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Abstract

Nanoliposomes are lipid bilayer nanostructures recently gaining popularity as drug delivery vehicles.
Their biocompatibility, safety, high entrapment efficiency and drug release profiles have made them
suitable candidates for biomedical applications. The treatment of fungal infections is one of the most
significantly researched fields in which nanoliposomes (NLPs) find a variety of uses. Although this
topic has been referenced in several general reviews, it has never been thoroughly discussed. In our
review, we give a detailed summary of the recent advancements made in this field, with a focus on
encapsulated synthetic and natural antifungal agents for oral, parenteral, and transdermal applications,
and the numerous advantages they have over conventional antifungal therapies, recent strategies at site-
specific targeting using targeting moieties, as well as highlighting the safety concerns associated with
NLP nanocarriers.
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pathogens, which attracted researchers to find

Purpose and Rationale . S
) ] i novel drug delivery systems to minimize drug
This review summarizes the state-of-the-art resistance and toxicity [2-4].

progress in using NLPs as drug delivery plat-
forms for antifungal agents with a focus on re-
cent advancements made in the last decade, and
as such, will not undertake an in-depth analysis
of the numerous data published in this field.

One of the most prominent targeted drug de-
livery platforms that have garnered interest
among researchers were liposomes (LPs) which
are lipid structures that are composed of cylin-
drical-shaped molecules called phospholipids.
Introduction Phospholipids are amphiphilic molecules with
hydrophilic heads and hydrophobic tails that
spontaneously form spherical bilayers when
they come in contact with an aqueous phase,
where the hydrophilic heads are aligned in the
outer layer of the sphere whereas the hydropho-
bic tails are pointed towards each other. Lipo-
somes are classified into categories that reflect
their size and lamellarity: multivesicular vesi-
cles (MVV, >1um) that consist of hundreds of
non-concentric aqueous chambers encapsulated
in a single bilayer lipid membrane and have a
honeycomb-like shape, multilamellar vesicles
(MLV, >500 nm) are structures that exhibit an
onion-like shape where several bilayers are or-
ganized as a stack. they form small unilamellar
vesicles (SUV) that range in size from 30-100
nm and large unilamellar vesicles (LUV, >100

Fungal infections have increased exponen-
tially worldwide, with over 300 million cases
accounting for approximately 1.7 million
deaths annually [1]. The adaptability of these
opportunistic pathogens to environmental con-
ditions has made them difficult to treat espe-
cially in immunocompromised patients. More-
over, invasive treatment within intensive-care
units, cancer treatments, increased use of
prophylactic azole derivatives, immunosup-
pressive treatments after organ transplants, and
the growing use of amphotericin B as empirical
therapy, have all contributed significantly to the
increasing rate of invasive fungal infections.
Thus, resistance appeared for some strains such
as Candida spp., Aspergillus spp., Fusarium
spp., and zygomycetes among other fungal
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nm) where their structure consists of a single
phospholipid bilayer [3,4]. This arrangement
allows the encapsulation of hydrophilic com-
pounds inside the aqueous compartment of the
LP, as well as incorporating hydrophobic com-
pounds inside the membrane [5]. The size of the
circulating LPs is an important parameter to de-
termine its behavior in vivo, as larger
LPs >1pum are more extensively taken up by the
reticuloendothelial system (RES). Thus, the
need to produce smaller sized LPs that have a
longer circulating time is important. To achieve
this, several techniques are employed to reduce
the sizes of NLPs, for example, LUVs and
SUVs are produced by extrusion and soni-
cation, respectively.

Extrusion is an easy and relatively quick pro-
cess that involves passing an LP suspension
through a polycarbonate membrane filter of a
determined pore size using an extruder, which
is a machine fitted with a pump that pushes the
suspension through a membrane to produce LPs
with a relatively homogenous size distribution
[6].

Sonication, is a process that involves utilizing
acoustic energy from a bath or a probe tip soni-
cator to blend a lipid suspension to produce na-
nosized LPs, also called nanoliposomes (NLPs)
that might be unilamellar or multilamellar [7].
NLPs have many advantages over conventional
LPs depending on the intended use especially
for the delivery of water-soluble drugs [7].
They offer larger surface-to-volume ratios,
more surface area and thus a higher drug-load-
ing capacity. Moreover, they have the potential
to increase solubility, enhance the bioavailabil-
ity, improve controlled release, and enable pre-
cision targeting of the encapsulated material to
a greater extent. This is deemed beneficial and
cost-effective because it allows using fewer
concentrations of the drug, increasing therapeu-
tic efficacy, and decreasing toxicity, especially
with drugs that have a narrow therapeutic
range.

However, it was noted that decreasing the size
of the LPs is associated with a decrease in their
physical stability, this is due to an increase in
electrostatic interactions which results in aggre-
gation and coalescence [8]. Thus, efforts have
been made to preserve NLPs stability, such as
employing a freeze-drying technique, addition
of surfactants, modification with chitosan, and
incorporation with a polymer gel [9]. There-
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fore, NLPs have become one of the most prom-
ising drug delivery tools owing to their biocom-
patibility, safety, versatility, high drug-loading
capacity, and ability to carry hydrophobic and
hydrophilic compounds within their structure
[5-12]. Since their discovery in the 1960s,
NLPs have been proposed in many applica-
tions. Therefore, notable progress has been
made to investigate those compounds during
the last two decades, especially for biomedical
applications. Currently, many NLP-based for-
mulations are either under clinical trials await-
ing to be put on the market or already available
for commercial use [12].

Among the first commercially available NLP-
based antifungal products was AmBisome®
(AmBi; Nexstar) which is a small unilamellar
liposome (45-80 nm) that contains amphoteri-
cin B within its bilayer [13]. This formulation
is known for its reduced renal toxicity, elevated
bioavailability, improved safety, as well as its
accurate targeting compared to conventional
amphotericin B [13, 14].

In the last two decades, NLPs have been stud-
ied intensively as carriers to deliver antifungal
agents by different routes of administration in-
cluding parenteral, oral, and topical dosage
forms, aiming at more precise targeting for in-
creased efficacy and safety. Efforts have been
made to further modify these compounds to in-
crease their biocompatibility, such as modify-
ing NLP’s surface with polyethylene glycol
(PEG) to produce non-toxic ‘stealth’ NLPs that
were able to avoid being recognized by the
RES. PEG is a bio-inert hydrophilic polymer
that serves as a steric barrier, and grafting PEG
on the surface of NLPs increases their hydro-
philicity, thus hindering the interaction between
them and serum protein opsonins that are in-
volved with systemic clearance by the RES [15,
16]. As a result, extending the circulation half-
lives of NLPs and allowing the drug to reach its
target site more efficiently.

Summary of Recent Literature

1. Synthetic Antifungal Agents

1.1. Voriconazole (VCZ)-Loaded Nanolipo-
somes

Voriconazole (VCZ) is a second-generation
triazole antifungal agent with a broad spectrum
of action that has been used for many years as
the first-line therapy against several systemic
fungal infections, including those caused by
Candida albicans. VCZ was approved by the
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Food and Drug Administration in 2002 for the
treatment of invasive aspergillosis and infec-
tions of Scedosporium apiospermum and
Fusarium spp. which are refractory to other an-
tifungal agents [17]. VCZ is known to have a
highly wvariable, non-linear pharmacokinetic
(PK) profile [18], partly because it’s exten-
sively metabolized in the liver into its primary
metabolite ~ Voriconazole-N-oxide (VNO)
which has lower antifungal activity and is sus-
pected to be causing adverse effects (AEs) [19,
20]. Furthermore, VCZ is a potent cytochrome
(CYP) P450 inhibitor that exerts its effects on
enzymes such as CYP2C19, CYP3A, and
CYP2C9, which indicates several potential
drug-drug interactions [20, 21].

VCZ is also associated with several AEs rang-
ing from mild to severe, including hepatotoxic
(mainly elevated liver function tests) and neu-
rotoxic (hallucinations, confusion, or encepha-
lopathy) AEs due to its narrow therapeutic win-
dow [22]. Moreover, VCZ has limited water
solubility, which presents an issue for the de-
velopment of intravenous (IV) formulations,
this has prompted the use of sulfobutyl ether-
beta-cyclodextrin (SBECD) in VCZ formula-
tions to enhance the drug’s solubility, SBECD
has been shown to cause several AEs such as
nephrotoxicity, hemolysis, blood vessel con-
gestion, and its accumulation results in renal
and hepatic toxicity, which further complicates
the use of VCZ in clinical settings [22].

