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The purpose of this study was to develop pickering nanoemulsions (NES)
containing amphotericin B (AmB) for fungal keratitis therapy. The phase-solubility
profiles of AmB in various aqueous cyclodextrin (CD) solutions were determined.
The AmB solubilization in oils and surfactants was also examined. Two CDs i.e.,
gCD and 2-hydroxypropyl-g-CD (HPgCD), medium-chain triglycerides (MCT oil)
and phosphatidylcholine (lecithin) were chosen because of their high solubility
increment of AmB. Solution-state by *H-NMR studies demonstrated the formation
of MCT oil/aCD, AmB/gCD and AmB/HPgCD complexes. Some interactions
between AmB and CD have been observed by solid-state characterizations (FT-IR,
PXRD and DSC). The interfacial tension at oil-water interface, CD analysis and the
morphology studies have confirmed the affinity of aCD to MCT oil. Thus, MCT
0il/aCD complex was used as solid particle to stabilize pickering NEs. The CD-
stabilized pickering and non-pickering NEs loaded AmB were developed by using
high pressure homogenizer. The physicochemical and chemical properties i.e., pH,
osmolality, viscosity, particle size and size distribution, zeta potential, drug content
and entrapment efficiency were within the acceptable range. The developed
formulations showed less degree of aggregation of AmB and lower hemolytic
activity when compared with commercial product, Amphotericin-B®. In vitro drug
release through semipermeable membrane studies revealed that pickering NEs
provided the sustained drug release owing to most of drug entrapped in the inner
core. For antifungal activity, the AmB formulations were superior to AmB itself but
equally and inferior to Amphotericin-B® against C. albicans and filamentous fungi,
respectively. The stability studies i.e., freeze-thaw, accelerated and long-term
stability have found that CD-based pickering NEs exhibited good physical and
chemical stability in contrast to the respective non-pickering NEs that showed
instability after storage for 3 months. Therefore, CD-based AmB pickering NEs had
the potential formulations for further studies.
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CHAPTER |
INTRODUCTION

Since fungal keratitis leading to the loss of the vision and
cause of corneal blindness, it becomes an important ophthalmic problem
all over the world (1). It is most commonly related with ocular trauma
that resulted from the vegetative matter or soil-contaminated materials in
both developed and developing countries (2-6). The incidence rate can
also be elevated by some environmental factors such as temperature,
annual rainfall, windy season and harvested period. In the tropical and
subtropical regions, the incidence rate of fungal keratitis is higher and
much more frequent in developing countries (1).

In developing countries such as India and Thailand, ocular
trauma is the major risk factor of fungal keratitis. In these countries,
among the microbial keratitis, up to 40% of the cases are caused by fungi.
In India, Aspergillus is the most contributing species of fungal keratitis
and it is found that approximately 113 per 100000 patients (3, 7-10).
Conversely, the wearing of contact lens is the major cause of fungal
keratitis in the developed countries because it has become more popular.
In the United States, 37% of the fungal keratitis rise from the wearing of
contact lens whereas only 25% of the patients undergo fungal keratitis
from the risk of ocular trauma (2, 11).

The eye is likely to be harmed by microbial infections from
local and systemic risk factors that can permeate into the protective
mechanism. Two main types of fungi are mostly associated with the
fungal keratitis; filamentous fungi such as Fusarium and Aspergillus and
yeast-like fungi such as Candida (2, 12). Fungal keratitis has

predominantly occurred in the patients with chronic ocular surface



diseases, diabetes mellitus, topical steroid use or the immunosuppressive
patients because these conditions can promote the invasion of the
pathogen and this can lead to the fungal keratitis (13, 14). The significant
signs and symptoms of fungal keratitis are defects of corneal epithelium
with the inflammation of the corneal stroma, ocular pain, foreign body
sensation and blurred vision (15). Fungal keratitis is serious, and it can
lead to loss of the vision, therefore, it necessitates the prompt and
adequate treatment. Treatment options include local and systemic
antifungal administration according to the underlying cause and severity
of the diseases.

Various antifungal agents have been evaluated and including
two major categories of antifungal agents: azole family and polyene
family (16). Amphotericin B (AmB) has been used for more than 50
years and it remains the drug of choice for the management of severe
systemic fungal infections (17, 18). AmB affiliates to the family of
polyene macrolide antibiotics and is the first broad-spectrum antifungal
agents. In the 1950s, AmB is isolated from Streptomyces nodosus. In the
1960s after the approval of FDA, it has become popular due to its
prominent efficiency in the treatment of disseminated fungal infections.
The mechanism of action is based on the interaction of ergosterol, the
steroidal component of the fungal cell membrane, leading to the pore
formation through the lipid membrane. Consequently, the change in the
cell permeability allows the leakage of ions, leading to cell death (19, 20).

Its chemical structure is designated by a glycolated lactone
with an amphiphilic poly-hydroxyl region, conjugated heptenes
chromophore and an amphoteric ion pair. AmB has two physicochemical

properties: amphiphilic, due to the apolar and polar sides of the lactone



ring and amphoteric due to the presence of the ionizable carboxylic and
amine groups. Unfortunately, the development of AmB formulations is
retarded because of its poor solubility in aqueous media and that leads to
the limited bioavailability (21).

Several methods are used to increase the aqueous solubility of
poorly water-soluble drugs. The complexation by cyclodextrins (CDs) as
inclusion complex is a promising strategy to enhance the solubility of
drugs (22). CDs are cyclic oligosaccharides obtained by the enzymatic
degradation of the starch. Natural CDs are composed of six (aCD), seven
(BCD) and eight (yCD) glucose residues. Since the structures of CDs are
hydrophobic inside and hydrophilic outside, they can form inclusion
complexes with lipophilic compounds by inserting the lipophilic portion
into the CDs cavity. In such a way, the CD complexation can enhance the
solubility and increase the bioavailability of such compounds (23). In the
aqueous eye drops formulations, CD complexation can increase drug
bioavailability by enhancing drug permeation through the aqueous tear
film and biomembrane (24-26).

