% were calculated to be 880 ppm (880 �g/g) and
3020 ppm (3020 �g/g), respectively. Strikingly, AgNp at
a 0.1% concentration exhibited comparable antibacterial
and antifungal potencies as silver sulphadiazine at 0.1%,
although its absorption was considerable lower. AgNp at
0.1% proved to be a potent antifungal agent, exhibiting
complete or nearly complete growth inhibition of the der-
matophytes M. canis and T. rubrum. Moreover, AgNp at
ultra low doses of 0.001% was effective against C. albi-
cans C. glabrata and M. sympodialis, yeast species often
found in atopic dermatitis patients. Despite its 3.4-times
lower silver content, the AgNp preparation exhibits an
antimicrobial activity against the bacteria yeasts and der-
matophytes tested, comparable to that of silver sulfadiazine
at concentrations of 0.1%.74

2.2. Strategies Used to Impair Uncontrolled
Dispersion of AgNp in the Environment:
Magnetic AgNp

Extensive use and increasing demand for AgNp will lead to
their accumulation in the environment, especially in land-
fills and water effluents. Non-targeted effects of AgNp on
the population of microbes that play beneficial roles in
the environment could have negative consequences.75 Mag-
netic nanoparticles of iron oxides (Fe3O4 and/or �-Fe2O3-
maghemite-) represent one family of the most suitable can-
didates for the preparation of magnetic nanocomposites

owing to their convenient magnetic application (e.g.,
superparamagnetism), biochemical properties (e.g., non-
toxicity, biocompatibility, biodegradability) and low price.
An example of nanoparticles designed to prevent their

uncontrolled release into the environment are the spherical
14 nm average size core–shell nanoparticles made of Fe3O4

(magnetite) core coated with AgNp (Ag@Fe3O4� at Ag
and Fe concentration of 702 and 215.6 mg/l, respectively.
The diamagnetic Ag shell prevents the agglomeration of
the Fe3O4 during the formation of core–shell nanoparticles.
The resulting core–shell nanoparticles were superparamag-
netic in nature, although a 71% decrease in the magneti-
zation of Ag@Fe3O4 with respect to Fe3O4 was observed.
The Ag@ Fe3O4 can be recovered using a steel wool fil-
ter and recycled from the site of action by means of an
external magnetic field, being detected by their absorp-
tion at 399 nm (the Surface Plasmon Resonance band of
Ag@Fe3O4�. However, although the recycling efficiency is
> 80% over four cycles, the MIC values of Ag@Fe3O4

and AgNp against Aspergillus glaucus isolates were high
(Table I). A. glaucus is the potential cause of fatal brain
infections and hypersensitivity pneumonitis in immuno-
compromised patients and leads to death despite aggressive
multidrug antifungal therapy. The elevated MIC values of
this approach make mandatory the further investigation of
the biocompatibility for the host, once the route of admin-
istration is decided.76

In a similar fashion, the antifungal activity of two types
of nanocomposites including molecules of polyacrylate
serving as a spacer among iron oxide and AgNp was
recently tested.77 In one hand, Ag@Fe3O4 nanoparticles
made of Fe3O4 magnetic cores (∼ 70 nm) covered by a
shell of AgNp (∼ 5 nm, 5.8% weight content) were pre-
pared. On the other hand, �-Fe2O3@Ag nanoparticles with
a higher content (10.5%) of larger (20–40 nm) AgNp
cores, covered by a shell of (∼ 5 nm) �-Fe2O3 were
also prepared. Both nanocomposites possess eminent mag-
netic properties (e.g., high value of magnetization achiev-
able at relatively low applied fields, superparamagnetic
and soft magnetic behavior at room temperature from
the viewpoint of superconducting quantum interference
device measurements, suppression of inter-particle mag-
netic interactions due to the molecules of polyacrylate)
since they were very easily controlled by a low external
magnetic field in the order of 1 Tesla. Both nanocompos-
ites exhibited very significant antifungal activities against
four Candida species (Table I) although these values were
higher than the corresponding to 26 nm AgNp. Moreover,
acute nanocomposite cytotoxicity against mice embryonal
fibroblasts was observed at concentrations higher than
430 �g/ml (Ag@Fe3O4� and 292 �g/ml (�-Fe2O3@Ag).
Considering the non-cytotoxic nature of the polyacrylate
linker, both kinds of Ag nanocomposites are well applica-
ble for a targeted magnetic delivery of AgNp in medicinal
and disinfection applications.
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2.3. Nanoparticles of Semi-Conducting Oxides

Currently inorganic metal oxides (TiO2, MgO, CaO
and ZnO) have attracted interest as antimicrobial agents
because of their safety and stability. Compared to organic
materials, inorganic materials such as ZnO possess supe-
rior durability, greater selectivity and heat resistance.78�79

In particular TiO2 and ZnO semiconductors have been
extensively studied as antimicrobial agents due to their
photocatalytic activity under UV light.80�81 Photocataly-
sis is a light induced catalytic process whereby photo-
generated electron–hole pairs (e−h+) in a semiconductor
undergo redox reactions with molecules adsorbed onto the
surface, thereby breaking them into smaller fragments. The
electronic structure of semiconductors such as TiO2, ZnO,
Fe2O3, CdS and ZnS is characterized by a filled valence
band and an empty conduction band and can act as sen-
sitizers for light-induced redox processes. When a photon
with energy of h� matches or exceeds the bandgap energy
of the semiconductor, an electron (ecb−� is promoted from
the valence band into the conduction band, leaving a hole
(hvb+� behind. The (e

−h+) migrate to the nanoparticle sur-
face and can recombine and dissipate the input energy as
heat, get trapped in metastable surface states or react with
electron donors and electron acceptors adsorbed on the
semiconductor surface. In the absence of suitable (e−h+)
scavengers, the stored energy is dissipated within a few
nanoseconds by recombination. If a suitable scavenger or
surface defect state is available to trap the electron or hole,
recombination is prevented and subsequent redox reac-
tions may occur. The hvb+ are powerful oxidants while the
ecb− are good reductants.82 In general terms, the photo-
catalytic activity in aqueous oxygenated media produces
ROS such as radical hydroxyle (OH•) and H2O2 (Fig. 2).
Surface area and surface defects play an important role in
the photocatalytic activity of metal oxide nanostructures,
as the molecules need to be adsorbed on to the photocat-
alytic surface for the redox reactions to occur. The higher
the effective surface area, the higher will be the adsorp-
tion of molecules leading to better photocatalytic activity.
One dimensional nanostructures, such as nanowires and
nanorods, offer higher surface to volume ratio compared
to nanoparticulate coatings on a flat plate.83

2.3.1. Zinc Oxide Nanoparticles

Zinc is a mineral element essential to human health and
ZnO is a form in the daily supplement for zinc. The antibac-
terial and antifungal activity of bulk ZnO powders has been
demonstrated already.84�85 ZnO is an n-type semiconduc-
tor with wide direct band gap (3.37 eV) and high exciton
energy (60 meV) at room temperature which allows it to
act as an efficient semiconducting and piezoelectric mate-
rial. As its size is decreased, the band gap of ZnO (ZnONp)
increases, as well as its surface area. ZnO is a polar crystal
of positive zeta potential at the surface, Zn2+ lies within

Fig. 2. Primary steps in the photoelectrochemical mechanism of pho-
toactivated semiconductors (ZnO, TiO2): (1) formation of charge carriers:
conduction band electron (e−cb) and valence-band hole (h+

vb) by a pho-
ton h�; (2) charge carrier recombination to liberate heat; (3) initiation of
an oxidative pathway by a h+

vb ; (4) initiation of a reductive pathway by
a e−cb ; (5) further thermal (e.g., hydrolysis or reaction with active oxy-
gen species) and photocatalytic reactions to yield mineralization prod-
ucts; (6) trapping of a e−cb in a dangling surficial bond to yield a trapped
conduction-band electron e−tr or trapping of a h+

vb at a surficial group. Red
is an electron donor (reductant) and Ox is an electron acceptor (oxidant).
Dangling bond is a chemical bond associated with an atom in the sur-
face layer of a solid that does not join the atom with a second atom but
extends in the direction of the solid’s exterior; (7) an example of oxigen
reactive species generation (H2O2) in aerated solutions occurring via the
reduction of adsorbed oxygen by e−cb .

a tetrahedral group of four oxygen ions. Zinc and oxy-
gen atoms are arranged alternatively along the c-axis and
the top surfaces are Zn terminated while the bottom sur-
faces are oxygen terminated. The high surface reactivity
of ZnONp owes to a large number of native defect sites
arising from oxygen nonstoichiometry. Because of this
ZnONp exhibits comparatively higher reaction and miner-
alization rates and can generate hydroxyl ions more effi-
ciently than TiO2.

86

After contact with ZnONp disruption of cell membrane
activity has been observed and disorganization of the triple
membrane was formerly reported in the Gram-negative
E. coli.87 The resulting increase of membrane permeability
leads to accumulation of ZnONp in the bacterial membrane
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followed by their cellular internalization, as also reported
against Pseudomona aeruginosa.88 The microbicidal activ-
ity of ZnONp is owed to the generation of ROS such as
OH•, H2O2, and O2−

2 , which is directly proportional to the
exposed surface area.89 ZnONp with defects can be acti-
vated by both UV and visible light. In the ZnONp surface
the holes split H2O molecules into OH and H+. Dissolved
oxygen molecules are transformed to superoxide radical
anions (•O−

2 �, which in turn react with H+ to generate
(HO•

2) radicals, which upon subsequent collision with elec-
trons produce hydrogen peroxide anions (HO−