Veloso et al. (2018) have developed an IV for-
mulation of nanosized liposomal VCZ com-
posed of PC and cholesterol for the treatment of
systemic fungal infections, by using the lipid-
film hydration method followed by extrusion.
This formulation was advantageous since it
overcame the stability issues that were reported
with previous intravenous VCZ products such
as VFEND®. This stability improvement has
decelerated VCZ rate of metabolism into VNO
by 30%, and at the same time avoided
SBECD’s toxicity. The in vitro antifungal study
comparing intravenous liposomal VCZ and
VFEND® against Candida spp. and Aspergil-
lus spp. yeasts have indicated that liposomal
VCZ and VFEND® had similar potency against
Candida spp. strains, yet liposomal VCZ trig-
gered a higher fungicidal activity against the
C. albicans 77 U strain, with the minimum fun-
gicidal concentration (MFC) being 4-fold lower
than that of VFEND®. Whereas among Asper-
gillus spp. strains, the minimum inhibitory con-
centrations (MIC) and MFC values were lower,
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with liposomal VCZ exhibiting higher inhibi-
tory and fungicidal activities than with
VFEND®. Furthermore, the histopathological
findings of the in vivo mouse model study have
suggested that the encapsulation of VCZ into
NLPs has improved its PK properties and bio-
distribution. Also, the NLP’s biocompatible na-
ture was found to enhance cell tissue penetra-
tion properties, leading to higher VCZ quanti-
ties being released at the target site. In addition,
VCZ’s renal and hepatic accumulation was
higher when the liposomal formulation was
used, because the liver and kidneys are the tar-
get organs for fungal colonization. This finding
further supports the mechanisms in which lipo-
somal VCZ has higher antifungal activity and
reduced toxicity to non-target tissues [22].

In a recent study by Hassanpour et al. (2020),
the effects of VCZ-loaded nanoliposomes
against VCZ-resistant Aspergillus flavus strains
were investigated. Also, they examined the ex-
pression of CYP51A and multidrug resistance
mutation 1 (MDR1), the genes involved in de-
veloping triazole resistance before and after
VCZ and VCZ-loaded NLPs exert their effects.
Liposomal VCZ was prepared using a modified
thin-film hydration-sonication method. The
prepared NLPs had a mean particle size smaller
than 100 nm and a very high EE. Moreover, in
vitro susceptibility test on resistant A. flavus
was carried out using liposomal VCZ and pure
VCZ, with liposomal VCZ exhibiting signifi-
cantly lower MIC values than pure VCZ. In ad-
dition, the level of gene expression of CYP51A
and MDR1 in VCZ-susceptible 4. flavus and
VCZ-resistant strains had more pronounced
downregulation when exposed to LVCZ as op-
posed to pure VCZ [23].

In 2021, Hassanpour et al. conducted a study
on LVCZ efficacy against fluconazole (FCZ)-
resistant strains of Candida albicans. Using a
quantitative reverse transcription PCR (qRT-
PCR) instrument to measure mRNA levels of
CDRI1, and CDR2, the genes responsible for the
development of resistance, and ERGI11, the
gene hindering the pathway in which FCZ ex-
erts its therapeutic effects. LVCZ was produced
using a slightly modified thin-film hydration-
sonication technique. The in vitro antifungal
susceptibility assay against C. albicans isolates
was carried out using FCZ, VCZ, and LVCZ to
assess the MBIC values for each formulation.
Results showed that using VCZ-loaded NLPs
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has remarkably lowered MBIC values in C. al-
bicans isolates that were resistant to both FCZ
and VCZ. Additionally, VCZ-loaded NLPs
were able to reduce the expression of azole-re-
sistant genes [24].

1.2. Fluconazole (FCZ)-Loaded Nanolipo-
somes

Fluconazole (FCZ) is a first-generation tria-
zole compound with a broad spectrum of activ-
ity, it is the drug of choice for a wide variety of
fungal infections most commonly those caused
by Candida sp. FCZ is available as oral, intra-
venous dosage forms with both having similar
PK profiles. Reports of fluconazole-resistant
isolates from patients who have previously re-
ceived FCZ therapy are increasing especially
with immunocompromised patients. It was
found that some Candida infections have
started to develop from strains that are intrinsi-
cally resistant to FCZ such as C. krusei, or from
strains that have reduced drug susceptibly and
are developing resistance such as C. glabrata.
FCZ is a potent inhibitor of the enzyme
CYP2C9 and to some degree CYP3A4, and
along with the drug’s long half-life, this leads
to a risk for multiple drug-drug interactions [25,
26].

Zandi et al. (2018) have conducted a study
employing NLPs and nanoethosomes as poten-
tial drug delivery vehicles for FCZ therapy.
Ethosomes are a modification of classical lipo-
somes, with a high ethanol concentration of
about (20-45%) and were investigated for their
high drug entrapment and stability profiles [27].
The studied NLP formulation was prepared us-
ing the thin-film hydration method, whereas the
ethanol injection method was used to prepare
the nanoethosomal formulation. The particle
size and zeta potential of NLPs and nanoetho-
somes were found to be 99.79 = 11.1 nm, —7.25
+4.88mV, and 114.37 + 12.76 nm, 3.04 £ 5.47
mV respectively, both formulations exhibited
similar EE and loading capacity (LC). Never-
theless, the NLP formulation was superior with
higher EE and LC values, this appears to be at-
tributed to the method used to prepare nano-
ethosomes since there was a higher chance of
drug escaping with the ethanol injection
method.

However, in vitro drug release study has
shown that the NLP formulation might be better

suited as a sustained drug release system, given
that 40% of the drug was released after 48h,
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compared to 80% of that with the nanoethoso-
mal formulation. This sustained release behav-
ior might be attributed to the presence of cho-
lesterol in the lipid bilayer which increased the
latter rigidity. In nanoethosomes, the presence
of ethanol decreased the rigidity, which ended
up accelerating the drug’s release from the ves-
icle [28].

1.3. Itraconazole (ITZ)-Loaded
Nanoliposomes

Itraconazole (ITZ) is a triazole antifungal
agent with a broad spectrum of action, it is used
against a variety of deep and superficial fungal
infections caused by isolates of Candida, Cryp-
tococcus, Blastomyces, Histoplasma capsula-
tum, and Aspergillus species and dermato-
phytes.

ITZ has been widely employed as an oral for-
mulation for the treatment of histoplasmosis,
blastomycosis, and refractory aspergillosis [29,
45] as well as a topical formulation for the treat-
ment of vaginal candidiasis [46]. However, ITZ
has very low water solubility and bioavailabil-
ity which hinders its utilization in many clinical
applications. Additionally, the conventional
oral dosage form is associated with many AEs,
most commonly gastrointestinal disturbances,
and headaches [47,48]. Moreover, ITZ is con-
traindicated in pregnant and lactating women,
as well as patients with hepatic and/or renal im-
pairment. ITZ is a potent inducer of the enzyme
CYP450, and as such interferes with the metab-
olism of drugs such as anticoagulants, seda-
tives, and hormonal products [33]. Conse-
quently, researchers have been investigating the
use of nanoparticles to utilize the full potential
of ITZ by exploring different routes of admin-
istration to increase bioavailability and mitigate
unwanted effects.

Curi¢ et al (2013) have conducted a study to
systematically characterize and optimize the
encapsulation process of ITZ in PEGylated
NLPs for parenteral administration using the
thin-film hydration method combined with son-
ication. They analyzed the responses of the dif-
ferent interactions between multiple process pa-
rameters in the formulation process. The DoE
methodology was advantageous in that re-
sponses such as particle size, polydispersity in-
dex (PDI), EE%, and optimal absolute loading
were analyzed either together or separately us-
ing a relatively low number of experiments in a
short amount of time leading to robust results.
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Table 1. A summary of recent literature reports on antifungal drugs entrapped in nanoliposomes.

Anti-Fungal
Drug

Voriconazole

Voriconazole

Voriconazole

Fluconazole

Itraconazole

Itraconazole

Itraconazole

Itraconazole

Itraconazole

Amphotericin
B

Amphotericin
B

Amphotericin
B

Nystatin

Ciclopirox

Quercitin &
Gallic Acid

Route of
Administratio
n

Parenteral

Not reported

Not reported

Not reported

Parenteral

Topical

Topical

Oral

Topical

Parenteral

Topical

Topical

Parenteral

Topical

Vaginal

Drug Loading
Method

lipid-film
hydration
followed by
extrusion
Modified thin-
film hydration-
sonication

Modified thin-
film hydration-
sonication

Thin-film
hydration

Thin-film

hydration-

sonication
Film hydration

Lipid-film
hydration-
sonication
Thin-film
dispersion

Thin-film
hydration

Lipid-film
hydration-
sonication
Thin-film
hydration

Not Reported

Thin-film
hydration-
extrusion
Ethanol
injection
Thin-film
hydration

Size (nm)

953 =
1.27

8091+
2.78

110.0 +
3.08

99.79 =
11.1

<200

~150

276.5

165.0 +
2.5
3582+
9.4

~100

107+8

100

~100

196+1.73

~200

This study has demonstrated that producing
ITZ-loaded PEGylated NLPs have had a parti-
cle size smaller than 200 nm, with a high EE of
about 90% [29]. In 2014, Alomrani et al. devel-
oped a novel ITZ-loaded deformable NLPs
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Zeta
Potential

(nV)

neutral

-2.33+0.54

-9.30+£0.48

—7.25+4.88

Not reported

Variable

+32.7+1.5

-215+13

20.66 £0.74

~—45

-3+0.2
Not
Reported

Not reported

—56.2+1.4

~5.8

Therapeutic
Effect

Increased antifungal
activity and reduced
toxicity

Lower MIC values

Downregulation of
VCZ-resistant genes
CYP51A and MDR1

Lower MIC values
Downregulation of
FCZ-resistant genes
CDR1, CDR2, and
ERGI11
Prevention of fungal
biofilm formation due
to higher drug
entrapment and
sustained release
Enhanced efficacy due
to increased half-life

Increased antifungal
activity and reduced
toxicity

Increased antifungal
activity

Enhanced oral
bioavailability

Increased antifungal
activity and reduced
toxicity
Increased antifungal
activity and reduced
toxicity
Increased skin
penetration and
deposition
Increased skin
penetration.