At present, AmB is available in lyophilized form as
Fungizone®, Abelcet®, Ambisome® for the intravenous route. It is being
used as one of the first-line therapies in the management of fungal
keratitis administered at every 30-60 minutes. In the Fungizone®, sodium
deoxycholate is incorporated to improve the solubility of crystalline
AmB. When administered intravenously with Fungizone®, approximately
80% of the patients show various acute side effects such as fever, chills,
vomiting, headache, nausea (27) and about 30% exhibit the renal
malfunctions (28, 29). Moreover, systemic administration of AmB has

poor permeability into ocular tissues and does not reach therapeutic levels



in the cornea, aqueous or vitreous humor. These effects discourage the
use of AmB in systemic administration for fungal keratitis treatment (30-
33). Although it can be administered subconjunctivally, it may render
conjunctival necrosis, scleritis and scleral thinning (34, 35). Several
approaches have been reported for the ocular delivery of AmB such as
using collagen shields (36) and intracameral injection (37, 38). Collagen
shields are associated with limitations like lack of individual fit for
patients, chances of expulsion and reduction in visual acuity (28).
Cataracts are observed in some patients treated with intracameral

injections (39).

Topical administration is commonly the first choice for the
treatment of fungal keratitis. Presently, in the developing countries, the
extemporaneous preparation of AmB is obtained by using the intravenous
formulation (Fungizone® - Bristol-Meyers Squibb) that was reconstituted
with sterile water for injection and properly diluted. It is used at hourly
intervals at the beginning of treatment, and then every 4 hours after the
therapeutic response is observed (40-43). In the case of lipid-based
formulations, (i.e. liposomes) its major drawback is the physical and
chemical stability during storage condition (44-46). When it is prepared
as eye drop solution, it is not possible to maintain the therapeutic
concentration for prolonged time as it is easily washed away by the tear
dilution and blinking reflex (28).

Nanoemulsions (NEs) are the potential advantages that are
possible for high drug payload in the oil phase and able to increase the
residence time on the eye surface. Nevertheless, the drawback of obtained
emulsion is destabilized by sedimentation or creaming, Ostwald ripening

and coalescence (fusion) of the droplets (47). To overcome these



problems, solid colloidal particles have been used as emulsion stabilizing
agents (48). The resulting emulsion is named as pickering emulsion and
has been extensively studied in the last decades. It has a significant
potential in reducing the coalescence, Ostwald ripening and improving
the stability of the emulsion (49-51). The mechanism of stabilizing the
pickering emulsion is based on the development of the film-like structure
of the solid aggregates around the oil droplets, and it behaves as steric
barriers at the oil-water interface. In this way, stability of emulsion is
greatly enhanced by preventing coalescence of the droplets and Ostwald
ripening (52, 53).

Recently, literature reported that the development of pickering
emulsion by using native CDs. The microcrystals of 0il/CD inclusion
complexes can stabilize the pickering emulsion. They are formed by
threading CD from the aqueous phase on oil molecules that can be
deposited on the emulsion droplets surface. It may grow further into the
microrods and micro platelets depending on the type of CD used. As a
result, the coalescence of the emulsion is prevented by the densely packed
layer which is formed around the emulsion droplets by the attachment of
these microcrystal inclusion complexes (54). The oil/CD inclusion
complexes formed at low CD concentration showed surface-activity but
stable pickering emulsion cannot be obtained from these complexes. On
the other hand, at high CD concentrations, oil/CD complexes can
transform into the precipitated complexes and serve as an emulsifier for
the formation of stable pickering emulsion (55). The state of the art of
this emulsion stabilization mechanism is based on the molecular

adsorption on the emulsion droplets i.e. molecularly dissolved CDs



congregated as colloidal solid particles directly adsorb onto the emulsion
droplets that lead to the formation of stable pickering emulsion.

According to the literature, when oCD is incorporated into
cycloalkanol/water emulsion  system, inclusion complexes of
cycloalkanol/aCD are formed and pickering emulsion is obtained. This
may be due to the surface activity character of aCD (56-58). Cheong et
al. (2016) reported the formation of the kenaf seed o/w pickering
emulsions stabilized by the synergistic effect between sodium caseinate,
Tween 20 and BCD (59). Mathapa et al. (2013) also investigated the self-
assembly of CD molecules at the tetradecane-aqueous solution interface
through the formation of inclusion complexes. This revealed that
pickering emulsion is formed by the formation of microcrystals of
inclusion complexes with CD (60). The stabilized o/w emulsion using
triglyceride as oily phase had been emulsified with aqueous solutions of
oCD and BCD which had been studied by Shimada et al (1992). The
authors have found that the interfacial tension of the oil-water interface
decreased with the increase in CD concentration (61). These kinds of
pickering emulsion are very promising in many areas such as cosmetics,
food, pharmaceuticals, oil recovery and wastewater treatment (62).

It is well known that poor ocular penetration and low
residence time are the major problems of the ocular drug delivery system.
To overcome these obstacles for ocular drug delivery, pickering NEs has
been exploited. It had been evidenced that these platforms can provide
remarkable controlled release capability (52), and can increase the ocular
retention time, ocular bioavailability and reduce the dosing frequency.
The addition of CD can enhance the solubility of AmB in the

formulations and consequently obtain its adequate concentration for



ocular mucosa. In this study, the AmB solubility, solution (*H-NMR) and
solid-state (FT-IR, PXRD and DSC) characterizations of AmB/CD
complexes were investigated. The oil/CD inclusion complexes were
evaluated by the interfacial tension measurement, quantitative analysis of
CDs, FT-IR and 'H-NMR and the morphology was observed by optical
microscope and SEM study. Then, the CD-based pickering NEs
containing were developed. These AmB NEs utilized the combined
strategies i.e. AmB/CD inclusion complexes and incorporation of AmB in
an internal phase of o/w pickering NEs for increasing AmB solubility and
stability. The physicochemical and chemical properties of these
formulations were determined. In addition, in vitro drug release, in vitro
hemolysis, in vitro antifungal activity and the stability studies were

evaluated. Thus, the main objectives of this present study are as follows:

1. To study the CD solubilization of AmB

2. To prepare the AmB/CD and oil/CD complexes and evaluate
by solution and solid-state characterizations

3. To develop and characterize the CD-based pickering NEs

containing AmB for fungal keratitis
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CHAPTER I
LITERATURE REVIEWS

1. Keratitis

Keratitis is the inflammation of the corneal layers caused by
many factors. Microorganisms cannot penetrate the healthy cornea
because of the defensive system of the eye. However, environmental
factors or pathogens lead to fungal keratitis. Inflammation at the corneal
surface epithelial is termed as superficial keratitis whereas inflammation
at corneal stroma is known as stromal or interstitial keratitis. There are
two types of keratitis; non-infectious keratitis and infectious keratitis (1).

Non-infectious keratitis can be caused by a relatively minor
injury, wearing of prolong contact lens or the invasion of foreign things
(63). Moreover, there are many factors that can cause eye defects and
leading to the inflammation of corneal layers such as eyelid abnormalities
and inflammations, tear film disorder, allergies, physical or chemical

trauma and facial neuropathy (1).

Infectious keratitis is the most usual form of keratitis and
caused by bacteria, virus, fungi and parasites. The invasion of
microorganisms caused the innate and adaptive immune-mediated
inflammation and consequently, necrosis and destruction of corneal
layers were resulted (2). Among the microbial keratitis, fungal keratitis is

one of the more virulent and dangerous in some global areas (2, 63).

1.1.  Fungal keratitis

Among the microorganisms that caused keratitis, fungi are one

of the most distinct and challenging organisms for the diagnosis and
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treatment (2). Fungal keratitis comprised 44% to 67% of all microbial
keratitis. The most common species of fungi causing Kkeratitis are
Fusarium spp., Aspergillus spp., and Candida spp. Fungal keratitis was
firstly occurred a patient having the corneal ulcer induced by Aspergillus
spp. in 1879 in Germany (64). The incidence rate of fungal keratitis
depends on the geographical area and season. The higher rate of fungal
keratitis is found in tropical and subtropical regions. Moreover, rainfall,
windy season, temperature and harvesting time are the significant
parameters for the cause of fungal keratitis.

Trauma is the most usual risk factors for fungal Keratitis.
Corneal infection can be caused by even minor injuries. Wearing of
prolong contact lens is the main factor for the minor injuries,
consequently, microorganisms in the environment or contaminated lens
preservative solution usually lead to the corneal ulcers. In the literature,
36.4% of trauma and 33.7% of contact lens wearing were included in all
cases of fungal keratitis (65). Prolonged application of antibiotics and
steroids are also predisposing cause of fungal Kkeratitis. After using of
these medicines, local immunosuppression and disorder of microbial flora
of the eye were emerged and lead the saprophytic fungi to pathogenic
(66, 67). Other prevailing factors predisposing individuals to develop
fungal Keratitis include industrial farming, diabetes, human
immunodeficiency virus status, past penetrating keratoplasty, exposure
keratitis, previous ocular surgery, and preexisting herpes emulsions

simplex virus keratitis (68).
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2.  Amphotericin B

AmB is the polyene antifungal antibiotic and produced from
the cultures of Streptomyces nodosus, soil actinomycete (69). It has used
in the treatment of progressive and life-threatening fungal infections
caused by Aspergillus, Candida, Blastomyces, Coccidioides,
Cryptococcus and Histoplasma and certain protozoan infections such as
Leishmaniasis over the past five decades (70). It was discovered in the
mid-1950s and remains the drug of choice for the treatment of systemic
fungal infections (71). It is a heptane macrolide antibiotic, composed of
macrolide ring with seven conjugated double bonds and mycosamine ring
connected to the macrolide ring by a glycosidic bond (Figure 1). The
name amphotericin B is derived from the amphoteric properties of the
drug due to the presence of carboxyl group on the lactone ring and amino

group on mycosamine ring (72).

Figure 1 Chemical structure of AmB

(https://blogs.sciencemag.org.)

The main obstacle for the use of AmB is its insolubility in

water. Its aqueous solubility is less than 1mg/L at physiological pH. The
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drug is sparingly soluble in the organic solvents. Because of its poor
water solubility, gastrointestinal absorption is very low and oral drug
bioavailability is minimal. At a pH below 2 or above 11, AmB is water
soluble (about 0.1mg/mL). However, AmB is not stable under these

extreme conditions.

2.1.  Mechanism of action of Amphotericin B

The polyene region of AmB can bind to the sterol of both
fungal and human cell wall. AmB has the higher affinity to ergosterol
than cholesterol, therefore, it shows the selective toxicity to fungal cell
wall (69). There are two binding sites of AmB to ergosterol or
cholesterol. The first binding is related to the formation of hydrogen
bonds, which is caused by the hydroxyl groups of sterols and the carboxyl
group at C-18 of AmB molecule. This binding is also enhanced by the
involvement of the amino group of the mycosamine moiety. The other
kind of interaction is based on the whole sterol molecules and the seven
conjugated bonds of AmB by Van der Waals forces (73). After binding to
the ergosterol, membrane integrity is impaired and leading to the pore
formation. Consequently, AmB induced leakage of potassium and other

cellular components are occurred and resulted in fungal cell death.

3. Ocular drug delivery system
3.1. Anatomy of the eye

The eye is a complex organ with the distinct anatomy and
physiology. There are two main parts of the eye: anterior portion and
posterior portion (Figure 2). Approximately one-third of the eye is

included in the anterior part and the rest two-third builds up the posterior
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segment. The anterior segment composed of tissues such as cornea,
conjunctiva, agueous humor, iris, ciliary body and lens. Whereas, sclera,
choroid, retinal pigment epithelium, neural retina, optic nerve and

vitreous humor make up the posterior segment of the eye (74).