2 �. They then
react with hydrogen ions to produce molecules of H2O2.
Since, the hydroxyl radicals and superoxides are negatively
charged particles, they cannot penetrate into the cell mem-
brane and remain in direct contact with the outer surface
of the bacteria; however, H2O2 can penetrate into the cell
and kill bacteria.
Similar to AgNp, an inverse relationship between bac-

tericidal activity and size of ZnONp was shown. At a
fixed concentration (1 mM), the bactericidal activity of
12 nm ZnONp is higher than that of 45 nm and 2 �m
ZnONp. These differences are explained from the fact
that a single isolated colony of 2 �m diameter bacteria
can accommodate larger number of 12 nm than 45 nm
and 2 �m ZnONp. ZnONp presumably remain tightly
adsorbed on the surface of the leftover/dead bacteria, but
continue to release peroxides into the medium. Besides,
since size and specific surface area are inversely related:
bulk ZnO exposes 5.11 m2/g, but 47 nm ZnONp ascends
to 68 m2/g and 12 nm ZnONp to 115 m2/g. Therefore,
the smaller is the nanoparticle, the higher its production of
ROS on the surface and its antibacterial activity. The abra-
sive surface texture of ZnONp is another possible expla-
nation of its antibacterial effect. ZnONp have been found
to be abrasive due to surface defects, revealed by a broad
visible emission band in the region of 450–550 nm in
a photoluminescence spectrum of ZnONp. The abrasive-
ness of ZnONp compared with bulk ZnO is caused by
the uneven surface texture due to rough edges and cor-
ners. Opposite to the deleterious action of ZnONp, trace
concentrations of Zn+2 ions are a supplement promoting
the metabolic action of bacteria.90 On the other hand, the
release of soluble Zn+2 from the ZnONp are responsible
for toxicity in lung cell lines,91 while under realistic envi-
ronmental conditions, similar results on algae have been
reported.92 Overall, ZnONp proved to be toxic against
prokaryotic organisms at the concentrations of units of
mM Zn. Nonetheless, ZnONp had minimal effects on
eukaryote human T-lymphocytes cell viability at concen-
trations toxic to bacteria.93

The advantages of using ZnONp as antifungal agent
have recently started to raise attention. For instance in
agriculture the use of ZnONp does not affect the soil
fertility in comparison to traditional antifungals.94 Sim-
ilar to what occurs with bacteria, the cytotoxic effect
of ZnONp against fungi is mediated by bilayer rupture

resulting in the drainage of the cytoplasmic contents.95–97

Recently antifungal activity of 2–28 nm ZnONp (hexago-
nal wurtzite) stabilized with surfactants isolated from Aca-
cia concinna seeds, was determined.98 It was observed that
the size of the ZnONp drastically decreases from 28 nm
to 2.5–5 nm with the surfactant stabilization. Surprisingly,
this reduction in size is accompanied by a reduced activ-
ity of ZnONp against Fusarium spp., when compared to
that of standard antifungal 0.1 M CuSO4 ·5H2O. Recently,
anti Candida activity of glass supported ZnO nanrods were
shown.99

2.3.2. Titanium Oxide Nanoparticles

The optical absorption in the ultraviolet region (peak-
ing around 220 nm and covering only ∼ 5% of the solar
spectrum) and low photoefficiency of TiO2Np are fac-
tors that deter its wide scale use for photocatalytic activ-
ities under sunlight. In spite of sharing similar band gap
with ZnONp (3.2 eV), TiO2Np can only be exited under
UV light irradiation and its photocatalytic activity under
solar and visible light is not efficient. TiO2 exists in three
main crystallographic structures e.g., anatase, rutile and
brookite. It is also well-known that it is more difficult to
obtain TiO2Np with good crystallinity and high surface
area from rutile than anatase. The photoexcited TiO2 cat-
alyst produces (e−h+) that migrate to the TiO2 surface;
(h+

vb� can react with adsorbed H2O or OH− at the cata-
lyst/water interface to produce the highly reactive OH• and
the (e−cb� can react with oxygen vacancies to form radical
superoxide (O−1

2 �; finally, the various generated ROS can
oxidize organic compounds or cells adsorbed on the TiO2

surface, resulting in the death of the microorganisms.100

In an approach aimed to enhance the visible light pho-
tocatalytic activity of TiO2Np and improve its antifungal
activity, anatase and rutile crystal TiO2Np were deposited
on 50–100 nm diameter ZnO nanowires. The resulting
TiO2Np/ZnO nanocomposite exhibited a low band gap and
high visible light activity against C. albicans biofilms. The
antifungal activity of the ZnO nanowires was higher than
the TiO2Np in dark. Also, the antifungal activity of the
ZnO nanowires in dark was decreased by the TiO2Np coat-
ing. But, viability of cells significantly decreased nearly
4.3 times due to photocatalytic activity of TiO2Np/ZnO
nanocomposite under after 5 h exposure visible light. The
alloy structure at the interface of the TiO2Np/ZnO is said
to decrease the band gap that can be exited under visible
light. Again, the excitation of the nanocomposite using the
light exposure leads to generate (e−h+) and the (hvb+� lead
to generate OH on the surface of the microorganism.101

Similarly, branched carbon nanotube (CNT) arrays
covered with TiO2Np presented antifungal effect on
C. albicans biofilms under visible light. The TiO2Np/
branched CNTs showed a highly improved photocatalytic
antifungal activity in comparison with the TiO2Np/non
branched CNTs and TiO2Np film. The excellent visible
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light-induced photocatalytic antifungal activity of the
TiO2Np/branched CNTs was attributed to the generation
of (e−h+) by visible light excitation with a low recombi-
nation rate, in addition to the high surface area provided
for the interaction between cells and nanostructures.102

As an example of an non photocatalytic use of TiO2,
recently 250–300 nm TiO2AgNp combined nanoparticles
(prepared by reaction between anatase TiO2Np with Ag
at 50:1 molar ratio) showed significant antifungal activ-
ity (Table I), although the activity resulted comparable to
that of 20–25 nm AgNp used as control. The LD50 on
THP-1 monocytes of the TiO2AgNp was higher than that
of AgNp. In spite of their higher size, TiO2AgNp increased
by nearly tenfolds the therapeutic index when used as anti-
fungal agents as compared to AgNp.103

3. IN VITRO AND IN VIVO ANTIFUNGAL
ACTIVITY OF NON METALLIC
NANOPARTICLES

The following is a survey on preliminary improvements
in delivery of conventional antifungals loaded in differ-
ent types of nanovesicles (liposomes, niosomes, ethosomes
and ultradeformable liposomes), solid lipid nanoparticles
(SLN), nanostructured lipid carriers (NLC), polymeric
micelles and microemulsions. The modified delivery after
topical application led to better antifungal properties.

3.1. Nanovesicles

The skin delivery of AmB loaded in liposomes, ethosomes
and ultradeformable liposomes was tested in a recent com-
parative assay (Table II).104 The vesicles were further
incorporated into Carbopol 934 hydrogel (1% w/w). Over-
all, 50–75% of AmB was released from gels after 24 h.
In vitro assay on the AmB permeation across hairless rat
skin showed that transdermal flux was maximal for ultra-
deformable liposomes and minimal for conventional lipo-
somes. There were no differences between the transdermal
flux of AmB in the dispersion of vesicles or within the gel.
Skin retention of AmB was maximal for ultradeformable
liposomes (81 �g) as compared to ethosomes (64 �g) and
liposomes (45 �g). Confocal laser scanning microscopy
study using rhodamine 123-loaded vesicles confirmed the
penetration profile of the vesicles in vivo. Skin irritation
test revealed negligible irritation scores for all the vesic-
ular formulations. In vitro antifungal activity against fun-
gal strain Trychophytone rubrum showed that AmB loaded
in ultradeformable liposomes induced the largest zone of
inhibition area.
The skin delivery of FLZ loaded in liposomes and

niosomes incorporated into Carbopol gel (1% w/w) was
tested for sustained release after localized application
(Table II).62 In vitro and in vivo skin penetration experi-
ments showed a higher accumulation of FLZ when FLZ

was loaded in liposomes. The in vivo localization studies
in viable skin showed that liposomal gel produce 14.2- and
3.3-fold higher drug accumulation compared with plain
gel and niosomal gel, respectively. Antifungal activity car-
ried out on experimentally induced cutaneous candidiasis
in immunosuppressed albino rats showed maximum ther-
apeutic efficacy of liposomal gel, as the lowest number of
colony forming units/ml was recorded following liposomal
FLZ application.
The skin delivery of ECZ loaded in ethosomes incorpo-

rated into carbopol gel (1% w/w) with 2% w/w propylene
glycol and 2% w/w N -methyl-2-pyrolidone as permeation
enhancers was recently tested for therapeutic efficacy and
storage stability (Table II).105 Drug flux and permeation
through albino rats skin were significantly higher in etho-
somal formulation (0.46 �g/cm2/hr and 91%, respectively)
than for liposomes (soy lecithin), hydroethanolic gel and
liposomal gel; this could indicate that ethanol enhances
drug permeation across rat skin. The stability measure-
ments of ethosomes revealed very low aggregation and
insignificant growth in vesicular size for 180 days. The
antifungal activity evaluated by cup plate method with
strains of C. albicans showed that ethosomal formulation
induced the largest zone of inhibition.

3.2. Polymeric Micelles

The skin delivery of azoles (CLZ, logP o/w 5.9, aqueous
solubility 0.03 g/l; ECZ logP o/w 5.2, aqueous solu-
bility 0.8 g/l; and FLZ logP o/w 0.4, aqueous solubil-
ity 0.001 g/l) loaded in polymeric micelles was recently
determined (Table II).106 Micelles differed in core hydro-
fobicity, from the more hydrofobic core mono-hexyl-
substituted, followed by di-hexyl-substituted to the less
hydrofobic core-polylactide. In spite of the expected abil-
ity of micelles to incorporate significant amounts of
hydrophobic drugs in their core, CLZ showed poor incor-
poration efficiency (11–36%) in all the micellar systems.
FLZ and ECZ on the other hand, were successfully encap-
sulated at 250 and 268 mg/g of drug contents and 83 to
98% incorporation efficiencies. Further assays were car-
ried out with ECZ loaded in MPEG-dihexlPLA micelles.
In vitro skin retention studies in porcine and human skin
showed that ECZ deposition following 6 h application was
∼ 13-fold and 7.5-fold higher respectively, than that from
ECZ commercial cream (Pevaryl® cream, 1% w/w ECZ).
The amounts of ECZ deposited were 11 and 1.5 �g/cm2,
for porcine and human skin respectively. Confocal laser
scanning microscopy studies using similarly-sized fluores-
cein loaded micelles showed that micells penetrate the skin
mainly thought the follicular pathway.

3.3. Dendrimers

The effects of generation number and surface groups
of poly(amidoamine) (PAMAM) dendrimers on aqueous
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Table II. Non-metallic nanoparticles as antifungal agents.