Increased antifungal
activity
and reduced toxicity
Sustained drug release

Enhanced deposition
and therapeutic effect
of active compounds

Status Referen
ces
Preclinical in
vivo study [22]
Preclinical in
vitro study [23]
Preclinical in
vitro study [24]
Preclinical in [28]
vitro study
Not Reported [29]
Preclinical in [30]
vitro study
Preclinical in [31]
vivo study
Preclinical in [32]
vivo study
Preclinical in [33]
vivo study
Preclinical in [34]
vitro study
Preclinical in [35]
vitro study
Entering [37,38]
Phase 2
clinical trial
Preclinical in [39]
vitro study
Preclinical in [40]

vitro study

Preclinical in
vitro study

[41]

with hydroxypropyl-p-cyclodextrin (HPBCD)
topical formulation for the treatment of skin in-
fections caused by Candida albicans using the
film hydration method. The employment of de-
formable (elastic) NLPs has increased the tissue
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penetration of ITZ beyond the stratum
corneum, thus, enhancing antifungal efficacy. It
was shown that the use of HPBCD has enhanced
the solubility and permeation of ITZ compared
to conventional LPs, by forming hydrophilic in-
clusion complexes with ITZ without hindering
its intrinsic ability to permeate lipophilic mem-
branes, consequently enhancing its stability.
Moreover, adding HPBCD to the formulation
has appeared to decrease the particle size down
to 93 + 3 nm, it’s suggested that this size reduc-
tion is due to cyclodextrin’s ability to reduce the
surface tension of the medium, others suggested
that this is due to its influence on the entropy of
the lipid vesicle. Furthermore, the use of NLPs
for the cutaneous delivery of ITZ-HPBCD for
skin fungal infections has avoided a lot of issues
that were reported with the oral formulation of
ITZ-HPBCD such as Sporanox®, which was as-
sociated with several AEs [30]. Leal et al
(2015) have investigated the antifungal activity
of ITZ-loaded NLPs for the topical treatment of
experimental keratitis with endophthlamitis
caused by Aspergillus flavus. NLPs were pre-
pared by the lipid film hydration method fol-
lowed by sonication. They had a particle size
distribution of around 276.5 nm and zeta poten-
tial of +32.7 + 1.5 mV. In vivo study conducted
on Wistrar rats has indicated that using NLPs as
vehicles have enhanced the bioavailability and
distribution of ITZ in the stroma and vitreous
humor, increasing its activity against fungal in-
fections in the eye, and thus it had favorable
characteristics for the treatment of fungal kera-
titis with endophthalmitis compared to the free
drug [31]. In 2016, Zhenbao Li et al. developed
an NLP containing sodium deoxycholate
(NaDC) to enhance the oral bioavailability of
ITZ. The NLP consisted of egg yolk lecithin
and NaDC and was prepared using the thin-film
dispersion method. Maltose was later employed
as a cryoprotectant during freeze drying to mit-
igate stability issues. Characterization of the re-
sultant NLP has concluded that it had 165.0 +
2.5 nm size and —25.1 = 1.6 mV zeta potential,
with an EE of about 88%. A bioavailability
study in rats showed that the AUC was 1.67-
fold higher in NaDC-NLP-ITZ than in the com-
mercial product Sporanox® in terms of oral ad-
ministration. Moreover, results have indicated
that NaDC-NLP-ITZ had an improved dissolu-
tion efficiency and was able to increase trans-
membrane absorption, and as a result, enhance
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oral bioavailability of ITZ [32]. Kumar et al
(2021) have conducted a study using a two-step
DoE approach to develop, characterize and
clinically evaluate 1TZ-loaded NLPs for the
topical treatment of dermatophytosis. This
study aimed to produce statistically optimized
ITZ-loaded NLPs using response surface meth-
odology with full factorial DoE. The formula-
tion was prepared as a hydrogel using the thin-
film hydration method and was characterized
using different techniques. The mean particle
size was around 358.2 £ 9.4 nm, with a mean
zeta potential 0f 20.66 £0.74 mV. The hydrogel
had improved topical applicability, skin perme-
ation, and residence time. Additionally, the in
vivo antifungal activity was examined in
Wistrar rats using standardized Tinea pedis as a
model, and it suggested that the optimized NLP
hydrogel had a faster alleviation of infection
compared to conventional topical and antifun-
gal treatments, making it a more advanced al-
ternative for the treatment of dermatophyte in-
fections [33].

1.4. Ciclopirox-Loaded Nanoliposomes

Ciclopirox Olamine (CPO) is a broad-spec-
trum synthetic antifungal agent commonly used
to treat vaginal infections caused by Candida
albicans. CPO acts by killing or inhibiting the
growth of fungal cells through the chelation of
metal ions resulting in the inhibition of iron-de-
pendent enzymes responsible for degrading
peroxides in fungal cells, leading to the intra-
cellular depletion of essential substrates and/or
ions [46,47]. However, the large dose and fre-
quent application of CPO conventional cream
have resulted in patient compliance issues. Ka-
rimunnisa et al. (2012) have developed an NLP-
based mucoadhesive gel formulation for CPO,
which enabled sustained release of the drug
through NLPs. It also avoided the need for large
dosing because of the mucoadhesive gel’s abil-
ity to prolong contact with the vaginal cell wall,
potentially leading to better patient compliance.
The formulation was prepared using the ethanol
injection method, with a mean particle size of
around 196+1.73 nm and —56.2+1.4 mV zeta
potential, with EE being about 44.89+3.2%.
The in vitro antifungal activity against Candida
albicans at pH 4.5 has shown that the NLP-
based mucoadhesive formulation brought a sig-
nificant reduction of fungal colonies after 3
hours and complete eradication after 6 hours,
whereas the free drug has achieved complete
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killing of C. albicans within 3 hours. These re-
sults suggest that the NLP-based formulation
offered a sustained drug delivery with similar
antifungal activity and is potentially a better
and more convenient alternative for the treat-
ment of vaginal infections [40].

2. Natural Antifungal Compounds

2.1. Amphotericin B (AmB)-Loaded Nanolipo-
somes

Amphotericin B is a highly potent macrocy-
clic polyene antibiotic agent isolated from
Streptomyces species. AmB has strong antifun-
gal and leishmanicidal properties due to its
mechanism of action in which it binds to ergos-
terol, the main sterol in fungal and Leishmania
cell membranes, disrupting the membrane and
leading to cell death. AmB has a broad spec-
trum of activity against many fungal isolates,
including Candida spp. and Aspergillus spp.,
and filamentous fungi such as Zygomycetes
[48]. However, AmB is associated with many
severe side effects, including infusion-related
events (fever, chills, nausea, and vomiting) and
chronic nephrotoxicity, limiting its use in clini-
cal settings. To mitigate those AEs and increase
the therapeutic index of AmB, different lipid-
based formulations have been approved for the
effective treatment of invasive fungal infec-
tions, such as amphotericin B lipid complex
(ABLC, Abelcet®), liposomal amphotericin B
(LAmB, AmBisome®), and amphotericin B
colloidal dispersion (ABCD, Amphotec®). All
three formulations had an improved safety pro-
file and better antifungal activity than conven-
tional amphotericin B deoxycholate [14].