Retina
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Cornea
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and muscle

Conjunctiva Vitreous body

Figure 2 Anatomy of the eye

(https://www.medicinenet.com)

3.2. Barriers for the ocular drug delivery

The cornea is the major barrier, which impedes the absorption
of the drug into the eye (Figure 3) It is mainly composed of three layers
I.e. epithelium, stroma and endothelium tissues. Corneal epithelium is the
lipid nature which limits the permeation of hydrophilic drugs. Moreover,
ribbon-liked tight junctions of corneal epithelium also inhibit the
paracellular permeation from the tear film into the intracellular corneal
epithelium. (75, 76). The corneal stroma is consisted of an extracellular
matrix and lamellar arrangement of collagen fibrils. Because of the highly
hydrophilic nature of corneal stroma, it becomes the important barrier for
the permeation of lipophilic compounds (77). Endothelium is the inner

most layer of cornea and composed of monolayer of hexagonal-shaped
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cells. Although it is the separating barrier, the corneal endothelial
junctions help the passage of macromolecules due to their selected
carrier-mediated transport. Therefore, the epithelial layer and stroma are
the important barriers and the compound should have appropriate
hydrophilic and lipophilic properties to cross through these barriers (78).

Conjunctival tissue acts as a permeability barrier to eye drop
solutions. Due to the presence of conjunctival blood capillaries and
lymphatics, there is a significant drug loss into systemic absorption and
result in low ocular bioavailability. Although the paracellular route of
drug administration via conjunctiva is the major pathway, the absorption
of the hydrophilic molecules can be restricted owing to the conjunctival
epithelial tight junctions (79).

The other important barrier for the ocular drug delivery
system is the blood-ocular barriers and classified into two barriers: blood-
aqueous barrier and blood-retinal barrier for anterior segment and
posterior segment, respectively. Blood-aqueous barrier locates in the
endothelium of iris, ciliary blood vessels and epithelium. It composes of
two distinct cell layers and retards the passage of compounds from the
plasma to the aqueous humor by tight junctions (77). Whereas, blood-
retinal barrier limits the absorption of therapeutic agents form the blood
into the posterior segment. The retinal capillary endothelial cells and
retinal pigment epithelium cells (RPE) are included in the blood-retinal
barrier. The tight junctions of the RPE prevent the entry of drugs from the
choroid into the retina (74).
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Figure 3 The main ocular components and barriers (80)

3.3. Topical application to the ocular drug delivery system

In comparison of invasive ocular route of administration,
topical administration is mostly preferred to the systemic administration
for the treatment of anterior segment diseases. There are various sites of
action for the topically applied drugs: cornea, conjunctiva, sclera and
tissues of anterior segment (iris and ciliary body). About 90% of the
marketed products are conventional dosage forms such as solutions,
suspensions and ointments, which delivery to the anterior segment of the
eye via topical administration. However, topically applied drugs have the
poor ocular bioavailability, this is mainly due to the precorneal factors
and anatomical barriers. These factors involve the solution drainage,
blinking, tear film, tear turnover and lacrimation and become a challenge
and restrict the ocular penetration. Because of the drug loss by tear turn
over, tear film is the foremost barrier for the topically administered drugs.

The human tear volume is about 7-9 pL with the turnover rate of 0.5-2.2
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pL/min. These precorneal factors lead to low contact time with ocular
membrane and result in poor ocular bioavailability, less than 5% of the
administered dose reach to the intraocular tissues. During the topical
administration, the eye can accept volume of 30 pL of the administered
drugs and excess volume drains into the systemic circulation by
nasolacrimal duct and resulted in systemic side effects (81). This can be
overcome by prolonging the contact time of drugs to the ocular surface.
Presently, cyclodextrins (CDs) are becoming popular in topical ocular
drug delivery because of their unique properties, increasing in solubility
and permeability of the drugs. CDs behave as the potential drug carrier by
protecting the drug in solution and distributing towards the ocular surface
(82). The CD micro- and nanoparticles are beneficial in increasing the
corneal contact time for sustained drug release in ophthalmic drug
delivery (83).

4. Cyclodextrin

CDs, the cyclic oligosaccharides, are obtained from the starch
by glycotransferase enzyme-induced degradation. The mostly found three
parent CDs are aCD, BCD and yCD with different glucopyranose units:
6, 7 and 8, respectively (Figure 4) (84, 85). It has truncated cone, bucket,
or torus shape with unique chemical structure of outer hydrophilic portion
and inner lipophilic cavity. The hydroxyl (OH) functions are located to
the cone exterior and the primary OH groups at narrow side of the cone
and the secondary OH groups at broader side. The lipophilic nature of
central activity is obtained by linking of skeletal carbons with ethereal
oxygen of the glucose units. CDs have the very negative Log P values

because of their outer hydrophilic region and increase sites for hydrogen



18

bond donors and acceptors (86). The three parent CDs have been
involved in the list of “Generally Recognized As Safe” (GRAS) in US
Food and Drug Administration. The monographs of aCD, BCD, yCD,
HPBCD, SBEBCD and HPyCD are presented in USP/NF. aCD, BCD,
vCD are well tolerated and non-toxic when given orally but the toxicity
was detected after parenteral administration in case of aCD and BCD (82,
87). yCD did not show embryotoxic or teratogenic effect in animal
studies and can probably be used in the parenteral preparations (82).
Table 1 shows the physicochemical properties of parent CDs and selected

CD derivatives.

peesy 3{%*7 sy wf}*&
ﬁ: 9‘?‘ }% ?’ v& ‘w*"

Figure 4 Schematic presentations of native cyclodextrin (88)
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Table 1 Some physicochemical properties of parent CDs and selected
CD derivatives (modified from Ref (85))

Cyclodextrin Substitution® Molecular  Solubility in

weight (Da) water® (mg/mL)

a-cyclodextrin (aCD) - 972 145
B-cyclodextrin (BCD) - 1135 18.5
v-cyclodextrin (yCD) \ 1297 232
2-hydroxylpropyl-BCD 0.65 1400 >600
(HPBCD)