Nanoparticle type Fungus Drug Nanoparticles features Reference

Nanovesicles Trychophytone
rubrum

AmB 1. Conventional liposomes:soybean
phosphatidylcholine (soyPC)/cholesterol 7:3 molar
ratio; 580 nm; 63% entrapment efficiency

2. Ethosomes:soyPC/ethanol 300:2 w/w; 220 nm; 84
entrapment efficiency

3. Ultradeformable liposomes:soyPC/sodium
deoxycholate 85:15 w/w; 420 nm; 71% entrapment
efficiency

[104]

Experimentally
induced cutaneous
candidiasis

FLZ 350 nm liposomes and niosomes [62]

C. albicans ECZ Ethosomes:soy lecithin 3% w/w, ethanol 30% v/v; 200
nm; −75 mV Z potential; 80% entrapment
efficiency

[105]

Polymeric micelles Not tested CLZ, FLZ and ECZ 30 to 40 nm micelles of amphiphilic
methoxy-poly(ethylene glycol)-hexyl substituted
polylactide (MPEG-hexPLA) block copolymers

[106]

Dendrimers C. parapsilosis ATCC
22019 and
susceptible and
drug resistant
clinical strains of
C. albicans,
C. glabrata,
C. krusei,
C. dubliniensis and
C. tropicalis

CLZ Poly(amidoamine) (PAMAM) dendrimers generation
2 (G2) and generation 3 (G3) with amine
(PAMAM-NH2� or hydroxyl surface groups
(PAMAM-OH)

[107]

Lipid nanoparticles Experimentally
induced cutaneous
candidiasis

FLZ 1. SLN:glyceryl behenate as core and 2:1 ratio of egg
PC and pluronic F-68 as emulsifiers; 180 nm;
25 mV Z potential; 75% entrapment efficiency

2. NLC:glyceryl behenate and oleic acid as core and
egg PC and pluronic F-68 as emulsifiers; 130 nm;
−29 mV Z potential; 81% entrapment efficiency

[108]

Microemulsions C. albicans and skin
fungal infections
(tinea corporis,
tinea circinata and
tinea pedis).

CLZ 1. Lemon oil/Tween 80/n-butanol/water
2. Isopropyl myristate/Tween 80/n-butanol/water

[109]

solubility and antifungal activity of CLZ was determined
in 2009 (Table II).107 It was found that PAMAM-NH2 den-
drimers improved CLZ solubility in a higher extent than
the other polymers. PAMAM-NH2 G3 and G2 exhibited
the highest solubilising potential for CLZ (around 6.7-fold,
from 0.38 to 2.55 �g/ml). Antifungal activity was eval-
uated using broth microdilution method. MIC and MFC
values significantly indicate that PAMAM-NH2 dendrimers
increased the antifungal activity of CLZ against all the
Candida cultures. CLZ in solution of PAMAM-NH2 G2
was 4-32-fold more potent than pure CLZ, at a dendrimer
concentration of 10 mg/ml, that the authors postulate as
non-toxic.

3.4. Lipid Nanoparticles

Recently, SLN and NLC were developed with the aim of
improving the skin delivery of FLZ (Table II).108 In vitro
skin-permeation and retention studies in hairless rat skin

showed that the amount of permeated drug was higher for
plain drug solution (41 �g/cm2�. The SLN and NLC based
formulations decreased the amount of permeated FLZ to
14 and 12 �g/cm2, respectively. Besides, NLC and SLN
based formulations induced 2.12-fold and 1.73-fold higher
amounts of FLZ accumulation in the skin respectively,
as compared to the plain solution. The lipid nanoparticles
induced a maximal accumulation of FLZ within the stra-
tum corneum, with 16% and 14% drug retention from NLC
and SLN respectively, as compared to 10% from plain
solution. After topical application of the lipid nanopar-
ticles to hairless rats, NLC and SLN induced 1.7-fold
and 1.5-fold higher retention of FLZ within the stratum
corneum as compared to plain solution. On the other
hand, the amount of drug recovered from viable skin fol-
lowed the same order as recorded in stratum corneum;
but its accumulation was significantly low. Antifungal
activity of FLZ loaded in SLN and NLC was carried
out on experimentally induced cutaneous candidiasis on
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immunosuppressed Sprague-Dawley rats infected with
C. albicans. The topical treatments were applied once
daily for 3 consecutive days 24 h after the infection was
induced. The animals treated with both FLZ loaded in
NLC and SLN demonstrated a low fungal burden in skin,
with a colony count significantly less abundant than those
treated with plain solution.

3.5. Microemulsions

Microemulsions have recently been used to improve the
clinical outcome of topical CLZ (Table II).109 60% of the
CLZ loaded in lemon oil and isopropyl myristate based
microemulsion was released within 8 h. The in vitro perme-
ation studies on mice skin of the CLZ loaded microemul-
sion (formulated as liquid or incorporated into 1% carbopol
gel), showed significantly higher skin retention of CLZ
over the marketed CLZ cream. Moreover, the gel provided
two- to three-fold increased skin retention compared to
their corresponding liquid microemulsion. The isopropyl
myristate based microemulsion was more stable than those
based on lemon oil. In vitro antifungal activity of CLZ
loaded in microemulsion as liquid and gel against C. albi-
cans showed that the mean diameter of the inhibition
zone for microemulsion was significant higher than that
of CLZ cream. Moreover, clinical evaluation proved that
1- and 2-weeks after treatment, 1% CLZ microemulsion
gel showed a significant reduction in the scores of symp-
toms of the evaluated skin fungal infections. The overall
evaluation of the clinical efficacy of microemulsion gel was
good to excellent in 92.31% of the patients. Moreover, the
preparation was well tolerated by all patients with no dis-
continuation of treatment due to any side effects.

4. OCULAR DELIVERY OF NON
METALLIC NANOPARTICLES

Ocular fungal infections may involve the cornea (kerati-
tis), the interior of the eye (endophthalmitis), the retina
(retinitis) or the orbit and may occur following trauma
(including surgery) or upon systemic disseminated infec-
tion. Fungal infections of the retina are among the most
devastating ocular infections.110 Fungal infections with
Candida, Fusarium, Curvularia and Aspergillus can lead
to serious ulceration of the cornea and must be treated
rapidly. The most common among these infections is can-
didal chorioretinitis, usually caused by C. albicans.111

Aspergillus species is the second most common fungal
group that infects the choroid and the retina.112

In general, common routes of administration for the
anterior-segment of the eye (cornea, conjunctiva, sclera,
anterior uvea) are topical instillation and subconjunctival
injection, whereas for the posterior-segment (retina, vit-
reous, choroid) common routes include systemic dosing,
periocular and intravitreal (IVT) injections, and topical
dosing.113

Upon systemic administration, the tight junctions of
blood-ocular barrier in the retinal capillary and the
iris/ciliary endothelial cells, keep most drugs out of the
eye.114 On the other hand, IVT administration is able to
maximize the intraocular level of drug in the vitreous
and the retina while avoiding toxicities associated with
systemic treatment.115 However, to reach and to maintain
effective therapy, repeated injections are necessary. Fre-
quent administration of drugs via this route can lead to
endophthalmitis, damage to lens, retinal detachment and
hemorrhage. Moreover, high acute intraocular drug con-
centrations may induce severe local toxicity and increase
intraocular pressure.
Topical route is the preferred route of drug adminis-

tration, primarily for reasons of better patient compliance
and cost affordability. However, topical drug delivery to
the eye is often impaired by removal mechanisms (blink-
ing, tears, and nasolacrymal drainage) and by the relatively
impermeable corneal barriers. The three membranes of the
cornea (epithelium, inner stroma and endothelium) act as
lipophilic selective barrier for small molecules, preventing
the paracellular diffusion of macromolecules and maintain-
ing normal corneal hydration.116�117 Usually, less than 5%
of topically administered drug penetrates the cornea and
reaches intraocular tissues.118 The conjunctiva and sclera
are more permeable than the cornea for drugs topically
applied into the eye, but the circulation removes the drugs
before it can be absorbed by inner ocular tissues. Both
trans-conjunctival penetration and trans-nasal absorption
after drainage are generally undesirable, not only because
of the loss of active ingredient but also because of possible
severe systemic side effects.
Topical AmB (0.1–0.3%) is the standard treatment for

ocular infections due to Candida and related fungi while
other polyene macrolide natamycin (5%) is the usual treat-
ment of filamentous fungi such as Fusarium.119 The cur-
rent formulation of AmB eye drops (Fungizone®) contains
deoxycholate, necessary to solubilize the poorly water sol-
uble AmB,120 which renders their instillation painful and
leads to poor compliance and aggravation of symptoms,
especially when direct IVT injection of AmB deoxycholate
is used to treat fungal endophtalmitis. Although doses of
5 to 10 �g of IVT AmB are recommended and generally
well tolerated, doses as low as 1.0 �g have caused marked
retinal damage.121

In this context, nanoparticles could advantage the con-
ventional ocular dosage forms, by offering increased res-
idence time of drugs on the corneal surface, reduction
in the amount of dose, reduction in systemic toxicity of
drug, increased drug concentrations in the infected tis-
sue and suitability for poorly water-soluble drugs.122�123

Other potential advantages are the possibility of self-
administration by patients as eyedrops; no impairment of
sight because of small dimensions of the delivery sys-
tems; protection against metabolic enzymes (such as pep-
tidases and nucleases); possible uptake by corneal cells;
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Table III. Non-metallic nanoparticles in ocular delivery.

Nanoparticle type Fungus Drug Nanoparticles features Reference

Nanovesicles Not tested AmB Liposomes:egg PC/cholesterol/tocopherol succinate
at 3:5:1 molar ratio

[124, 125]

Experimentally
induced
C. albicans
endophthalmitis

AmB Liposomes:PC/phosphatidylglycerol/cholesterol
at 4:1:3 molar ratio

[126]

Not tested AmB 1. AmB lipid complex:dimyristoyl phosphatidylcholine and
dimyristoyl phosphatidyl-glycerol in a molar ratio of
3:10:7; micron sized ribbon-like structure 1–6 �m

2. AmBisome:unilamellar liposomes:hydrogenated soy
PC/cholesterol/disteroylphosphatidylglycerol and AmB in a
molar ratio of 2:1:0.8:0.4; < 100 nm

[129]

Not tested AmB Extemporaneous lipid emulsion of AmB, prepared by mixing
concentrated alkaline solution of AmB with Intralipid
∼ 20% followed by neutralization and buffered

[120]

Not tested KTZ 1. Ultradeformable niosomes:span 60/tween 80; 80:20 w/w;
120 nm

2. non-ultradeformable niosomes:span 60/cholesterol;
80:20; w/w

[133]

Polymeric nanoparticles Fusarium solani AmB Eudragit, 130 to 300 nm; +19 to +42 mV zeta potential [143, 144]

C. albicans ECZ Chitosan nanoparticles:sulfobutylether-�-cyclodextrin
(SBE-�-CD) cross linker; 185 nm, +25 mV Z potential;
45% entrapment efficiency; 50% of drug release over 8 h

[148]

and possible reduction of the number of instillation or
injection.