The components of the liposome in LAmB
have significantly improved the mechanism of
action in which AmB elicits its fungicidal prop-
erties. Firstly, LAmB includes hydrogenated
soy phosphatidylcholine that has a gel-to-liquid
crystalline phase transition temperature of ap-
proximately 55°C, this component ensures the
stability of the formulation when it’s injected
intravenously with minimal release of the AmB
until it reaches its target site. Moreover, Dis-
tearoyl phosphatidylglycerol (DSPG), an ani-
onic bilayer component, can form an ion pair
with the positively charged amino group of
AmB, contributing to the strong integration of
AmB inside the structure. Cholesterol, another
major liposome component that contributes to
the rigidity of the bilayer, binds with AmB
through hydrophobic interaction, enabling
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AmB to remain firmly attached to the bilayer,
and not readily released into the blood circula-
tion [ 14, 34, 49]. Nevertheless, some liposomal
formulations that contain free cholesterol and
phospholipid molecules are prone to lose the
free molecules to biomembranes and serum
proteins when the liposome is in a biological
environment, destabilizing the liposome and re-
leasing its contents prematurely. As a result,
Iman et al (2011) have designed and synthe-
sized a family of chimeric sterol-modified glyc-
erophospholipids (SMLs) to replace cholesterol
to improve liposomal delivery and enhance its
stability. They have synthesized 1,2-Distigmas-
terylhemisuccinoyl-sn-glycero3-phosphocho-
line (DSHemsPC), a new lipid in which two
stigmasterol molecules are covalently linked to
glycerophosphocholine. DSHemsPC showed
excellent properties of stabilizing the NLP in
biological fluids because stigmasterol in
DSHemsPC does not transfer from the NLP
into biological membranes. Additionally, stig-
masterol, an unsaturated plant sterol, is similar
yet less costly than cholesterol, making this a
cost-effective, relatively easy method to pro-
duce AmB-loaded NLPs. Thirty-two different
formulations with different molar ratios of
components such as DSHemsPC, 1,2-
dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), and 1,2- dimyristoyl-sn-glycero-3-
[Phospho-rac-(1-glycerol)]  (Sodium  Salt)
(DMPG), with different aliphatic chain lengths,
were used to prepare the NLPs. They were pre-
pared using thin-lipid film hydration followed
by sonication, using different buffer solutions
under different pH levels. They were examined
for different characteristics and were tested for
their in vitro antifungal and antileishmanial ac-
tivities. The formulation had a mean particle
size distribution of nearly 100 nm, negative zeta
potential values, and low PDI. The in vitro an-
tifungal activities of the prepared formulations
were tested and compared to LAmB, with sev-
eral formulations exhibiting similar or lower
MIC values than LAmB. Moreover, the half
maximal inhibitory concentration (IC50) of red
blood cell potassium release (RBCPR) for for-
mulations was tested some being comparable to
or higher than LAmB IC50. Higher IC50 values
indicate less potassium leakage, and as a result,
lower toxicity. Among the prepared formula-
tions, DSHemsPC/DMPC/DMPG/AmB with
molar ratios of 1.25/5.0/1.5/1.0 prepared at pH
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5.5, had favorable characteristics, indicating
that it has the potential of being a successful and
economical alternative to LAmB [34]. Cur-
rently, topical AmB formulations are being in-
vestigated due to the many advantages the top-
ical route of administration has to offer, such as
avoidance of systemic cytotoxicity and ease of
application. However, the cutaneous penetra-
tion of AmB is limited due to its high molecular
weight as well as its amphoteric nature. Perez
et al (2015) have developed ultradeformable
AmB-loaded NLPs that were able to penetrate
intact skin across the stratum corneum to the vi-
able epidermis without the use of permeation
enhancers. They developed highly deformable
NLPs made of soy phosphatidylcholine (SPC),
sodium cholate, or Tween 80 as edge activators
(EA) and phospholipids. EAs are biocompati-
ble single-chain surfactants with a high radius
of curvature and mobility that destabilize the li-
pid bilayers and increase their deformability
[50]. The key part of this formulation was the
rearrangement of EA and phospholipids in the
bilayer by relocating EA to higher curva-
ture/stress zones and phospholipids to the
smaller curvature zones, this allows the amount
of AmB in the bilayer to be maximized while
maintaining high deformability, thus ensuring
that the formulation remains intact while it
passes through the smallest pores. Ultradeform-
able NLPs were prepared using the thin film hy-
dration method and had a particle size diameter
of 107 = 8 nm and —3 + 0.2 mV zeta potential.
They were tested in vitro against several fungal
and leishmanial strains and had comparable ef-
ficacy to AmBisome. However, in vitro skin
penetration studies showed that this formula-
tion had provided higher AmB skin deposition
compared to other liposomal preparations of
AmB, as well as a significantly higher penetra-
tion to the deep epithelial layers without the aid
of classical permeation enhancers, indicating
that ultradeformable AmB-loaded NLPs are ad-
vantageous targeted delivery systems with clin-
ical significance for the topical treatment of
fungal and leishmanial infections [35].
Eskandari et al (2018) have studied the safety
of AmB-loaded NLPs (SinaAmpholeish) with a
particle size of 100 nm for the topical treatment
of cutaneous leishmaniasis. They have con-
ducted an irritancy Draize test in the eyes and
skin of rabbits against Leishmania major, and
an in vitro test against Leishmania tropica [37].
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The formulation was deemed safe and has suc-
cessfully passed a randomized, double-blind
phase 1 clinical trial in human volunteers in
2019, and it is in the process to enter a phase 2
clinical trial to assess the efficacy of the formu-
lation [38].

2.2. Nystatin-Loaded Nanoliposomes

Nystatin is a broad-spectrum polyene antibi-
otic isolated from Streptomyces species. It has
antifungal activity against various fungal path-
ogens such as Candida, Aspergillus, and Histo-
plasma spp. 1t’s available as a topical cream,
oral suspension, and pastille for treating oral,
vaginal, and cutaneous candidiasis and asper-
gillosis [51]. However, its clinical use against
systemic fungal infections is limited because of
its low water solubility and severe systemic tox-
icity. Saadat et al (2016) have encapsulated
Nystatin inside NLPs to elucidate its solubility
issues. They designed an efficient parenteral
NLP-based formulation of nystatin with lower
toxicity and higher antifungal activity. NLPs
were developed using the thin-film hydration
method followed by extrusion and contained
nystatin, dipalmitoylphosphatidylcholine
(DPPC), and distearoylphosphatidylcholine
(DSPC), and had an average particle size of
around 100 nm, sucrose was employed to pre-
vent vesicle fusion during lyophilization, as
well as playing a part alongside the NLP in en-
hancing EE of the drug. In vitro studies against
Candida albicans have concluded that the drug
release properties of NLPs were able to control
and sustain the release rate of nystatin, as well
as provide targeted delivery and enhanced pen-
etration to fungal cell walls, compared to the
free drug [39].

2.3. Natural Organic Compounds

A great deal of research into natural organic
compounds such as flavonoids, has focused on
their medicinal and pharmacological activities
including their antifungal potentials. In 2019,
Giordani et al demonstrated the utilization of
liposomal quercitin (Q), a flavonoid polyphenol
found in various vegetables and fruits [52], and
gallic acid (GA), another polyphenol found in
medicinal plants such as pomegranate rind [53],
in the topical treatment of vulvovaginal candid-
iasis (VVC). They developed a liposomal for-
mulation that was able to simultaneously de-
liver GA and Q that work synergistically to
eradicate infection and alleviate symptoms of
VVC. Generally, liposomal formulations are
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suitable nanocarriers for the vaginal delivery of
therapeutic compounds, as they do not interfere
with vaginal microbiota, and they can protect
cargo from enzymatic degradation that occurs
in the vaginal cavity. Quercitin was proposed
for this study due to its many advantages in-
cluding its ability to scavenge reactive oxygen
species (ROS) and chelate metal ions, as well
as its anti-inflammatory effects as it inhibits cy-
tokine production and histamine release. Previ-
ous studies have also suggested that quercetin
may be an antinociceptive that is able to allevi-
ate the pain associated with inflammation, as
well as being lenitive with an anti-itch effect,
making it a suitable candidate for the treatment
of VVC. GA was reported to have antifungal
effects against different clinical isolates of Can-
dida spp., as it has demonstrated its ability to
disrupt the biosynthesis of ergosterol, a key
component of the fungal membrane. Although
polyphenols possess numerous pharmacologi-
cal properties, their full potential had not been
fully realized due to their low solubility and bi-
oavailability, as well as their high susceptibility
to environmental conditions. This study has fo-
cused on incorporating these compounds into
nanoliposomes to prevent degradation and pro-
mote their deposition into the target site to en-
sure enhanced synergistic therapeutic effect and
the eradication of fungal infection. They have
developed NLPs loaded with either Q or GA or
both with an average size of around 200 nm,
high EE, and average zeta potential of ~5.8 mV
using the film hydration method. NLPs with
both Q and GA (labeled LP-Q+GA) promoted
the sustained release of both compounds and
showed enhanced antioxidant activity com-
pared to a single polyphenol alone. Moreover,
the formulation was not cytotoxic, and it
showed a greater anti-inflammatory effect com-
pared to free polyphenols. Furthermore, incor-
porating GA into NLPs has significantly re-
duced C. albicans growth [41].