Sulfobutylehter-BCD 0.9 2163 >500
(SBEBCD)

2-hydroxylpropyl-yCD 0.6 1576 >500
(HPYCD)

4average number of substituents by glucopyranose per repeat unit

bsolubility in pure water at about 25 °C

4.1. Drug/CD complex formation

CD in the aqueous solution can form the inclusion complex
with various compounds especially with the lipophilic character by
inserting the hydrophobic portion into its central cavity. During the
inclusion complex formation, no covalent bonds are formed or broken
and drug/CD complexes are in equilibrium with the free molecules in the
aqueous solution (25). There are several factors that influence the
formation of CD inclusion complexes. The appropriate size of CD to the

size of guest molecules or major functional groups of the active



20

ingredients is the main parameter for the formation of inclusion
complexes. According to the dimension of CDs, aCD can couple with
compounds with aliphatic side chain or low molecular weight
compounds. BCD has the appropriate size to form the inclusion
complexes with the aromatic or heterocyclic compounds whereas yCD
can complex with the larger compounds: macrocycles and steroids. The
other important factor for inclusion complexes is the thermodynamic
interaction. Because of the distinct chemical structure of CD; the narrow
and wide openings with OH groups and inner hydrophobic cavity create
the thermodynamic reactions that are needed for inclusion complex
formation. The major interactions for the inclusion complexes formation
are removal of polar water molecules from the hydrophobic CD cavity,
hydrogen bond formation, electrostatic interaction, Van der Waals’
forces, reduction of repulsive forces between the lipophilic guest and the
aqueous surrounding and increase in the hydrophobic interaction by
entering of guest molecule itself into CD cavity (25). The formation of
inclusion complex has various advantages; enhancement of agueous
solubility, stability and bioavailability of the drugs, reducing the ocular

and gastrointestinal irritation and masking of unpleasant odor and taste.
4.2. Classification of CD inclusion complex and drug solubility

Phase-solubility determination is mostly used for the
investigation of effect of CD on the solubility of guest molecules,
stability or binding constants and guest/CD stoichiometry at equilibrium
(25). Types of drug/CD inclusion complex and the stability or binding
constants are obtained by plotting the solubility of drug against the

concentration of CD from the phase-solubility technique. Higuchi and
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Connors categorized into A-type and B-type phase solubility profiles by
investigating the influence of CD concentration on the solubility of the
drug (Figure 5) (89). Generally, A-type phase-solubility profiles are
formed by the water-soluble CDs whereas B-type phase-solubility
profiles are obtained from the poor water-soluble parent CDs. When the
solubility of the drug is enhanced with the rise of CD concentration, A-
type profiles are resulted. A-type profiles can be classified into three
kinds. The linear increase in the solubility of drug with increasing CD
concentration is defined as A, type. Ap-type is the positive deviation from
the linearity of solubility, this means that solubilizing effect is more
prominent at higher concentration of CD whereas in An-type, solubility
of drug is less effective at higher CD concentration and shows the
negative deviation from the linearity (90). B-type phase-solubility
profiles present the inclusion complex formation with retarded aqueous
solubility and are further classified into Bs and B, types. However, phase-
solubility profiles are unable to verify the inclusion complexes, and
represent only the influence of CD concentration on the solubility of drug
(91).
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Figure 5 Graphical representation of A and B-type phase-solubility
profiles (25)

The stability constant (Ki:;), in which one molecule can
complex with one molecule of CD, is the most usual form of CD
complex. This can be characterized by following equation:

Kl:l
D+CD «» D/CD

According to this condition, A_-type phase solubility was observed with
the slope of less than one and the stability constant can be determined
from the slope of the phase-solubility graph and the intrinsic solubility of

the drug in agueous media.

slope

Ky, =
175, (1 — slope)
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Ki:1 can be applied for the comparison of the affinity of drugs for the
different CDs or CDs derivatives. For 1:1 D/CD complexes, the
complexation efficiency (CE) values can be calculated from the slope of
the phase-solubility profile (92). It is more reliable to compare CE values
than Kj.; for the selection of CD or complexation condition.

_ slope K.
" (1 —slope) ~ ¥

CE
For the higher order of D/CD complexation, Ki:, is the most
common stoichiometry and resulting in Ap-type phase-solubility profile.
The continuing complexation is pretended in which the 1:2 complex is
resulted when one additional CD molecules will complex with an existing
1:1 complex:
K12
D+CD «» D/CD,
Ki:1 and Kj:, values can be obtained by curve fitting of the diagram with a
quadratic model:
[Sd-[So] =K1:4[Se][CD]+K1:1 K1:2[So] [CDJ?

[CD] means the total concentration of free CD and it is essential to plot
the total amount of dissolved drug (S;) against the total CD concentration
in solution [CDy] assuming that the extent of complexation is low (i.e.
[CD]~[CDy]) (85).

Besides the phase-solubility profiles determination of drug/CD
complexation, UV/Visible spectroscopy (93), fluorescence spectroscopy

(94), pH-potentiometric titration (95), nuclear magnetic resonance
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(NMR) (96) and permeation studies (97) are the alternative analytical

techniques.

4.3. CD in ocular drug delivery system

Generally, the use of CDs in ocular drug delivery is mainly
related to the enhancement of drug or drug/CD complex solubility,
improvement the stability of the drug, reduction in ocular irritation and or
increment of permeability of drug through the ocular surface (98). The
literatures have been reported the reduction of ocular irritation in eye
drop formulations containing CDs (99, 100). The increase concentration
of CD is required to solubilize the hydrophobic drugs. The relevant
concentration of CDs for the ocular preparations should be less than 15%.
Since the eye drops are kept in the multidose container, the suitable
preservatives should be included. Due to complex formation, CDs can
reduce the efficiency of the preservatives, therefore, increased amount of
preservatives are necessary for the achievement of optimal activity of
preservative in the presence of CDs in formulations. It can be seen that
benzalkonium chloride (0.02% w/v) is the potential preservative for CD

containing eye drop solutions (82).