4.1. Nanovesicles

Liposomal AmB were formerly employed for IVT
administration. The toxicity upon IVT administration of
liposome-intercalated AmB was compared to AmB deoxy-
cholate in rabbits124 and rhesus monkeys (Table III).125

It was found that liposomes markedly reduce the ocular
toxicity of AmB in terms of vitreal band formation, focal
retinal damage and retinal atrophy or necrosis. Liposomes
also reduce the toxicity of AmB by at least four fold com-
pared to AmB deoxycholate and as much as 30 �g of
AmB may be tolerated by the IVT route in rhesus monkey.
In a further study, a rabbit model was used to com-

pare the safety and efficacy of liposomal AmB with that
of AmB deoxycholate up to 40 �g in experimentally
induced C. albicans endophthalmitis (Table III).126 Similar
to the earlier study, it was concluded that reduced toxic-
ity occurred at higher doses of liposomal AmB than AmB
deoxycholate. However, higher doses of the lipid formula-
tion were associated with decreased efficacy.
The first comparative toxicity study of three commer-

cial AmB formulations (AmB deoxycholate, AmB lipid
complex127 and AmBisome,128 Table III) on IVT admin-
istration on rabbits was carried out in 2003.129 Although
cataract formation was observed in the majority of the ani-
mals (75%), this was a result of the injection technique.
From 10 �g for ABCL and 30 �g for AmB deoxycholate
the appearance of vitreal opacities or bands was observed,

but were absent in AmBisome-treated eyes. All the IVT
administrations caused however, vitreal inflammation and
retinal necrosis or atrophy. Retinal ganglion cell loss was
found to be similar among the various treatment groups
(81%–97%). In general, cell loss was mild to moderate
with severity increasing with increasing doses. In this work
however, the antifungal efficacy of the formulations was
not assessed.
The first topical application of AmB formulations was

reported by 1996. The tolerability of 400 nm extempora-
neous lipid emulsion of AmB (Table III).120 The results
showed that the tolerance to AmB deoxycholate decreased
with the number of instillations. On the contrary, AmB
emulsion showed a very good tolerance, even after the
fifth instillation on rabbits. The intraocular penetration
of the AmB in the emulsion was not improved in com-
parison with AmB deoxycholate. The average concentra-
tion for the AmB deoxycholate group was indeed higher
than the emulsion group, not significant in the aque-
ous humour (0.49 �g/ml vs. 0.3 �g/ml, respectively)
and slightly significant in the cornea (500 �g/ml vs.
275 �g/ml, respectively). The presence of sodium deoxy-
cholate might explain this difference. This substance,
which is an absorption promoter, caused lesions in the
cornea whose seriousness could increase with the number
of instillations, thus facilitating the passage of the AmB
into the ocular tissues. The AmB concentration both in
the aqueous humour and in the cornea resulted in aver-
age higher than the MIC of fungi (around 0.2 �g/ml);
while the plasmatic concentrations remained lower than
20 ng/ml.
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Simultaneously, the ocular bioavailability of AmBisome
was equal or better than that of AmB deoxycholate in the
cornea of rabbits, but caused lower ocular toxicity.130 After
the first 15 min, the corneal AmB levels were significantly
higher for animals receiving AmB deoxycholate than those
treated with AmBisome. Later, AmB corneal drug levels
showed no differences and remained stable following the.
Drug levels in the aqueous humor did not differ between
the two AmB preparations and remained below therapeu-
tically effective concentrations.
A problem associated with the commercial formulation

of AmBisome is its low shelf life once reconstituted.
According to the manufacturer’s instructions, AmBisome
can only be kept refrigerated for 1 week after reconsti-
tution. A longer shelf-life at ambient temperature would
be preferable for a preparation made in a hospital phar-
macy and delivered to patients. In this context, a study in
2007,131 showed that the hydrodynamic diameter remained
constant at 108±30 nm with a polydispersity index lower
than 0.15, after 6 months at room temperature or at
+2–8 �C. AmB content was maintained between 94 and
107%. AmB and soy PC proportions remained constant,
indicating that the liposomes remained intact and retained
the drug. These results show the feasibility of an oph-
thalmic preparation based on liposomal AmB developed in
hospital pharmacies
Elastic (ultradeformable) liposomes were used to in-

crease the ocular bioavailability of the poorly water
soluble antiviral ganciclovir after topical application.132

Ganciclovir elastic liposomes (PC/cholesterol/sodium
deoxycholate, 2:1.7:1 w/w, 200 nm), showed a 3.9-fold
higher ex vivo transcorneal permeability than ganciclovir
solution and 1.7-fold higher ocular bioavailability in rab-
bits than that of ganciclovir solution with similar pre-
corneal clearance. The results were attributed to the small
particle size (200 nm) and the elasticity of liposomes.
The authors proposed that ultradeformable liposomes can
enter the corneal structure which is similar to the stratum
corneum.
A similar approach was employed to increase the

corneal permeability of the highly lipophilic ketocona-
zole (KTZ), which posses a short ocular half life (19 min
in aqueous humour and 43 min in cornea) by load-
ing KTZ in ultradeformable niosomes.133 Even though
KTZ lipophilicity may help in its permeation, its large
molecular weight (531.44 Da) impedes its transport across
biological membranes. Further, while its high lipid sol-
ubility can ensure its passage across corneal epithelium,
its further passage through the hydrophilic corneal stroma
is hampered.134 Moreover, the limiting water solubility
(0.04 mg/ml) makes difficult to present KTZ in a solu-
bilised form on the corneal surface, being a prerequisite for
an ocular formulation. Ultradeformable niosomes (spanlas-
tics) were tested for ex vivo corneal permeability, in vivo
safety and in vivo ocular distribution. It was found that the
corneal permeation of KTZ loaded in ultradeformable and

non-ultradeformable niosomes were increased above that
of KTZ suspension. The flux and total amount of perme-
ated KTZ from ultradeformable niosomes was significantly
higher than that from niosomes and KTZ aqueous sus-
pension (2.6 �g/min/cm2; 1153 �g) > (2.0 �g/min/cm2;
860 �g) > (1.5 �g/min/cm2; 625 �g) respectively. The
amount of KTZ permeated was highest for ultradeformable
niosomes (23.1%) and lowest for suspension (12.5%). The
non-irritant/corrosive nature of KTZ encapsulated in ultra-
deformable niosomes when applied to dermal tissues and
upon acute or chronic use to ocular tissues was confirmed.
Both empty and KTZ loaded ultradeformable niosomes
did not show any significant toxic effect on cell prolif-
eration of normal human gingival fibroblast cell line and
were non-genotoxic. The in vivo studies of local biodistri-
bution were encouraging. Fluorescent vesicles were found
within the aqueous humor and vitreous 4 h post instillation
in rabbit eyes of 6-carboxyfluorescein loaded in ultrade-
formable niosomes, but not after instillation of carboxyflu-
orescein solution. Moreover, after repeated instillations of
6-carboxyfluorescein loaded in ultradeformable niosomes,
fluorescence was found in both the aqueous and vitreous
samples from 2 h onwards. Cryo-sections of rabbit eye,
2 h post single drop instillation, showed fluorescence and
fluorescent vesicles in different eye tissues including the
retinal layer. These results confirm that spanlastics can be
used to deliver drugs to the posterior segment of the eye,
although the mechanism is unknown.
An interesting study has recently showed that lipo-

somes can target the retina when administered topically
as eye drops.135 It was shown that liposomes (distearoyl-
phosphatidylcholine-DSPC, 105 nm, −66 mV Z poten-
tial) are able to deliver hydrophobic molecules into the
retina. The fluorescence emission of the hydrophobic dye
coumarin-6, was found in the posterior segment of the
eye after submicron-sized liposomes containing coumarin-
6 were topically administered as eye drops. The magnitude
of fluorescence in the retina was closely related to the par-
ticle size (MLV vs. LUV-6000 nm vs. 105 nm) and rigid-
ity of the liposomes (EggPC vs. DSPC). Submicron-sized
liposomes with rigid structures could be potential carriers
for targeting the posterior segment of the eye. Absorp-
tion of liposomes after topical administration to the sur-
face of the eye seemed to occur mainly via three routes:
the systemic, corneal and non-corneal pathways.136 Epiflu-
orescence microscopy of the entire eye revealed that the
delivery route of liposomes to the posterior segment of
the eye may not occur via corneal penetration or systemic
delivery caused by nasolachrymal drainage.

4.2. Polymeric Nanoparticles

Polymers used to make nanospheres or nanocapsules
aimed to ocular delivery must be biodegradable and trans-
parent. In general, the active molecules are confined
to polymeric matrices by relatively strong noncovalent
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interactions such as ionic, hydrogen bonding, hydrophobic
or dipole. Upon administration onto the eye, the particles
are maintained at the delivery site and the drug is released
from their matrix through diffusion, chemical reaction,
polymer degradation or ion exchange mechanisms. With-
out bioadhesion, nanoparticles are eliminated from the pre-
corneal site almost as quickly as aqueous solutions, so
cationic polymers are used to make nanoparticles, in order
to maximized interaction with negatively charged cornea.
These nanoparticles would act as depots and it is specu-
lated that would not be absorbed as occurs with liposomes.
Polyalkylcyanoacrylate (PACA) nanospheres and nano-

capsules have been shown to improve and prolong the
corneal penetration of anti-inflammatory hydrophilic and
lipophilic drugs (triamcinolone137 and dexamethasone138�.
Despite these positive results, the potential of PACA
nanoparticles is limited because they cause disruption of
the corneal epithelium cell membrane.139

Eudragit is cationic a copolymer of poly (ethylacrylate,
methyl-methacrylate, and chloro trimethyl-ammonioethyl
methacrylate) containing 8.8–12% for Eudragit RL and
4.5–7.0% for Eudragit RS of quaternary ammonium
groups. Eudragit is insoluble at physiologic pH val-
ues and capable of limited swelling, thus representing a
good material for the dispersion of drugs. Upon topi-
cal administration of Eudragit RL and RS nanoparticles
in rabbits eyes, sustained release and increased absorp-
tion of the incorporated nonsteroidal anti-inflammatory
drugs (ibuprofen and flurbiprofen) were observed.140 Fur-
thermore, no signs of inflammation or discomfort were
detected in the rabbits’ eyes, suggesting a local tolerance
of these nanoparticles.141�142 The higher content of quater-
nary ammonium groups of Eudragit RL 100 increases its
water permeability and provides a faster drug release than
Eudragit RS 100.
AmB was loaded in nanoparticles (Np) made of