3. Selective Targeting Techniques

There have been several attempts to improve
the targetability of NLPs to treat fungal infec-
tions. Meagher et al. (2021) have created a
novel drug delivery system (DDS) with a par-
ticular affinity to fungal pathogens. They’re
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based on Dectin-decorated NLPs (Decti-
Somes). This technology allows NLPs to be
coated with proteins that bind to fungal cell
walls and their exopolysaccharide matrices
(Figure 1A) with high specificity, resulting in a
higher concentration of antifungal drugs near
fungal cells. In contrast, they will exist at a sig-
nificantly lower concentration in host cells.
This results in enhanced fungicidal activity, re-
duced toxicity, and off-target effects. They
have designed 2 types of DectiSomes (Figure
1B) decorated with Dectin-1 and Dectin-2, the
mammalian immunological receptors for oli-
goglucans and oligomannans, respectively.

They started by creating AmB-LLs which are
PEGylated analogs of the popular pharmaceuti-
cal liposomal formulation AmBisome. Then,
they coated the AmB-LLs with the carbohy-
drate recognition domains of Dectin-1 and Dec-
tin-2, to produce DEC1-AmB-LLs and DEC2-
AmB-LLs, respectively. The selective attach-
ment occurs when two Dectin monomers float
together and form dimers that bind specifically
to the oligoglucans and oligomannans present
in cell walls, exopolysaccharide matrices, and
biofilms of fungal pathogens. When liposomes
reach fungal ligands at multiple sites on fungal
cells, the presence of a large number of Dectin
molecules on each liposome enables efficient
and high avidity binding. In vitro fungal cell
binding and killing studies reveal that DECI-
AmB-LLs and DEC2-AmB-LLs have a 50- to
200-fold binding affinity to the cell walls and
exopolysaccharide matrices of Aspergillus fu-
migatus, Candida albicans, and Cryptococcus
neoformans as opposed to untargeted AmB-
LLs.Moreover, the oligoglycan laminarin spe-
cifically inhibits the binding of DEC1-AmB-
LL, whereas yeast oligomannan specifically in-
hibits the binding of DEC2-AmB-LL. In vitro
assays against 4. fumigatus cells have shown
that the inhibitory and fungicidal effects of
DEC1-AmB-LL are 5-to 50-fold larger than un-
targeted AmB-LLs delivering the same concen-
tration of AmB as evidenced by a reduction in
rates of conidial germination, a reduction in hy-
phal extension from germlings, and a loss of
metabolic activity of growing hyphae. Simi-
larly, DEC2-AmB-LL exhibited a 2- to 90-fold
increase in efficiency against 4. fumigatus, C.
albicans, and C. neoformans [54].
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A. DectiSomes target antifungal drugs specifically to fungal cells and away
from mammalian cells.

Un-targeted antifungal DectiSomes: Targeted | # = Dectin monomers
drug-loaded liposomes, antifungal drug-loaded and dimer
micelles, and free drug liposomes ¢< Antifungal drug
@ OO Micelles
@ © @ Liposome
@ ® ® Q Fungal
exopolysaccharide

Fungal
Cells

Animal
Cells

B. DectiSome bound to fungal oligoglycan

ﬂ% é Oligoglycan
Dectin-PEG-DSPE

monomer floating
in lipid bilayer

Dectin-PEG-DSPE
dimer bound to
oligoglycan

Amphiphobic

antifungal drug DHPE-

rhodimine
4

PEG- N

DHPE

Lipid bilayer of liposome

Figure 1. (A) Using glycan-binding proteins to coat antifungal drug-loaded liposomes concentrates drugs on
fungal cells. Infection sites with fungal cells with Y or F morphologies are depicted. (B) DectiSomes structure,
DEC-PEG-DSPE is formed by coupling its glycan-binding domain (purple globular structure) to a lipid carrier
and is intercalated into the liposomal membrane via the DSPE moiety. Dimers (vellow sugar moieties). To allow
fluorescence monitoring of liposome binding to fungal cells, rhodamine-B-DHPE is intercalated via its DHPE
moiety. " ”Liposomes’ bilayer contains an antifungal agent (blue ovoid structure). DEC,dectin;, DHPE,dihexadec-
anoyl-glycero-phospho-ethanolamine; DSPE, distearoyl-glycero-phospho-ethanolamine; Efilamentous;
PEG,poly(ethylene glycol).Y, yeast. Reprinted from PLoS Pathog 17(7): e1009699. Meagher RB, Lewis ZA, Am-
bati S, Lin X. Aiming for a bull’s-eye: Targeting antifungals to fungi with dectin-decorated liposomes.
https://doi.org/10.137 1/journal.ppat. 1009699 Copyright (2021) with permission from PLoS.

To further assess DectiSomes, in vivo studies
were conducted using a neutropenic/leukopenic
mouse model of pulmonary aspergillosis as it
mimics the chemo-immunosuppression ob-
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served in patients with solid tumors, hemato-
poietic malignancies, or immune disorders such
as AIDS, as well as patients preconditioned for
stem cell mobilization and hematopoietic cell
transplantation. It was reported that DEC2-
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AmB-LLs administered through oropharyngeal
aspiration bind to exopolysaccharides associ-
ated with fungal infection sites in the lungs 30
times more effectively, as well as significantly
reduce the fungal cell burden using a lower dose
(0.2 mg/kg) compared with AmB-LL analog
AmBisome (5 mg/kg). Overall, in vivo and in
vitro studies show that Dectin targeting im-
proves drug efficacy with a lower effective
dose. However, there are concerns, notably
with C. neoformans, encased with a thick cap-
sule consisting of biochemically complicated
exopolysaccharides that shed copiously upon
infection. Furthermore, DectiSomes bound to
soluble fungal glycans may exhibit less antifun-
gal activity. Additionally, LPs are only moder-
ately effective at crossing the blood-brain bar-
rier, and the effects of coating them with dectins
are yet to be addressed experimentally. Decti-
Somes can recognize pathogens such as Asper-
gillus, Candida, Pneumocystis, Cryptococcus,
and Mucor species that are the main causes of
global fungal infections, making them promis-
ing pan-antifungal agents [55].

In 2022, Choudhoury et. al studied the anti-
fungal effects of DEC1-AmB-LLs against Rhi-
zopus delemar. A fungal pathogen responsible
for Mucormycosis (aka  zygomycosis).
Since Dectin-1 is an immune receptor for R.
delemar infections, DECI1-AmB-LLs were
found to have 100- to 1000-fold more binding
capacity to the exopolysaccharide matrix of R.
delemar germlings and mature hyphae than
AmB-LLs. DECI-AmB-LLs delivering sub-
micromolar concentrations of AmB were an or-
der of magnitude more effective than AmB-LLs
at inhibiting and/or killing R. delemar, making
DectiSomes a viable option to enhance mu-
cormycosis therapy [56].

Similarly, Ambati et al. (2021) have devel-
oped another class of targeting proteins coated
NLPs using the human DC-SIGN (a.k.a., CD-
SIGN, ICAM-3) protein, which is a C-type lec-
tin pathogen receptor that is encoded by the
CD209 gene. Its carbohydrate recognition do-
main (CRD) binds crosslinked mannose-rich
and fucosylated glycans (such as the LewisX
trisaccharide) and lipomannans, which are
commonly found in protist, bacterial, viral, hel-
minth, and fungal pathogens, including 4. fu-
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migatus, C. albicans, and C. neoformans. Hu-
man DC-SIGN recognizes ligands via a CRD
related to the membrane transit and signaling
sequences. The orientation of the CRD may be
altered by different combinations of the eight
neck repeats (NR1 to NR8) expressed in differ-
ent protein isoforms. They created two recom-
binant isoforms by combining the CRD with
NR1 and NR2 in DCS12 and with NR7 and
NR8 in DCS78 and coupling them to a lipid car-
rier, then loading them into the membrane of
PEGylated AmB-LLs creating DCS12-AmB-
LLs and DCS78-AmB-LLs. Compared to un-
targeted AmB-LLs and Bovine Serum Albumin
coated BSA-AmB-LLs, DCS12-AmB-LL and
DCS78-AmB-LL showed more effective bind-
ing to the exopolysaccharide matrices of 4. fu-
migatus, C. albicans, and C. neoformans. Over-
all, DCS12-AmB-LLs outperformed DCS78-
AmB-LLs in vitro. Furthermore, DCS12-AmB-
LLs inhibited and/or killed all three species
more effectively than AmB-LLs or BSA-AmB-
LLs. In mice models of invasive candidiasis
and pulmonary aspergillosis, a single low dose
of DCS12-AmB-LLs decreased the fungal bur-
den in the kidneys and lungs several-fold more
than AmB-LLs (Figure 2) [57]