CDs can hardly permeate through the biological membrane
because of their large molecular weight with outer hydrophilic part. CDs
are generally known as the true permeation enhancers by keeping the
lipophilic compounds in the solution and distributing them to the ocular
membranes (101-103). The relatively lipophilic membrane has low
affinity for hydrophilic CDs and thus they remain in the aqueous solution
or tear fluid. The in vivo studies in rabbits and human of dorzolamide and

dexamethasone eye drops containing CD showed that the significant of
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drugs reached to the ocular tissues and provided the higher extent of
bioavailability (104). CDs are the potential excipients for the

development of eye drops in ocular drug delivery.

5. Pickering emulsion

Emulsions are the most extensively applicable dosage form in
various fields such as cosmetics, food industry, pharmaceuticals and drug
delivery, etc. Emulsions are the thermodynamically binary dispersion
system composed of two immiscible liquid phases stabilized by
surfactants (105).

In recent years, solid colloidal particles have been accepted as
the emulsion stabilizers in place of surfactants. The emulsions which are
stabilized by the solid particles by adsorbing at oil-water interface are
defined as the pickering emulsions. Pickering emulsions were firstly
recognized in 1990s; however, a great development rose from many
research works and become popular over twenty years (106). Pickering
emulsions have the higher extent of protection from the coalescence and
Ostwald ripening of emulsions and show the improvement of the
stability. The emulsion droplets are stable because the kinetic collision
energy will not be enough to separate the particles, which attached at oAv
interface (49, 107, 108). It has been manifested that many kinds of
organic and inorganic particles are capable to stabilize pickering
emulsions including silica, clay, hydroxyapatite, carbon nanotubes, CD,
wax and so on.

The stabilizing phenomenon for pickering emulsions is
depended on dual wettability of solid particles to both liquid phases. This

permits the continuous accumulation of particles and consequently, the
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formation of steric boundary by the adsorption of particles at o/w
interface stabilized against the coalescence (109). These particles have
ability to irreversibly anchor to o/w interface and result in more powerful
stability than conventional emulsions (Figure 6). The wettability of the
solid particles is the useful tool for the evaluation of type of emulsions
(50). If one of the liquid phases is more wetted by solid particles, this
liquid phase is the continuous phase and the other liquid phase is the
dispersed phase. The type of pickering emulsions can be classified by the
value of contact angle (0). If 6 is smaller than 90°, o/w pickering
emulsions will form whereas w/o pickering emulsions will result when 6
Is higher than 90° (50, 110).
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Figure 6 Solid particles stabilized pickering emulsion and surfactant

stabilized by classical emulsion (107)

5.1. Role of CDs in pickering emulsions

CDs can be used as alternative emulsion stabilizers because the
surface active o0il/CD complexes can be obtained at o/w interface (48,
54). Literatures have been reported that the microcrystals of 0il/CD
inclusion complexes can stabilize the pickering emulsions by reducing
the interfacial tension (111). Shimada et al. (1992) investigated the effect



27

of aCD and BCD on the stabilization of o/w pickering emulsions (61).
They found that the interfacial tension at o/w interface reduced with the
increasing of CD concentrations. This is probably due to the production
of o0il/CD inclusion complexes by one of the fatty acids inserted into CD
cavity with CD directed towards aqueous phase. At the same time, the
other two fatty acids favored to the oily phase. aCD and BCD-based
pickering emulsions by using different oils containing bupivacaine were
developed by Hu et al. (2008) (52). It was found that pickering emulsions
exhibited the controlled drug release. Leclercq et al. (2016) demonstrated
that econazole pickering emulsions using parent CDs as stabilizer was
stable. The stabilizing mechanism was based on the formation of 0il/CD
inclusion complexes and these complexes led to the formation of

nanoparticles when CD concentrations were increased (111).
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CHAPTER Il
MATERIALS AND METHODS

Materials

The following materials were used as

Acetonitrile HPLC grade (Burdisk & Jackson, Korea)
Alpha-cyclodextrin (Wacker Chemie AG, Germany)
Alpha-tocopherol (Srichand United Dispensary, Co.Ltd, Thailand)
Amphotericin B (Fagron Inc., United States)

Beta-cyclodextrin (Wacker Chemie AG, Germany)

Benzalkonium chloride (Sigma-Aldrich, USA)

Dimethyl sulfoxide (Merck-Schuchardt, Germany)

Ethylenediamine tetra-acetic acid disodium salt (Ajax Finechem
Pty Ltd, Australia)

Gamma-cyclodextrin (Wacker Chemie AG, Germany)
Glycerol (Srichand United Dispensary, Co.Ltd, Thailand)

Hydroxypropyl gamma-cyclodextrin (Wacker Chemie AG,
Germany)

Medium-chain triglycerides oil (Evansville, Indiana, USA)

Phosphatidylcholine lecithin (Calbiochem, EMD Chemicals,
Merck KGaA, Germany)

Potassium dihydrogen phosphate (Ajax Finechem Pty Ltd,
Australia)

Sabouraud dextrose agar (SDA) media (S3181, Sigma-Aldrich)

Semipermeable membrane (MWCO 12-14 kD, Spectra/Por
molecularporous membrane, Spectrum Labs, United Kingdom)

Sodium chloride (Ajax Finechem Pty Ltd, Australia)
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Equipments

Analytical balance (MettlerToledo AG285, Germany)

Atomic force microscope (Navi controller SPA-400, Seiko
instrument SllI, Tokyo, Japan)

Centrifuge (Thermo Fisher Scientific Model X3, USA)

Differential scanning calorimetry (MettlerToledo, model DSC822
¢ STAR System, Germany)

Dynamic contact angle meter and tensitometer (DCAT 21,
Dataphysics instrument, Germany)

Fourier transform infrared spectroscopy (Thermo Scientific, model
Nicolet iS10, USA)