Eudragit RL 100143 and Eudragit RS 100,144 prepared by
a solvent displacement process avoiding the use of toxic
chlorinated organic solvents (Table III). PVA, a highly
aqueous soluble surfactant, was needed for physical stabil-
ity of the Np suspension and also for maintaining desired
viscosity. The size of the Np remained within 130 to
300 nm with positive zeta potential even after 6 months.
In vitro release studies in simulated tear fluid (pH 7.4)
revealed that nearly 60% AmB was fastly released from
the two types of Np within 30 minutes. The antimicro-
bial activity against Fusarium solani by paper disk diffu-
sion method showed that the antifungal activity of AmB
loaded in the two types of Np was equal to or slightly
lower than that of free-AmB solution. In vivo eye irrita-
tion study by a modified Draize test showed that, follow-
ing topical instillation of nanoparticles to a rabbit’s eye
there was no irritation. The ocular penetration of AmB
loaded Eudragit Np was not assayed, so the advantages of
these formulations over other AmB formulations can not
be addressed. Moreover as Nps were administered only

once in the irritation study, toxicity of these Np can not be
discarded.
Other cationic mucoadhesive and biodegradable poly-

mer that has demonstrated excellent ocular compati-
bility145�146 and prolonged contact time with rabbit’s ocular
surface is chitosan.147 Chitosan nanoparticles can be spon-
taneously formed through ionic gelation using negatively
charged compounds such as the precipitating agent sodium
tripolyphosphate. Chitosan nanoparticles were prepared
using sulfobutylether-�-cyclodextrin (SBE-�-CD) contain-
ing ECZ as polyanionic crosslinker and their potential as
ocular drug delivery systems was studied (Table III).148

The unique properties of SBE-�-CD (being polyanionic
and a solubilizing agent) makes it a versatile substance,
which can form nanoparticles with chitosan by ionic gela-
tion and in addition solubilize poorly water soluble drugs.
To test their use as ocular drug delivery, sterile 6 mm
diameter filter paper discs were placed under the eyelid of
albino rabbit for 1 min at specific time intervals following
a single instillation of the investigated formulae in the con-
junctival sac of the right eyes of rabbits. The discs were
then placed in C. albicans inoculated tubes and the growth
inhibition of yeast was evaluated by measuring the cul-
tures’ optical density at 600 nm. Results showed that the
ECZ loaded chitosan/SBE-�-CD nanoparticles provided
to the eye surface greater antifungal effect than that of
ECZ solution. The differences in ECZ effect between the
nanoparticles and the solution were significantly higher
at all times assayed with the exception of time 1 h. The
ECZ antifungal effect associated with the application of
nanoparticles increased gradually with time showing a
maximum at 4 h post-administration and decreased grad-
ually afterwards. Since the controls with chitosan and CD
alone are lacking, it is not possible to owe the obtained
effect to the combination of both.

5. CONCLUSIONS

The idea of testing most of the above described nano-
objects as antifungal agents has emerged nearly five years
ago. The inherent structural complexity of each nano-object
makes necessary the inclusion of substantial quantitative
data, since structure of nanoparticles and biological activity
(or function) is highly related. Even though the toxic effects
of nano-objects deserve to be carefully highlighted, it is of
equal importance to avoid toxicological issues that could
spoil the development of potentially benefit nanotechnolo-
gies for human health. A key to solve this challenge is
to increase our knowledge on the interactions between
nano-objects and biological systems. This is required to
build regulatory guidelines for the use of nanomaterials in
consumer products and in health, as repeatedly stressed
for instance by the Scientific Committee on Emerging
and Newly Identified Health Risks (SCENIHR, European
Commission). Vesicles reviewed here for ocular delivery
have shown their relative safety when administered by
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parenteral routes and already entered the clinics against
other pathologies nearly twenty years ago. However, espe-
cially for metallic nanoparticles, only in vitro tests of their
antifungal activity have been reported. Thus, there is still
an important lack of critical information on pre-clinical
efficacy and safety in animal models of fungal infection.
Data on biocompatibility in human beings is even more
scarce, a fact that envisions a difficult pathway to the trans-
lation. Besides, validated methods for large scale produc-
tion are still absent. Although results on antifungal metallic
nanoparticles looks promising, there remain the challenges
of demonstrating that (a) the same mechanisms mediating
oxidative stress and responsible for fungi elimination are
innocuous for human beings, and (b) the absence of eco-
toxicity. Nonetheless, different to other therapeutic strate-
gies employing nanoparticles, the applications reviewed
here, are or should be intended for the topical route. This
is advantageous in terms of avoiding the expectance of
acute infusion related toxicity (such as the complement
activation related pseudo allergy). Given the nature of the
oxidative damage, determining the toxicity after repeated
doses, in longitudinal studies, will be required. Because of
this, the development of antifungal metallic nano-objects
with high therapeutic indices will be of critical importance.

References and Notes

1. M. R. McGinnis, Dermatophytosis, Tropical Infectious Diseases:
Principles, Pathogens, and Practice, edited by R. L. Guerrant, D. H.
Walker, and P. F. Weller, Churchill Livingstone, New York (1999),
pp. 609–615.

2. M. Ellis, Invasive fungal infections: Evolving challenges for diag-
nosis and therapeutics. Mol. Immunol. 38, 947 (2002).

3. M. M. McNeil, S. L. Nash, R. A. Hajjeh, M. A. Phelan, L. A.
Conn, B. D. Plikaytis, and D. W. Warnock, Trends in mortality due
to invasive mycotic diseases in the United States. Clin. Infect. Dis.
33, 641 (2001).

4. M. C. Arendrup, K. Fuursted, B. Gahrn-Hansen, I. M. Jensen, J. D.
Knudsen, B. Lundgren, H. C. Schonheyder, and M. Tvede, Semina-
tional surveillance of fungemia in Denmark: notably high rates of
fungemia and numbers of isolates with reduced azole susceptibility.
J. Clin. Microbiol. 43, 4434 (2005).

5. D. A. Enoch, H. A. Ludlam, and N. M. Brown, Invasive fungal
infections: A review of epidemiology and management options.
J. Med. Microbiol. 55, 809 (2006).

6. T. F. Patterson, W. R. Kirkpatrick, M. White, J. W. Hiemenz,
J. R. Wingard, B. Dupont, M. G. Rinaldi, D. A. Stevens, and
J. R. Graybill, Invasive aspergillosis, disease spectrum, treatment
practices, and outcomes, I3 aspergillus study group. Medicine
�Baltimore� 79, 250 (2000).

7. S. J. Lin, J. Schranz, and S. M. Teutsch, Aspergillosis case-fatality
rate: Systematic review of the literature. Clin. Infect. Dis. 32, 358
(2001).

8. P. G. Pappas, J. H. Rex, J. Lee, R. J. Hamill, R. A. Larsen,
W. Powderly, C. A. Kauffman, N. Hyslop, J. E. Mangino,
S. Chapman, H. W. Horowitz, J. E. Edwards, W. E. Dismukes, and
N. M. S. Group, A prospective observational study of candidemia:
Epidemiology, therapy, and influences on mortality in hospitalized
adult and pediatric patients. Clin. Infect. Dis. 37, 634 (2003).

9. K. A. Marr, R. A. Carter, F. Crippa, A. Wald, and L. Corey, Epi-
demiology and outcome of mould infections in hematopoietic stem
cell transplant recipients. Clin. Infect. Dis. 34, 909 (2002).

10. G. S. Martin, D. M. Mannino, S. Eaton, and M. Moss, The epi-
demiology of sepsis in the United States from 1979 through 2000.
N. Engl. J. Med. 348, 1546 (2003).

11. J. D. Davis, Superficial fungal infections of the skin: Tinea corporis,
tinea pedis, and Candida intertrigo. Prim. Care Update Ob. Gyns.
2, 157 (1995).

12. M. A. Pfaller and D. J. Diekema, Epidemiology of invasive can-
didiasis: A persistent public health problem. Clin. Microbiol. Rev.
20, 133 (2007).

13. B. H. Segal and T. J. Walsh, Current approaches to diagnosis and
treatment of invasive aspergillosis. Am. J. Respir Crit. Care Med.
173, 707 (2006).

14. T. F. Patterson, Treatment and prevention of fungal infections,
Focus on Candidemia, Applied Clinical Education, New York
(2007), pp. VII–VIII.

15. A. H. Groll, P. M. Shah, C. Mentzel, M. Schneider, G. Just-
Nuebling, and K. Huebner, Trends in the postmortem epidemiology
of invasive fungal infections at a university hospital. J. Infect. 33, 23
(1996).

16. K. A. Marr, K. Seidel, T. C. White, and R. A. Bowden, Candidemia
in allogeneic blood and marrow transplant recipients: Evolution of
risk factors after the adoption of prophylactic fluconazole. J. Infect.
Dis. 181, 309 (2000).

17. G. San-Blas and E. Burger, Experimental medical mycological
research in Latin America—A 2000–2009 overview. Rev. Iberoam.
Micol. 28, 1 (2011).

18. M. Ameen, Epidemiology of superficial fungal infections. Clin.
Dermatol. 28, 197 (2010).

19. R. Hay, Superficial fungal infections. Medicine 37, 610 (2009).
20. E. S. M. Ramos, C. M. Lima, R. C. Schechtman, B. M. Trope,

and S. Carneiro, Superficial mycoses in immunodepressed patients
(AIDS). Clin. Dermatol. 28, 217 (2010).

21. N. B., The skin, Principles of Medicine in Africa, edited by E.
Parry, R. Godfrey, D. Mabey, and G. Hill, Cambridge University
Press, Cambridge, UK (2004), pp. 1264–1301.

22. B. Naafs and V. Padovese, Rural dermatology in the tropics. Clin.
Dermatol. 27, 252 (2009).

23. L. Oliveira, J. Graham, C. Lok, S. MacFarlane, and D. Zimmerman,
Risk factors for yeast superinfection in the treatment of suspected
exit site infections: A case-control study. J. Vasc. Access. 9, 35
(2008).