Santoso et al. (2022) have recently developed
AmB-loaded hybrid NLPs decorated with engi-
neered chitin-binding domain (LysM) of P. ry-
ukyuensis chitinase. Because of its specificity
toward chitin, which is absent in humans but
abundant in fungal cell walls, the enzyme chi-
tinase (EC. 3.2.1.14) is regarded as an effective,
low-toxicity antifungal candidate. They have
prepared several hybrid liposomal formulations
including AmB and sodium deoxycholate. The
prepared formulations had different surface
charges (anionic, cationic, and neutral) with or
without chitin-binding domains (LysM-Q or
LysM-Pal). The design of this bioconjugate had
a remarkable antifungal activity that was en-
hanced by adding a palmitoylated LysM do-
main (Lysm-Pal) and combined with conven-
tional AmB formulation. This study suggests
that functionalizing NLPs with fungal cell wall-
binding proteins allows for specific targeting
and enhances the therapeutic efficacy of anti-
fungal agents. However, further studies are
needed to validate this approach in practical ap-
plications [58].
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a. Liposome binding to C. albicans b. Quantification of binding
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Figure 2. DC-SIGN targeted liposomes, DCSI12-AmB-LLs and DCS78-AmB-LLs bind more efficiently to the
exopolysaccharide matrices of three life-threatening fungal pathogens than AmB-LLs. a, c, e representative im-
ages of fluorescent liposomes binding to bright field images of fungal cells are shown. a C. albicans (<10 magni-
fication). ¢ A. fumigatus (%10 magnification). e C. neoformans (x20 magnification). b, d, f the relative area of red
Sfluorescent liposome binding (logl0) was measured as shown in scatter bar plots on the right. where N=10 for
each bar. f the plot scale for C. neoformans had to be expanded from (3-5) logs to accommodate more widely
distributed data. Standard errors and P values are indicated. Reprinted from Springer Fungal Biol Biotechnol 8,
22 (2021). Ambati, S., Pham, T, Lewis, Z.A. et al. DC-SIGN targets amphotericin B-loaded liposomes to diverse
pathogenic fungi. https://doi.org/10.1186/s40694-021-00126-3 Copyright (2021) with permission.
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stayed at the base of the fibrils of C. albicans’

Discussion ] ) outer cell wall and did not enter the inner -glu-

NLPs hold great promise as drug delivery sys- can-chitin layer. This means that the reason for
tems. Their biocompatibility, bi.o.degradabili.ty, AmBisome® transfection through the cell wall
controlled release, and the ability to modify isn’t necessarily related to the NLP structure. It
their surface with targeting ligands to enhance was suggested that amphotericin B binds to er-
their targetability makes them an attractive gosterol in the cell wall, and carrier NLPs are
chqice as dynamic and adaptable carrigrs er subsequently transported inwards by a pre-ex-
antifungal agents. However, the mechanism in isting vesicular reshuffling motive mechanism
which they aid with the fungicidal activity of such as cell wall melanin, as melanin is thought
their cargo is yet to be fully elucidated. For ex- to be generated in fungal melanosomes and then
ample, Walker et %1- (2018) hgve conducted a transported to the cell wall. Since cell wall-as-
study on the behavior of AmBisome®, a prod- sociated melanin is continually modified
uct that has been used for over 30 years, to try throughout fungal cell morphogenesis and bud-
and understand the NLP’s behavior. Amphoter- ding, mechanisms for transporting melano-
icin B has less affinity towards cholesterol than somes must exist, which might be utilized by
ergosterol, a main component in the fungal cell AmBisome® for cell wall transit [36]. Moreo-
membrane, so when the AmB-loaded NLPs ver, as with the case of other nano-sized carri-
reach the target site, it’s released from the NLP ers, NLPs loaded with antifungal agents will
and bound with ergosterol where it exerts its an- encounter natural defense systems (RES, opso-
tifungal effects. The study has shown that the nization, and immunogenicity) in the body to
AmB-loaded NLP remained intact while it trav- eliminate them as foreign substances, and the
elleq through the fungal cell wall of two fungal focus is being shifted to optimize liposomal for-
species (Candida albicans and Candida neofor- mulations and bypass these obstacles, changing
mans), both are species that differ in cell wall the lipid content and charge, as well as the ad-
architecture and content. AmBisome® has dition of surface coatings and ligands, are ex-
managed to deliver its payload directly to the amples of this. Recent efforts for improving
cell membrane despite cell wall pore size being conventional or stealth liposomal systems in-
smaller than that of the NLP vesicle. This clude active targeting with targeting ligands or
means that the cell wall is deformable and vis- triggering cargo release as a change of pH or
coelastic, allowing transwall vesicular flow. It’s temperature [59].

worth noting that empty NLPs (without AmB)
have failed to enter the inner cell wall as they

Conclusions

NLPs are one of the safest and most biocompatible nanocarriers for the delivery of therapeutic agents.
Their applications for the treatment of fungal infections hold great promise as they offer drug targeting,
and controlled release, and can be formulated for multiple routes of administration. However, it’s im-
perative to assess their toxicity in clinical applications as it’s influenced by parameters such as particle
size and size distribution that directly impact the colloidal stability, drug release profile, bioavailability,
mucoadhesive properties, cellular uptake, and clearance of the formulation. The influence of particle
size on toxicity is more pronounced in nanocarriers as drug delivery systems than microcarriers, as the
surface-to-volume ratio is significantly larger, leading to more drug molecules at the surface and higher
drug release. Moreover, the particle size and the PDI heavily influence the biological fate of NLPs, and
there have been numerous reports in the literature indicating that as the particle size decreases, its tox-
icity will increase. Due to their natural composition, small size, and high surface energy, NLPs tend to
agglomerate. They have other stability issues like bilayer fusion and drug leakage, which will negatively
impact their shelf life, so research that enhances their storage stability is currently being investigated.
NLPs need to undergo extensive in vivo and in vitro testing to address the concerns associated with
their safety by understanding the fate of these nanocarriers and their behavior during different physio-
logical processes, establish a full safety profile, and ensure safe clinical translation. Lastly, the devel-
opment of fabrication methods that are more scalable, reproducible, and economically viable as well as
those that incorporate green practices while ensuring optimum particle properties must all be thoroughly
investigated [60].

Prnano.com, https://doi.org/10.33218/001c.56154 95 8 Andover House, Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC-SA 4.0



Conflict of interest

The authors have no relevant financial or non-financial interests to disclose. For signed statements
contact the journal office editor@precisionnanomedicine.com

Refer to this article as Alobeidat S, Athamneh T., Nanoliposomes as Drug Delivery Systems for An-
tifungal Therapy, Precis. Nanomed. 2022, 5(4):946-962, https://doi.org/10.33218/001¢.56154

References

l. Bongomin, F., S. Gago, R. O. Oladele and D. W. Denning. “Global and multi-national prevalence
of fungal diseases-estimate precision” J Fungi (Basel) 3 (2017): 10.3390/j0f3040057.
https://www.ncbi.nlm.nih.eov/pubmed/29371573.

2. Kainz, K., M. A. Bauer, F. Madeo and D. Carmona-Gutierrez. “Fungal infections in humans: The
silent crisis”  Microb Cell 7 (2020): 143-45. 10.15698/mic2020.06.718.
https://www.ncbi.nlm.nih.gov/pubmed/32548176

3. Nami, S., A. Aghebati-Maleki and L. Aghebati-Maleki. “Current applications and prospects of na-
noparticles for antifungal drug delivery” EXCLI J 20 (2021): 562-84. 10.17179/excli2020-3068.
https://www.ncbi.nlm.nih.egov/pubmed/33883983.

4, Walsh, T. J., J. L. Goodman, P. Pappas, I. Bekersky, D. N. Buell, M. Roden, J. Barrett and E. J.
Anaissie. “Safety, tolerance, and pharmacokinetics of high-dose liposomal amphotericin b (ambi-
some) in patients infected with aspergillus species and other filamentous fungi: Maximum tolerated
dose study” Antimicrob Agents Chemother 45 (2001): 3487-96. 10.1128/AAC.45.12.3487-
3496.2001. https://www.ncbi.nlm.nih.eov/pubmed/11709329.

5. Bowtle, W.”Lipid formulations for oral drug delivery” Pharm Tech Eur 12 (2000): 20-30.

6. Ong, Sandy Gim Ming, Mallikarjun Chitneni, Kah Seng Lee, Long Chiau Ming, and Kah Hay Yuen.
“Evaluation of extrusion technique for nanosizing liposomes” Pharmaceutics 8, no. 4 (2016): 36.

7. Lapinski, Monique M., Angelines Castro-Forero, Aaron J. Greiner, Robert Y. Ofoli, and Gary J.
Blanchard. “Comparison of liposomes formed by sonication and extrusion: rotational and transla-
tional diffusion of an embedded chromophore” Langmuir 23, no. 23 (2007): 11677-11683.

8. Aguilar-Pérez, K. M., J. 1. Avilés-Castrillo, Dora I. Medina, Roberto Parra-Saldivar, and Hafiz MN
Igbal. “Insight into nanoliposomes as smart nanocarriers for greening the twenty-first century bio-
medical settings” Frontiers in Bioengineering and Biotechnology 8 (2020): 579536.

9. Sopyan, Iyan, and Dolih Gozali. “A Review: A Novel of Efforts to Enhance Liposome Stability as
Drug Delivery Approach” Systematic Reviews in Pharmacy 11, no. 6 (2020).