Franz diffusion cell (NK Laboratories Co. Ltd., Bangkok,
Thailand)

Freeze dryer (Labconco Lyophilizer, MO, USA)

Haake MARS |11 rotational rheometer (Thermo Fisher Scientific,
Schwerte, Germany)

High performance liquid chromatography (HPLC) instrument
equipped with

e Liquid chromatography pump (quaternary pump, Agilent
1260 Infinity 11, G7111A)

o UV-VIS detector (Agilent 1260 Infinity Il, G7115A)
e Auto sampler (Agilent 1260 Infinity Il, G7129A)

e C18 column (Shiseido ™ Capcell Pack, 5pum, 150x4.5 mm
ID reverse phase column)

High pressure homogenizer (Microfluidics LM20, Westwood, MA)

Microplate reader (Multilabel plate reader, Perkin ElImer VICTOR
3 TM)
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Nanosizer (Zetasizer, Nano-ZS with software version 7.11,
Malvern, UK)

Optical microscope (Nikon Ts2 inverted microscope, Japan)
pH meter (MettlerToledo, sevenCompact, Germany)

Proton nuclear magnetic resonance spectroscopy (*H-NMR,
BRUKER, model AVANCE Il HD, USA)

Scanning electron microscope (JEOL, JSM-IT500, Japan)
Shaking incubator (Shaking incubator, N-Biotek NB2015, Korea)

Spectropolarimeter (Jasco J-810 spectropolarimeter, Japan
Spectroscopic, Tokyo, Japan)

Thermostat circulating water bath (Grant W28/ZD, England)
Ultrasonic bath (GT sonic, China)

UV-Visible spectrophotometer (Agilent Cary 60, UV-Vis
spectrophotometer)

Viscometer (Brookfield, LVDV-II+, USA)
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Methods
1. Phase-solubility profile

The solubility of the AmB was determined by the heating
method (112). Excess amount of the AmB was added to the aqueous
solution containing various concentrations of aCD (0-12% w/v), BCD (0-
1.5% wi/v), yCD and HPyCD (0-20% w/v). The drug suspensions were
heated by sonication and controlled the temperature at 60 °C for 30 min
and then allowed to cool to room temperature. Then, small amount of the
solid drug was added to promote the drug precipitation. The obtained
suspension was allowed to equilibrate at 25t1 °C for 7 days under
constant agitation. After equilibrium was attained, the suspensions were
filtered through 0.45 um nylon membrane filter, the filtrates were then
diluted with the mixture of methanol and water (50:50 v/v) and analyzed
by high-performance liquid chromatography (HPLC). The phase-solubility
diagrams were constructed by plotting the total dissolved AmB
concentration (mM) against the CD concentration (mM). The apparent
stability constants of AmB/CD (K;.; and/or K;.,) were determined by Eq.1
and EQ.2 according to the phase-solubility method of Higuchi and
Connors (89). The complexation efficiency (CE) was calculated by using
Eq.3 (92).

slope

Ky = So(1-slope) Eq.1
[Sel — [S°] = K;.4[S°][CD] + Ky.4 - Ky.5 - So[CD]? Eq.2
CE=—0¢ _g .S, Eq.3

- (1—slope) -
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where S is the intrinsic solubility of AmB and S; is the total

amount of dissolved AmB

2. Solubility determination of AmB in oils and surfactants

The solubility of AmB in various oils and surfactants was
determined. Various long-chain triglycerides (LCTs: castor oil, olive ail,
and oleic acid) and medium-chain triglycerides (MCTs: MCT oil,
isopropyl myristate and miglyol) were used. Surfactants were chosen that
based on their ionic classification; non-ionic surfactants (tween 80,
poloxamer 407 and labrasol) and amphoteric  surfactant
(phosphatidylcholine, lecithin). The individual surfactant was prepared at
the concentration of 0.1% wi/v. Briefly, an excess amount of AmB was
added into each screw-capped glass vial of various oils or aqueous
solutions of surfactants. After vortex mixing, the mixtures were
equilibrated at 100 rpm, 25+1 °C for 7 days. The equilibrated samples
were centrifuged at 4000 rpm for 30 min to remove undissolved AmB.
The supernatants were withdrawn and properly diluted with methanol. The

amount of AmB in methanolic solutions were analyzed by HPLC.
3. Quantitative analysis of AmB
3.1. Calibration curve of AmB

Accurate amount of AmB (10.0 mg) was weighed and
dissolved with the solvent mixture of DMSO:methanol (1:999 v/v) in 100-
mL volumetric flask and diluted to final concentration of 100 pg/mL. The
solution was further diluted to give a concentration range of 1-20 pg/mL.
Each concentration was subjected to HPLC analysis in triplicate. Peak

area was recorded for all concentration and the equation was calculated
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from the linear relationship between peak area of AmB and their

concentrations.
3.2. Sample preparation

The sample was diluted with the methanol:water (50:50 v/v).
A portion of the sample was filtered through 0.45 pum nylon membrane
filter and subjected to HPLC analysis. The AmB content in the sample

was calculated from the AmB calibration curve.

3.3. HPLC condition

Quantitative determination of AmB was performed by a
reversed-phase HPLC component system from Agilent 1260 Infinity 1l
consisting of Liquid chromatography pump (quaternary pump, G7111A),
UV-Vis detector (G7115A), autosampler (G7129A) with Chem Station
software C.01.08. and Shiseido™ Capcell Pack C18 MG Il S-5, C18,
150x4.5 mm ID with C18 guard cartridge column MGII 5 pm, 4x10 mm.
The HPLC condition was as follows; mobile phase: acetonitrile: 0.025
mM EDTA (40:60 v/v); flow rate: 0.8 mL/min; oven temperature:
ambient; UV detector wavelength: 407 nm; injection volume: 20 uL; and

run time: 7 min.