24. M. Perez-Fontan, M. Rosales, A. Rodriguez-Carmona, T. G.
Falcon, and F. Valdes, Mupirocin resistance after long-term use for
Staphylococcus aureus colonization in patients undergoing chronic
peritoneal dialysis. Am. J. Kidney Dis. 39, 337 (2002).

25. H. Hof, Developments in the epidemiolgy of invasive fungal
infections—Implications for the empiric and targeted antifungal
therapy. Mycoses 51, 1 (2008).

26. A. Naik, Y. N. Kalia, and R. H. Guy, Transdermal drug delivery:
Overcoming the skin’s barrier function. Pharm. Sci. Technolo.
Today 3, 318 (2000).

27. S. Bidkar, D. Jain, A. Padsalg, K. Patel, and V. Mokale, Formu-
lation development and evaluation of fluconazole gel in various
polymer bases. As. J. Pharm. 1, 63 (2007).

28. T. C. White, S. Holleman, F. Dy, L. F. Mirels, and D. A. Stevens,
Resistance mechanisms in clinical isolates of Candida albicans.
Antimicrob Agents Chemother 46, 1704 (2002).

29. S. Perea, J. L. Lopez-Ribot, W. R. Kirkpatrick, R. K. McAtee,
R. A. Santillan, M. Martinez, D. Calabrese, D. Sanglard, and T. F.
Patterson, Prevalence of molecular mechanisms of resistance to
azole antifungal agents in Candida albicans strains displaying high-
level fluconazole resistance isolated from human immunodeficiency
virus-infected patients. Antimicrob Agents Chemother 45, 2676
(2001).

30. G. D. Wright, Resisting resistance: New chemical strategies for
battling superbugs. Chem. Biol. 7, R127 (2000).

16 J. Biomater. Tissue Eng. 3, 1–19, 2013



R
E
V
IE
W

Higa et al. The Intervention of Nanotechnology Against Epithelial Fungal Diseases

31. G. D. Wright, Bacterial resistance to antibiotics: Enzymatic degra-
dation and modification. Adv. Drug Deliv. Rev. 57, 1451 (2005).

32. T. N. Kim, Q. L. Feng, J. O. Kim, J. Wu, H. Wang, G. C. Chen, and
F. Z. Cui, Antimicrobial effects of metal ions (Ag+, Cu2+, Zn2+) in
hydroxyapatite. J. Mater. Sci. Mater. Med. 9, 129 (1998).

33. K. H. Cho, J. E. Park, T. Osaka, and S. G. Park, The study of
antimicrobial activity and preservative effects of nanosilver ingre-
dient. Electrochim. Acta 51, 956 (2005).

34. A. Espinel-Ingroff, Novel antifungal agents, targets or therapeutic
strategies for the treatment of invasive fungal diseases: A review of
the literature (2005–2009). Rev. Iberoam. Micol. 26, 15 (2009).

35. National Nanotechnology Initiative (U.S.) and United States,
National Nanotechnology Coordination Office, National Nanotech-
nology Initiative, National Nanotechnology Coordination Office,
Washington, D.C.

36. B.S. Institution, Terminology for Nanomaterials (2007).
37. B. S. Atiyeh, M. Costagliola, S. N. Hayek, and S. A. Dibo, Effect

of silver on burn wound infection control and healing: Review of
the literature. Burns 33, 139 (2007).

38. U. Jappe, D. Heuck, B. Strommenger, C. Wendt, G. Werner,
D. Altmann, and W. Witte, Staphylococcus aureus in dermatol-
ogy outpatients with special emphasis on community-associated
methicillin-resistant strains. J. Invest. Dermatol. 128, 2655 (2008).

39. J. Hardes, H. Ahrens, C. Gebert, A. Streitbuerger, H. Buerger,
M. Erren, A. Gunsel, C. Wedemeyer, G. Saxler, W. Winkelmann,
and G. Gosheger, Lack of toxicological side-effects in silver-coated
megaprostheses in humans. Biomaterials 28, 2869 (2007).

40. M. E. Rupp, T. Fitzgerald, N. Marion, V. Helget, S. Puumala, J. R.
Anderson, and P. D. Fey, Effect of silver-coated urinary catheters:
efficacy, cost-effectiveness, and antimicrobial resistance. Am. J.
Infect. Control 32, 445 (2004).

41. G. K. Vertelov, Y. A. Krutyakov, O. V. Efremenkova, A. Y. Olenin,
and G. V. Lisichkin, A versatile synthesis of highly bacterici-
dal Myramistin (R) stabilized silver nanoparticles. Nanotechnology
19, 355707 (2008).

42. J. R. Morones, J. L. Elechiguerra, A. Camacho, K. Holt, J. B.
Kouri, J. T. Ramirez, and M. J. Yacaman, The bactericidal effect
of silver nanoparticles. Nanotechnology 16, 2346 (2005).

43. M. Raffi, F. Hussain, T. M. Bhatti, J. I. Akhter, A. Hameed, and
M. M. Hasan, Antibacterial characterization of silver nanoparticles
against E. Coli ATCC-15224. J. Mater. Sci. Technol. 24, 192 (2008).

44. E. Falletta, M. Bonini, E. Fratini, A. Lo Nostro, G. Pesavento,
A. Becheri, P. Lo Nostro, P. Canton, and P. Baglioni, Clusters of
poly(acrylates) and silver nanoparticles: Structure and applications
for antimicrobial fabrics. J. Phys. Chem. C. 112, 11758 (2008).

45. S. Shrivastava, T. Bera, A. Roy, G. Singh, P. Ramachandrarao, and
D. Dash, Characterization of enhanced antibacterial effects of novel
silver nanoparticles. Nanotechnology 18, 9 (2007).

46. W. C. Chiang, C. Schroll, L. R. Hilbert, P. Moller, and T. Tolker-
Nielsen, Silver-palladium surfaces inhibit biofilm formation. Appl.
Environ. Microbiol. 75, 1674 (2009).

47. S. Pal, Y. K. Tak, and J. M. Song, Does the antibacterial activity of
silver nanoparticles dependonthe shape of the nanoparticle? A study
of the gram-negative bacterium Escherichia coli. Appl. Environ.
Microbiol. 73, 1712 (2007).

48. N. Silvestry-Rodriguez, K. R. Bright, D. C. Slack, D. R. Uhlmann,
and C. P. Gerba, Silver as a residual disinfectant to prevent biofilm
formation in water distribution systems. Appl. Environ. Microbiol.
74, 1639 (2008).

49. A. B. Lansdown, Silver I: Its antibacterial properties and mecha-
nism of action. J. Wound Care 11, 125 (2002).

50. R. White and K. Cutting, Exploring the effects of silver in wound
management—What is optimal. Wounds 18, 307 (2006).

51. I. Sondi and B. Salopek-Sondi, Silver nanoparticles as antimicro-
bial agent: A case study on E. coli as a model for Gram-negative
bacteria. J. Colloid Interface Sci. 275, 177 (2004).

52. J. Zheng, X. Wu, M. Wang, D. Ran, W. Xu, and J. Yang, Study
on the interaction between silver nanoparticles and nucleic acids in
the presence of cetyltrimethylammonium bromide and its analytical
application. Talanta 74, 526 (2008).

53. A. Panacek, L. Kvítek, R. Prucek, M. Kolar, R. Vecerova,
N. Pizúrova, V. K. Sharma, T. Nevecna, and R. Zboril, Silver col-
loid nanoparticles: Synthesis, characterization, and their antibacte-
rial activity. J. Phys. Chem. B 110, 16248 (2006).

54. P. V. Asha Rani, G. L. K. Mun, M. P. Hande, and S. Valiyaveettil,
Cytotoxicity and genotoxicity of silver nanoparticles in human
cells. ACS Nano 3, 279 (2009).

55. C. Carlson, S. M. Hussain, A. M. Schrand, L. K. Braydich-Stolle,
K. L. Hess, R. L. Jones, and J. J. Schlager, Unique cellular interac-
tion of silver nanoparticles: Size-dependent generation of reactive
oxygen species. J. Phys. Chem. B 112, 13608 (2008).

56. K. J. Kim, W. S. Sung, B. K. Suh, S. K. Moon, J. S. Choi, J. G.
Kim, and D. G. Lee, Antifungal activity and mode of action of sil-
ver nano-particles on Candida albicans. Biometals 22, 235 (2009).

57. I.-S. Hwang, J. Lee, J. H. Hwang, K.-J. Kim, and D. G. Lee, Silver
nanoparticles induce apoptotic cell death in through the increase of
hydroxyl radicals. FEBS Journal 279, 1327 (2012).

58. K. J. Kim, W. S. Sung, S. K. Moon, J. S. Choi, J. G. Kim, and D. G.
Lee, Antifungal effect of silver nanoparticles on dermatophytes.
J. Microbiol. Biotechnol. 18, 1482 (2008).

59. M. Falkiewicz-Dulik and A. B. Macura, Nanosilver as substance
biostabilising footwear materials in the foot mycosis prophylaxis.
Mikologia Lekarska 15, 145 (2008).

60. A. Panacek, M. Kolar, R. Vecerova, R. Prucek, J. Soukupova,
V. Krystof, P. Hamal, R. Zboril, and L. Kvitek, Antifungal activity
of silver nanoparticles against Candida spp. Biomaterials 30, 6333
(2009).

61. M. Gajbhiye, J. Kesharwani, A. Ingle, A. Gade, and M. Rai,
Fungus-mediated synthesis of silver nanoparticles and their activ-
ity against pathogenic fungi in combination with fluconazole.
Nanomedicine 5, 382 (2009).

62. M. Gupta, A. K. Goyal, S. R. Paliwal, R. Paliwal, N. Mishra,
B. Vaidya, D. Dube, S. K. Jain, and S. P. Vyas, Development
and characterization of effective topical liposomal system for local-
ized treatment of cutaneous candidiasis. J. Liposome Res. 20, 341
(2010).

63. S. Bidkar, D. Jain, A. Padsalg, K. Patel, and V. Mokale, Formu-
lation development and evaluation of fluconazole gel in various
polymer bases. As. J. Pharm. 1, 63 (2007).

64. J. Jain, S. Arora, J.M. Rajwade, P. Omray, S. Khandelwal, and
K. M. Paknikar, Silver nanoparticles in therapeutics: Development
of an antimicrobial gel formulation for topical use. Mol. Pharm.
6, 1388 (2009).