10. Ventola, C. L.“Progress in nanomedicine: Approved and investigational nanodrugs” Pharmacy and
Therapeutics 42 (2017): 742.

11. Mozafari, M. R. “Nanoliposomes: Preparation and analysis” Methods Mol Biol 605 (2010): 29-50.
10.1007/978-1-60327-360-2_2. https://www.ncbi.nlm.nih.gov/pubmed/20072871.

12. Bozzuto, G. and A. Molinari. "Liposomes as nanomedical devices." Int J Nanomedicine 10 (2015):
975-99. 10.2147/1IN.S68861. https://www.ncbi.nlm.nih.ecov/pubmed/25678787.

13. Adler-Moore, J.” Ambisome targeting to fungal infections” Bone marrow transplantation 14 (1994):
S3-7.

14. Adler-Moore, J., R. E. Lewis, R. J. M. Bruggemann, B. J. A. Rijnders, A. H. Groll and T. J. Walsh.
“Preclinical safety, tolerability, pharmacokinetics, pharmacodynamics, and antifungal activity of
liposomal amphotericin b” Clin Infect Dis 68 (2019): S244-S59. 10.1093/cid/ciz064.
https://www.ncbi.nlm.nih.ecov/pubmed/31222254.

15. Li, S.-D. and L. Huang. “Nanoparticles evading the reticuloendothelial system: Role of the sup-
ported bilayer” Biochimica et Biophysica Acta (BBA)-Biomembranes 1788 (2009): 2259-66.
16. Mohamed, M., A. S. Abu Lila, T. Shimizu, E. Alaaeldin, A. Hussein, H. A. Sarhan, J. Szebeni and

T. Ishida. “Pegylated liposomes: Immunological responses” Science and Technology of Advanced
Materials 20 (2019): 710-24.

Prnano.com, https://doi.org/10.33218/001c.56154 959 Andover House, Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC-SA 4.0



17. Greer, N. D.”Voriconazole: The newest triazole antifungal agent” Presented at Baylor University
Medical Center Proceedings, 2003. Taylor & Francis, 16, 241-48.

18. Dolton, M. J. and A. J. McLachlan. “Voriconazole pharmacokinetics and exposure-response rela-
tionships: Assessing the links between exposure, efficacy and toxicity” Int J Antimicrob Agents 44
(2014): 183-93. 10.1016/j.ijantimicag.2014.05.019.  https://www.ncbi.nlm.nih.gov/pub-
med/25106074.

19. Schulz, J., F. Kluwe, G. Mikus, R. Michelet and C. Kloft. “Novel insights into the complex phar-
macokinetics of voriconazole: A review of its metabolism” Drug Metab Rev 51 (2019): 247-960 |
Page 65.10.1080/03602532.2019.1632888. https://www.ncbi.nlm.nih.gov/pubmed/31215810.

20. Schulz, J., A. Thomas, A. Saleh, G. Mikus, C. Kloft and R. Michelet. “Towards the elucidation of
the pharmacokinetics of voriconazole: A quantitative characterization of its metabolism” Pharma-
ceutics 14 (2022): 10.3390/pharmaceutics14030477. https:// www.ncbi.nlm.nih.gov/pub-
med/35335853.

21. Niwa, T., T. Shiraga and A. Takagi. “Effect of antifungal drugs on cytochrome p450 (cyp) 2c9,
cyp2c19, and cyp3a4 activities in human liver microsomes.” Biological and Pharmaceutical Bulle-
tin 28 (2005): 1805-08.

22. Veloso, D., N. Benedetti, R. I. Avila, T. S. A. Bastos, T. C. Silva, M. R. R. Silva, A. C. Batista, M.
C. Valadares and E. M. Lima. “Intravenous delivery of a liposomal formulation of voriconazole
improves drug pharmacokinetics, tissue distribution, and enhances antifungal activity” Drug Deliv
25 (2018): 1585-94. 10.1080/10717544.2018.1492046. https:// www.ncbi.nlm.nih.gov/pub-
med/30044149.

23. Hassanpour, P., H. Hamishehkar, B. Baradaran, M. Mohammadi, N. Shomali, A. Spotin, T. Haz-
ratian and S. Nami. “An appraisal of antifungal impacts of nano-liposome containing voriconazole
on voriconazole-resistant aspergillus flavus isolates as a groundbreaking drug delivery system” Na-
nomedicine Research Journal 5 (2020): 90-100.

24. Hassanpour, P., H. Hamishehkar, B. Bahari Baroughi, B. Baradaran, S. Sandoghchian Shotorbani,
M. Mohammadi, N. Shomali, L. Aghebati-Maleki and S. Nami. “Antifungal effects of voriconazole-
loaded nano-liposome on fluconazole-resistant clinical isolates of candida albicans, biological ac-
tivity and ergll, cdrl, and cdr2 gene expression” Assay Drug Dev Technol 19 (2021): 453-62.
10.1089/adt.2020.1057. https://www.ncbi.nlm.nih.ecov/pubmed/34435891.

25. Davis, M. R., M. H. Nguyen, M. A. Donnelley and G. R. Thompson lii. "Tolerability of long-term
fluconazole therapy." J Antimicrob Chemother 74 (2019): 768-71. 10.1093/jac/dky501.
https://www.ncbi.nlm.nih.egov/pubmed/30535104.

26. Sahadevan, N. V.”Drug interactions of azole antifungals” Journal of Skin and Sexually Transmitted
Diseases 0 (2021): 1-5. 10.25259/jsstd_61 2021.

27. Mohanty, D., A. Mounika, V. Bakshi, M. Akiful Haque and C. Keshari Sahoo. “Ethosomes: A novel
approach for transdermal drug delivery” International Journal of ChemTech Research 11 (2018):
219-26. 10.20902/ijctr.2018.110826.

28. Zandi, G., F. Lotfipour, S. Ghanbarzadeh, M. Medghalchi and H. Hamishehkar. “A comparative
study on the potentials of nanoliposomes and nanoethosomes for fluconazole delivery” Journal of
Drug Delivery Science and Technology 44 (2018): 264-69. 10.1016/;.jddst.2018.01.003.

29. Curic, A., R. Reul, J. Moschwitzer and G. Fricker. “Formulation optimization of itraconazole loaded
pegylated liposomes for parenteral administration by using design of experiments” Int J Pharm 448
(2013): 189-97. 10.1016/j.ijpharm.2013.03.029. https://www.ncbi.nlm.nih.gov/pub-
med/23524086.

30. Alomrani, A. H., G. A. Shazly, A. A. Amara and M. M. Badran. “Itraconazole-hydroxypropyl-beta-
cyclodextrin loaded deformable liposomes: In vitro skin penetration studies and antifungal efficacy
using candida albicans as model” Colloids Surf B Biointerfaces 121 (2014): 74-81.
10.1016/j.colsurfb.2014.05.030. https://www.ncbi.nlm.nih.gov/pubmed/24937135.

Prnano.com, https://doi.org/10.33218/001c.56154 960 Andover House, Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC-SA 4.0



31. Leal, A. F., M. C. Leite, C. S. Medeiros, I. M. Cavalcanti, A. G. Wanderley, N. S. Magalhaes and
R. P. Neves. “Antifungal activity of a liposomal itraconazole formulation in experimental aspergil-
lus flavus keratitis with endophthalmitis” Mycopathologia 179 (2015): 225-9. 10.1007/s11046-014-
9837-2. https://www.ncbi.nlm.nih.gov/pubmed/25431088.

32. Li, Z., M. Zhang, C. Liu, S. Zhou, W. Zhang, T. Wang, M. Zhou, X. Liu, Y. Wang, Y. Sun, et
al. ”Development of liposome containing sodium deoxycholate to enhance oral bioavailability of
itraconazole” Asian J Pharm Sci 12 (2017): 157-64. 10.1016/j.ajps.2016.05.006.
https://www.ncbi.nlm.nih.egov/pubmed/32104325.

33. Kumar, N. and S. Goindi. “Development, characterization and preclinical evaluation of nanosized
liposomes of itraconazole for topical application: 32 full factorial design to estimate the relationship
between formulation components” Journal of Drug Delivery Science and Technology 66 (2021):
10.1016/j.jddst.2021.102785.

34, Iman, M., Z. Huang, F. C. Szoka, Jr. and M. R. Jaafari. “Characterization of the colloidal properties,
in vitro antifungal activity, antileishmanial activity and toxicity in mice of a di-stigma-steryl-hemi-
succinoyl-glycero-phosphocholine liposome-intercalated amphotericin b” Int J Pharm 408 (2011):
163-72. 10.1016/j.ijpharm.2011.01.044. https://www.ncbi.nlm.nih.gov/pubmed/21277963.

35. Perez, A. P., M. J. Altube, P. Schilrreff, G. Apezteguia, F. S. Celes, S. Zacchino, C. L. de Oliveira,
E. L. Romero and M. J. Morilla. “Topical amphotericin b in ultradeformable liposomes: Formula-
tion, skin penetration study, antifungal and antileishmanial activity in vitro” Colloids Surf B Bioin-
terfaces 139 (2016): 190-8. 10.1016/j.colsurfb.2015.12.003. https://www.ncbi.nlm.nih.gov/pub-
med/26709977.