65. A. Pourjavadi and R. Soleyman, Novel silver nano-wedges as real
poniards for killing of microorganisms. Mater. Res. Bull. 46, 1860
(2011).

66. D. R. Monteiro, L. F. Gorup, S. Silva, M. Negri, E. R. de Camargo,
R. Oliveira, D.B. Barbosa, and M. Henriques, Silver colloidal
nanoparticles: Antifungal effect against adhered cells and biofilms
of Candida albicans and Candida glabrata biofouling. The Journal
of Bioadhesion and Biofilm Research 27 (2011).

67. A. T. Wan, R. A. Conyers, C. J. Coombs, and J. P. Masterton,
Determination of silver in blood, urine, and tissues of volunteers
and burn patients. Clin. Chem. 37, 1683 (1991).

68. S. Maitre, K. Jaber, J. L. Perrot, C. Guy, and F. Cambazard,
Increased serum and urinary levels of silver during treatment
with topical silver sulfadiazine. Ann. Dermatol. Venereol. 129, 217
(2002).

69. A. B. Lansdown and A. Williams, How safe is silver in wound
care? J. Wound Care 13, 131 (2004).

70. C. J. Coombs, A. T. Wan, J. P. Masterton, R. A. Conyers,
J. Pedersen, and Y. T. Chia, Do burn patients have a silver lining?
Burns 18, 179 (1992).

J. Biomater. Tissue Eng. 3, 1–19, 2013 17



R
E
V
IE
W

The Intervention of Nanotechnology Against Epithelial Fungal Diseases Higa et al.

71. C. Flohr, J. Heague, I. Leach, and J. English, Topical silver
sulfadiazine-induced systemic argyria in a patient with severe gen-
eralized dystrophic epidermolysis bullosa. Br. J. Dermatol. 159, 740
(2008).

72. D. Kello, WHO drinking water quality guidelines for selected her-
bicides. Food Addit. Contam. 6, S79 (1989).

73. P. L. Drake and K. J. Hazelwood, Exposure-related health effects
of silver and silver compounds: A review. Ann Occup Hyg 49, 575
(2005).

74. O. Brandt, M. Mildner, A. E. Egger, M. Groessl, U. Rix,
M. Posch, B. K. Keppler, C. Strupp, B. Mueller, and G. Stingl,
Nanoscalic silver possesses broad-spectrum antimicrobial activities
and exhibits fewer toxicological side effects than silver sulfadi-
azine. Nanomedicine (2011).

75. M. J. Eckelman and T. E. Graedel, Silver emissions and their envi-
ronmental impacts: A multilevel assessment. Environ. Sci. Technol.
41, 6283 (2007).

76. B. Chudasama, A. K. Vala, N. Andhariya, R. V. Upadhyay, and
R. V. Mehta, Antifungal activity of multifunctional Fe3O4—Ag
nanocolloids. J. Magnetism Magnetic Mat. 323, 1233 (2011).

77. R. Prucek, J. Tucek, M. Kilianova, A. Panacek, L. Kvitek, J. Filip,
M. Kolar, K. Tomankova, and R. Zboril, The targeted antibacterial
and antifungal properties of magnetic nanocomposite of iron oxide
and silver nanoparticles. Biomaterials 32, 4704 (2011).

78. N. Padmavathy and R. Vijayaraghavan, Enhanced bioactivity of
ZnO nanoparticles—An antimicrobial study. Sci. Technol. Adv.
Mater. 9, 1 (2008).

79. G. Applerot, A. Lipovsky, R. Dror, N. Perkas, Y. Nitzan, R. Lubart,
and A. Gedanken, Enhanced antibacterial activity of nanocrystalline
ZnO due to increased ROS-mediated cell injury. Adv. Funct. Mater.
19, 842 (2009).

80. A. Fortuny, C. Bengoa, J. Font, and A. Fabregat, Bimetallic cata-
lysts for continuous catalytic wet air oxidation of phenol. J. Hazard
Mater. 64, 181 (1999).

81. S. Rana, J. Rawat, M. M. Sorensson, and R. D. Misra, Antimi-
crobial function of Nd3+-doped anatase titania-coated nickel fer-
rite composite nanoparticles: A biomaterial system. Acta Biomater.
2, 421 (2006).

82. M. R. Hoffmann, S. T. Martin, W. Choi, and D. W. Bahnemannt,
Environmental applications of semiconductor photocatalysis. Chem.
Rev. 95, 69 (1995).

83. S. Baruah, M. A. Mahmood, M. T. Myint, T. Bora, and J. Dutta,
Enhanced visible light photocatalysis through fast crystallization of
zinc oxide nanorods. Beilstein J. Nanotechnol. 1, 14 (2010).

84. J. Sawai and T. Yoshikawa, Quantitative evaluation of antifungal
activity of metallic oxide powders (MgO, CaO and ZnO) by an
indirect conductimetric assay. J. Appl. Microbiol. 96, 803 (2004).

85. O. Yamamoto, T. Hamada, N. Tokui, and Y. Sasaguri, Comparison
of three in vitro assay systems used for assessing cytotoxic effect
of heavy metals on cultured human keratinocytes. J UOEH 23, 35
(2001).

86. K. J. Klabunde, J. Stark, O. Koper, C. Mohs, D. G. Park, S. Decker,
Y. Jiang, I. Lagadic, and D. Zhang, Nanocrystals as stoichiomet-
ricreagents with uniquesurfacechemistry. J. Phys. Ch. 100, 12142
(1996).

87. R. Brayner, R. Ferrari-Iliou, N. Brivois, S. Djediat, M. F. Benedetti,
and F. Fievet, Toxicological impact studies based on Escherichia
coli bacteria in ultrafine ZnO nanoparticles colloidal medium. Nano
Lett. 6, 866 (2006).

88. K. Feris, C. Otto, J. Tinker, D. Wingett, A. Punnoose, A. Thurber,
M. Kongara, M. Sabetian, B. Quinn, C. Hanna, and D. Pink, Elec-
trostatic interactions affect nanoparticle-mediated toxicity to gram-
negative bacterium Pseudomonas aeruginosa PAO1. Langmuir
26, 4429 (2010).

89. A. E. Nel, L. Madler, D. Velegol, T. Xia, E. M. Hoek,
P. Somasundaran, F. Klaessig, V. Castranova, and M. Thompson,

Understanding biophysicochemical interactions at the nano-bio
interface. Nat. Mater. 8, 543 (2009).

90. N. Padmavathy and R. Vijayaraghavan, Enhanced bioactivity of
ZnO nanoparticles—An antimicrobial study. Sci. Technol. Adv.
Mater. 9 (2008).

91. T. J. Brunner, P. Wick, P. Manser, P. Spohn, R. N. Grass, L. K.
Limbach, A. Bruinink, and W. J. Stark, In vitro cytotoxicity of
oxide nanoparticles: Comparison to asbestos, silica, and the effect
of particle solubility. Environ. Sci. Technol. 40, 4374 (2006).

92. N. M. Franklin, N. J. Rogers, S. C. Apte, G. E. Batley, G. E. Gadd,
and P. S. Casey, Comparative toxicity of nanoparticulate ZnO, bulk
ZnO, and ZnCl2 to a freshwater microalga (Pseudokirchneriella
subcapitata): The importance of particle solubility. Environ. Sci.
Technol. 41, 8484 (2007).

93. K. M. Reddy, K. Feris, J. Bell, D. G. Wingett, C. Hanley, and
A. Punnoose, Selective toxicity of zinc oxide nanoparticles to
prokaryotic and eukaryotic systems. Appl. Phys. Lett. 90, 2139021
(2007).

94. L. He, Y. Liu, A. Mustapha, and M. Lin, Antifungal activity of
zinc oxide nanoparticles against Botrytis cinerea and Penicillium
expansum. Microbiol. Res. 166, 207 (2011).

95. Q. Wan, T. H. Wang, and J. C. Zhao, Enhanced photocatalytic
activity of ZnO nanotetrapods. Appl. Phys. Lett. 87, 83105 (2005).

96. N. Jones, B. Ray, K. T. Ranjit, and A. C. Manna, Antibacterial
activity of ZnO nanoparticle suspensions on a broad spectrum of
microorganisms. FEMS Microbiol. Lett. 279, 71 (2008).

97. A. L. Neal, What can be inferred from bacterium-nanoparticle inter-
actions about the potential consequences of environmental exposure
to nanoparticles? Ecotoxicology 17, 362 (2008).

98. D. Sharma, J. Rajput, B. S. Kaith, M. Kaur, and S. Sharma, Syn-
thesis of ZnO nanoparticles and study of their antibacterial and
antifungal properties. Thin Solid Films 519, 1224 (2010).

99. M. Eskandari, N. Haghighi, V. Ahmadi, F. Haghighi, and S. R.
Mohammadi, Growth and investigation of antifungal properties of
ZnO nanorod arrays on the glass. Physica B, Condensed Matter
406, 112 (2011).

100. G. Fu, P. S. Vary, and C. T. Lin, Anatase TiO2 nanocomposites for
antimicrobial coatings. J. Phys. Chem. B 109, 8889 (2005).

101. N. Haghighia, Y. Abdia, and F. Haghighib, Light-induced antifun-
gal activity of TiO2 nanoparticles/ZnO nanowires. Appl. Surf. Sci.
257, 10096 (2011).

102. S. Darbari, Y. Abdi, F. Haghighi, S. Mohajerzadeh, and
N. Haghighi, Investigating the antifungal activity of TiO2 nanopar-
ticles deposited on branched carbon nanotube arrays. J. Phys. D:
Appl. Phys. 44, 245401 (2011).

103. F. Martinez-Gutierrez, P. L. Olive, A. Banuelos, E. Orrantia,
N. Nino, E. M. Sanchez, F. Ruiz, H. Bach, and Y. Av-Gay, Synthe-
sis, characterization, and evaluation of antimicrobial and cytotoxic
effect of silver and titanium nanoparticles. Nanomedicine 6, 681
(2010).

104. M. Devi, M. S. Kumar, and N. Mahadevan, Amphotericin-B loaded
vesicular systems for the treatment of topical fungal infection. Int.
J. Rec. Adv. Pharm. Res. 4, 37 (2011).

105. P. Verma and K. Pathak, Nanosized ethanolic vesicles loaded with
econazole nitrate for the treatment of deep fungal infections through
topical gel formulation. Nanomedicine 8, 489 (2012).