36. Walker L, Sood P, Lenardon MD, Milne G, Olson J, Jensen G, Wolf J, Casadevall A, Adler-Moore
J, Gow NAR. The Viscoelastic Properties of the Fungal Cell Wall Allow Traffic of AmBisome as
Intact Liposome Vesicles. mBio. 2018 Feb 6;9(1):¢02383-17. doi: 10.1128/mBi0.02383-17. PMID:
29437927, PMCID: PMC5801470.

37. Eskandari, Seyed Ebrahim, Alireza Firooz, Mansour Nassiri-Kashani, Mahmoud Reza Jaafari, Amir
Javadi, Akram Miramin-Mohammadi, Hossein Valian-Keshavarz, and Ali Khamesipour. “Safety
evaluation of nano-liposomal formulation of amphotericin B (sina ampholeish) in animal model as
a candidate for treatment of cutaneous leishmaniasis” Journal of Arthropod-Borne Diseases 12, no.
3 (2018): 269.

38. Eskandari SE, Firooz A, Nassiri-Kashani M, Jaafari MR, Javadi A, Miramin Mohammadi A,
Khamesipour A. Safety Evaluation of Topical Application of Nano-Liposomal Form of Amphoter-
icin B (SinaAmpholeish) on Healthy Volunteers: Phase I Clinical Trial. Iran J Parasitol. 2019 Apr-
Jun;14(2):197-203. PMID: 31543907; PMCID: PMC6737359.

39. Saadat, E., R. Dinarvand and P. Ebrahimnejad. “Encapsulation of nystatin in nanoliposomal formu-
lation: Characterization, stability study and antifungal activity against candida albicans” Pharma-
ceutical and Biomedical Research 2 (2016): 44-54. 10.18869/acadpub.pbr.2.1.44.

40. Karimunnisa, S. and P. Atmaram. “Mucoadhesive nanoliposomal formulation for vaginal delivery
of an antifungal” Drug Dev Ind Pharm 39 (2013): 1328-37. 10.3109/03639045.2012.707204.
https://www.ncbi.nlm.nih.gov/pubmed/22866766.

41. Giordani, B., P. Basnet, E. Mishchenko, B. Luppi and N. Skalko-Basnet. “Utilizing liposomal quer-
cetin and gallic acid in localized treatment of vaginal candida infections” Pharmaceutics 12 (2019):
10.3390/pharmaceutics12010009. https://www.ncbi.nlm.nih.gov/pubmed/31861805.

42. Nakarani, M., A. Misra, J. Patel and S. Vaghani. “Itraconazole nanosuspension for oral delivery:
Formulation, characterization and in vitro comparison with marketed formulation” Daru: journal
of Faculty of Pharmacy, Tehran University of Medical Sciences 18 (2010): 84.

43. Francois, M., E. Snoeckx, P. Putteman, F. Wouters, E. De Proost, U. Delaet, J. Peeters and M. E.
Brewster. “A mucoadhesive, cyclodextrin-based vaginal cream formulation of itraconazole” Aaps
Pharmsci 5 (2003): 50-54.

44. Lestner, J. M. and D. W. Denning. “Tremor: A newly described adverse event with long-term itra-
conazole therapy” J Neurol Neurosurg Psychiatry 81 (2010): 327-9. 10.1136/jnnp.2009.174706.
https://www.ncbi.nlm.nih.egov/pubmed/20185472.

Prnano.com, https://doi.org/10.33218/001c.56154 961 Andover House, Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC-SA 4.0



45. Yang, W., K. T. Chow, B. Lang, N. P. Wiederhold, K. P. Johnston and R. O. Williams, 3rd. “In
vitro characterization and pharmacokinetics in mice following pulmonary delivery of itraconazole
as cyclodextrin  solubilized solution” FEur J Pharm Sci 39 (2010): 336-47.
10.1016/j.€jps.2010.01.001. https://www.ncbi.nlm.nih.gov/pubmed/20093186.

46. Gupta, A. K. and T. Plott. “Ciclopirox: A broad-spectrum antifungal with antibacterial and anti-
inflammatory properties” International journal of dermatology 43 (2004): 3-8.

47. Kester, M., K. D. Karpa and K. E. Vrana. “Treatment of infectious diseases” In *” ’Elsevier’s inte-
grated review pharmacology. 2012, 41-78.

48. Stone, N. R., T. Bicanic, R. Salim and W. Hope. “Liposomal amphotericin b (ambisome®): A re-
view of the pharmacokinetics, pharmacodynamics, clinical experience and future directions” Drugs
76 (2016): 485-500.

49, Ali, M. H., B. Moghaddam, D. J. Kirby, A. R. Mohammed and Y. Perrie. “The role of lipid geometry
in designing liposomes for the solubilisation of poorly water soluble drugs” Int J Pharm 453 (2013):
225-32. 10.1016/].ijpharm.2012.06.056. https://www.ncbi.nlm.nih.gov/pubmed/22766442.

50. Duangjit, S., P. Opanasopit, T. Rojanarata and T. Ngawhirunpat. “Effect of edge activator on char-
acteristic and in vitro skin permeation of meloxicam loaded in elastic liposomes” Advanced Mate-
rials Research 194-196 (2011): 537-40. 10.4028/www.scientific.net/ AMR.194-196.537.

51. Lyu, X., C. Zhao, Z. M. Yan and H. Hua. “Efficacy of nystatin for the treatment of oral candidiasis:
A systematic review and meta-analysis” Drug Des Devel Ther 10 (2016): 1161-71.
10.2147/DDDT.S100795. https://www.ncbi.nlm.nih.gov/pubmed/27042008.

52. Batiha, G. E., A. M. Beshbishy, M. Ikram, Z. S. Mulla, M. E. A. El-Hack, A. E. Taha, A. M. Al-
gammal and Y. H. A. Elewa. “The pharmacological activity, biochemical properties, and pharma-
cokinetics of the major natural polyphenolic flavonoid: Quercetin® Foods 9 (2020):
10.3390/foods9030374. https://www.ncbi.nlm.nih.gov/pubmed/32210182.

53. Li, Z. J., M. Liu, G. Dawuti, Q. Dou, Y. Ma, H. G. Liu and S. Aibai. “Antifungal activity of gallic
acid in vitro and in vivo” Phytotherapy research 31 (2017): 1039-45.

54. Ambati, S., E. C. Ellis, J. Lin, X. Lin, Z. A. Lewis and R. B. Meagher. “Dectin-2-targeted antifungal
liposomes exhibit enhanced efficacy” mSphere 4 (2019): 10.1128/mSphere.00715-19.
https://www.ncbi.nlm.nih.egov/pubmed/31666315.

55. Meagher, R. B., Z. A. Lewis, S. Ambati and X. Lin. ”Aiming for a bull’s-eye: Targeting antifungals
to fungi with dectin-decorated liposomes” PLoS Pathog 17 (2021): €1009699. 10.1371/jour-
nal.ppat.1009699. https://www.ncbi.nlm.nih.gov/pubmed/34293050.

56. Choudhury, Q. J., S. Ambati, Z. A. Lewis and R. B. Meagher. “Targeted delivery of antifungal
liposomes to rhizopus delemar” Journal of Fungi 8 (2022): 352.

57. Ambati, S., T. Pham, Z. A. Lewis, X. Lin and R. B. Meagher. “Dc-sign targets amphotericin b-
loaded liposomes to diverse pathogenic fungi” Fungal Biol Biotechnol 8 (2021): 22.
10.1186/s40694-021-00126-3. https://www.ncbi.nlm.nih.gov/pubmed/34952645.

58. Santoso, P., T. Komada, Y. Ishimine, H. Taniguchi, K. Minamihata, M. Goto, T. Taira and N. Ka-
miya. “Preparation of amphotericin b-loaded hybrid liposomes and the integration of chitin-binding
proteins for enhanced antifungal activity” Journal of Bioscience and Bioengineering (2022):

59. Sercombe, Lisa, Tejaswi Veerati, Fatemeh Moheimani, Sherry Y. Wu, Anil K. Sood, and Susan
Hua. “Advances and challenges of liposome assisted drug delivery” Frontiers in pharmacology 6
(2015): 286.

60. Aguilar-Pérez, K., J. Avilés-Castrillo, D. I. Medina, R. Parra-Saldivar and H. M. Igbal. “Insight into
nanoliposomes as smart nanocarriers for greening the twenty-first century biomedical settings”
Frontiers in Bioengineering and Biotechnology 8 (2020): 579536.

Prnano.com, https://doi.org/10.33218/001c.56154 962 Andover House, Andover, MA USA
The official Journal of CLINAM — ISSN:2639-9431 (online) License: CC BY-NC-SA 4.0