106. Y. G. Bachhav, K. Mondon, Y. N. Kalia, R. Gurny, and M. Möller,
Novel micelle formulations to increase cutaneous bioavailability of
azole antifungals. J. Control Rel. 153, 126 (2011).

107. K. Winnicka, K. Sosnowska, P. Wieczorek, P. T. Sacha, and
E. Tryniszewska, Poly(amidoamine) dendrimers increase antifungal
activity of clotrimazole. Biol. Pharm. Bull. 34, 1129 (2011).

108. M. Gupta and S. P. Vyas, Development, characterization and in vivo
assessment of effective lipidic nanoparticles for dermal delivery
of fluconazole against cutaneous candidiasis. Chem. Phys. Lipids
(2012).

18 J. Biomater. Tissue Eng. 3, 1–19, 2013



R
E
V
IE
W

Higa et al. The Intervention of Nanotechnology Against Epithelial Fungal Diseases

109. F. M. Hashem, D. S. Shaker, M. K. Ghorab, M. Nasr, and
A. Ismail, Formulation, characterization, and clinical evaluation of
microemulsion containing clotrimazole for topical delivery. AAPS
Pharm. Sci. Tech. 12, 879 (2011).

110. T. H. Pettit, J. E. Edwards, and E. P. Purdy, Endogenous fungal
endophthalmitis, Ocular Infection and Immunity, edited by J. S.
Pepose, G. N. Holland, and K. R. Wilhelmus, St. Louis, Mosby,
MO (1996), pp. 1262–1285.

111. Y. Ahuja, S. M. Couch, R. R. Razonable, and S. J. Bakri, Infectious
retinitis: A review. Retin. Physician (2008).

112. J. R. Iv, S. A. McNeil, T. M. Johnson, S. F. Bradley, P. H.
Kazanjian, and C. A. Kauffman, Endogenous Aspergillus endoph-
thalmitis: Report of 3 cases and review of the literature. Medicine
�Baltimore� 81, 311 (2002).

113. H. Z. Bu, H. J. Gukasyan, L. Goulet, X. J. Lou, C. Xiang, and
T. Koudriakova, Ocular disposition, pharmacokinetics, efficacy and
safety of nanoparticle-formulated ophthalmic drugs. Curr. Drug
Metab. 8, 91 (2007).

114. A. Urtti, Challenges and obstacles of ocular pharmacokinetics and
drug delivery. Adv. Drug Deliv. Rev. 58, 1131 (2006).

115. G. A. Peyman, E. M. Lad, and D. M. Moshfeghi, Intravitreal injec-
tion of therapeutic agents. Retina 29, 875 (2009).

116. I. P. Kaur, A. Garg, A. K. Singla, and D. Aggarwal, Vesicular
systems in ocular drug delivery: An overview. Int. J. Pharm. 269, 1
(2004).

117. C. L. Bourlais, L. Acar, H. Zia, P. A. Sado, T. Needham, and
R. Leverge, Ophthalmic drug delivery systems—Recent advances.
Prog. Retin Eye Res. 17, 33 (1998).

118. J. C. Lang, Ocular drug delivery conventional ocular formulations.
Adv. Drug Deliv. Rev. 16, 39 (1995).

119. P. A. Thomas, Fungal infections of the cornea. Eye �Lond.� 17, 852
(2003).

120. T. Cohen, H. Sauvageon-Martre, D. Brossard, F. D’Hermies,
C. Bardin, F. Chast, and J. C. Chaumeil, Amphotericin B eye drops
as a lipidic emulsion. Int. J. Pharm. 137, 249 (1996).

121. E. N. Souri and W. R. Green, Intravitreal amphotericin B toxicity.
Am. J. Ophthalmol. 78, 77 (1974).

122. R. Gaudana, J. Jwala, S. H. Boddu, and A. K. Mitra, Recent per-
spectives in ocular drug delivery. Pharm. Res. 26, 1197 (2009).

123. E. M. D. Amo and A. Urtti, Current and future ophthalmic drug
delivery systems, a shift to the posterior segment. Drug Discov.
Today 13, 135 (2008).

124. C. Tremblay, M. Barza, F. Szoka, M. Lahav, and J. Baum, Reduced
toxicity of liposome-associated amphotericin B injected intravitre-
ally in rabbits. Invest. Ophthalmol. Vis. Sci. 26, 711 (1985).

125. M. Barza, J. Baum, C. Tremblay, F. Szoka, and D. J. D’Amico,
Ocular toxicity of intravitreally injected liposomal amphotericin B
in rhesus monkeys. Am. J. Ophthalmol. 100, 259 (1985).

126. K. R. Liu, G. A. Peyman, and B. Khoobehi, Efficacy of liposome-
bound amphotericin B for the treatment of experimental fungal
endophthalmitis in rabbits. Invest. Ophthalmol. Vis. Sci. 30, 1527
(1989).

127. A. S. Janoff, L. T. Boni, M. C. Popescu, S. R. Minchey, P. R. Cullis,
T. D. Madden, T. Taraschi, S. M. Gruner, E. Shyamsunder, M. W.
Tate, et al., Unusual lipid structures selectively reduce the toxicity
of amphotericin B. Proc. Natl. Acad. Sci. USA 85, 6122 (1988).

128. J. Adler-Moore and R. T. Proffitt, AmBisome: Liposomal formu-
lation, structure, mechanism of action and pre-clinical experience.
J. Antimicrob Chemother 49, 21 (2002).

129. J. P. Cannon, R. Fiscella, S. Pattharachayakul, K. W. Garey, F. De
Alba, S. Piscitelli, D. P. Edward, and L. H. Danziger, Com-
parative toxicity and concentrations of intravitreal amphotericin

B formulations in a rabbit model. Invest. Ophthalmol. Vis. Sci.
44, 2112 (2003).

130. U. Pleyer, J. Grammer, J. H. Pleyer, P. Kosmidis, D. Friess, K. H.
Schmidt, and H. J. Thiel, Amphotericin B bioavailibility in the
cornea. Studies with local administration of liposome incorporated
amphotericin B. Ophthalmology 92, 469 (1995).

131. K. Morand, A. C. Bartoletti, A. Bochot, G. Barratt, M. L. Brandely,
and F. Chast, Liposomal amphotericin B eye drops to treat fungal
keratitis: Physico-chemical and formulation stability. Int. J. Pharm.
344, 150 (2007).

132. Y. Shen and J. Tu, Preparation and ocular pharmacokinetics of gan-
ciclovir liposomes. AAPS J. 9, E371 (2007).

133. S. Kakkar and I. P. Kaur, Spanlastics—A novel nanovesicular car-
rier system for ocular delivery. Int. J. Pharm. 413, 202 (2011).

134. J. Barar, A. R. Javadzadeh, and Y. Omidi, Ocular novel drug
delivery: Impacts of membranes and barriers. Expert Opin. Drug
Deliv. 5, 567 (2008).

135. K. Hironaka, Y. Inokuchi, Y. Tozuka, M. Shimazawa, H. Hara, and
H. Takeuchi, Design and evaluation of a liposomal delivery sys-
tem targeting the posterior segment of the eye. J. Control Release
136, 247 (2009).

136. P. M. Hughes, O. Olejnik, J. E. Chang-Lin, and C. G. Wilson,
Topical and systemic drug delivery to the posterior segments. Adv.
Drug Deliv. Rev. 57, 2010 (2005).

137. J. Valero, M. A. Egea, M. Espina, F. Gamisans, and M. L. Garcia,
Effect of polymerization coadjuvants on nancapsule elaboration and
triamcinolone entrapment. Drug Dev. Ind. Pharm. 22, 167 (1996).

138. C. Gomez-Gaete, N. Tsapis, M. Besnard, A. Bochot, and E. Fattal,
Encapsulation of dexamethasone into biodegradable polymeric
nanoparticles. Int. J. Pharm. 331, 153 (2007).

139. A. Zimmer, J. Kreuter, and J. Robinson, Studies on the transport
pathway of PBCA Nps in ocular tissues. J Microencapsul 84, 497
(1991).

140. R. Pignatello, C. Bucolo, and G. Puglisi, Ocular tolerability of
Eudragit RS100 and RL100 nanosuspensions as carriers for oph-
thalmic controlled drug delivery. J. Pharm. Sci. 91, 2636 (2002).

141. R. Pignatello, C. Bucolo, P. Ferrara, A. Maltese, A. Puleo, and
G. Puglisi, Eudragit RS100 nanosuspensions for the ophthalmic
controlled delivery of ibuprofen. Eur. J. Pharm. Sci. 16, 53 (2002).

142. R. Pignatello, C. Bucolo, G. Spedalieri, A. Maltese, and G. Puglisi,
Flurbiprofen-loaded acrylate polymer nanosuspensions for oph-
thalmic application. Biomaterials 23, 3247 (2002).

143. S. Das, P. K. Suresh, and R. Desmukh, Design of Eudragit RL 100
nanoparticles by nanoprecipitation method for ocular drug delivery.
Nanomedicine 6, 318 (2010).

144. S. Das and P. K. Suresh, Nanosuspension: a new vehicle for the
improvement of the delivery of drugs to the ocular surface, appli-
cation to amphotericin B. Nanomedicine 7, 242 (2011).

145. A. Enriquez de Salamanca, Y. Diebold, M. Calonge, C. Garcia-
Vazquez, S. Callejo, A. Vila, and M. J. Alonso, Chitosan
nanoparticles as a potential drug delivery system for the ocular
surface: Toxicity, uptake mechanism and in vivo tolerance. Invest.
Ophthalmol. Vis. Sci. 47, 1416 (2006).

146. M. J. Alonso and A. Sanchez, The potential of chitosan in ocular
drug delivery. J. Pharm. Pharmacol. 55, 1451 (2003).

147. O. Felt, P. Furrer, J. M. Mayer, B. Plazonnet, P. Buri, and R. Gurny,
Topical use of chitosan in ophthalmology: Tolerance assessment and
evaluation of precorneal retention. Int. J. Pharm. 180, 185 (1999).

148. A. A. Mahmoud, G. S. El-Feky, R. Kamel, and G. E.
Awad, Chitosan/sulfobutylether-beta-cyclodextrin nanoparticles as
a potential approach for ocular drug delivery. Int. J. Pharm.
413, 229 (2011).

Received: 30 April 2012. Revised/Accepted: 25 June 2012.

J. Biomater. Tissue Eng. 3, 1–19, 2013 19