4. Characterization of MCT oil/CD inclusion complexes

4.1. Oil-water interfacial tension measurement

To evaluate the affinity of CD complexation of MCT oil, the
oil/water interfacial tension of the MCT oil/water interface was
performed with dynamic contact angle meter and tensitometer (DCAT 21,

Dataphysics instrument, Germany) by using Wilhelmy plate. A series of
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aqueous solutions of CDs i.e., aCD, BCD, yCD and HPyCD (15mL), at
the concentration range of 0-1.5% wi/v were transferred into the glass
vessels and the equal volume of MCT oil was added into each CD
solution and thoroughly mixed. MCT oil itself (i.e., the absence of CD)
was also determined. The system was calibrated by measuring the surface
tension of Milli-Q water (72.00+0.01 mNm™) prior to study. The

experiment was conducted at 25+1 °C during study.
4.2. Quantitative analysis of CD

MCT oil/CD complexes i.e., aCD, BCD, yCD and HPyCD
obtained from the interfacial tension measurement at the concentration of
1.5% w/v were centrifuged at 10000 rpm for 45 min (Thermo Fisher
Scientific Model X3, MA, USA). The supernatant was withdrawn and
determined the CD content by HPLC. Quantitative determination of CDs
was performed by a reversed-phase HPLC component system from
Agilent 1260 Infinity Il consisting of Liquid chromatography pump
(quaternary pump, G7111A), refractive index detector (G71162B),
autosampler (G7129A) with Chem Station software C.01.08. and
Phenomenex Luna NH; column, 10 um, 250x4.6 mm ID with analytical
guard cartridge system KJ10-4282. The HPLC condition was as follows;
mobile phase: acetonitrile: water (67:33 v/v); flow rate: 1.2 mL/min;
column temperature: 40 °C; injection volume: 20 pL; and run time: 12
min. The retention time of aCD, BCD, yCD and HPyCD were 6.1 min,

8.2 min, 9.3 min and 9.5 min, respectively.
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4.3. Morphology of MCT 0il/CD inclusion complexes

The crystalline MCT 0il/aCD and MCT oil/BCD samples (the
solid fraction after centrifugation) obtained from the section of 4.1 was
subjected to the optical microscopic study and scanning electron

microscope (SEM) analysis.

4.3.1. Optical microscopic study

A drop of the sample was placed on the microscope slide,
covered with glass cover slip and then observed under optical microscope
(Nikon Eclipse Ts2 inverted microscope, Japan) with the magnification of
x40.

4.3.2. SEM study

Briefly, the samples were placed in each concentration of
ethanol i.e., 70% v/v and 95% v/v for three times. After that, the samples
were put in absolute ethanol and dried with acetone. The samples were
then gold sputter-coated under vacuum. The gold coated sample was then
mounted on a SEM sample stub and observed with a SEM (JEOL, JSM
IT-300, Japan).

4.4. Fourier-transform infra-red (FT-IR) spectroscopy

The mixture of aCD (0.75 g) and MCT oil (1 g) was mixed
and equilibrated at 25+1 °C under agitation for 24 h. Then, the obtained
sample was centrifuged at 10000 rpm for 45 min (Thermo Fisher
Scientific Model X3, MA, USA). The supernatant was pipetted off,
collected the crystalline pellet, frozen at -80 °C for 2h and then
lyophilized for 48 h in a freeze-dryer (Labconco Lyophilizer, MO, USA).

The samples i.e., intact aCD, MCT oil, and then the freeze-dried samples
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were measured by using FT-IR spectrometer (Thermo Fisher model
Nicolet iS10, USA) using the Attenuated Total Reflectance (ATR)
technique. The data were obtained in the range of 400-4000 cm™. The

analysis was performed at room temperature.

5. Proton nuclear magnetic resonance (*H-NMR) study

The pure compounds of AmB, aCD, yCD, HPyCD, and MCT
oil as well as AmB/yCD, AmB/HPyCD and MCT oil/aCD complexes
were dissolved in DMSO-ds, and equilibrated at 25+1 °C for 24 h. H-
NMR measurements were performed by using a 500 MHz *H-NMR
spectrometer (BRUKER model AVANCE IIl HD, USA). The spectrum
and chemical shift values were recorded. *H-NMR chemical shifts were
referred to DMSO (2.5000 ppm) as internal standard and calculated

according to the formula:
AS*= (Scomplex'Sfree) Eq A4

6. Solid-state characterizations of AmB/CD inclusion

complexes

Sample preparations

Agueous solutions containing 1:1 molar ratio of AmB and
vCD or HPyCD mixtures were prepared by the heating in the sonicator for
30 min. The samples were equilibrated at 25+1 °C for 7 days under
constant agitation. After centrifugation (Thermo Fisher Scientific, Model
X3,MA, USA) at 10000 rpm for 45 min, the supernatant was withdrawn,
frozen at -80 °C for 2 h and then lyophilized for 48 h in a freeze-dryer
(Labconco Lyophilizer, MO, USA), yielding a solid complex powder
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(FD). The obtained FD samples were collected and stored in the
desiccator. lIdentical physical mixtures (PM) were prepared by careful
blending of AmB and yCD or HPyCD with the same molar ratio in a
mortar with pestle. The samples were characterized in solid-state as
follows: intact, PM and FD of AmB/yCD and AmB/HPyCD complexes.

6.1. FT-IR spectroscopy

The samples were measured by using FT-IR spectrometer
(Thermo Scientific model Nicolet iS10, USA) using the Attenuated Total
Reflectance (ATR) technique. The data were obtained in the range of

400-4000 cm™. The analysis was performed at room temperature.
6.2. Powder X-ray diffraction (PXRD) studies

The proper amount of sample was placed onto the glass plate
containing the rectangular window. After firmly pressing it down by
using another piece of a glass plate, any surplus of the sample was
removed. The sample was mounted on the sample holder. The PXRD
patterns were recorded using Powder X-ray diffractometer (Rigaku model
MiniFlex 11, Japan) and operated at a voltage of 30 kV and a current of 15
mA. The samples were scanned with the diffraction angle increasing from
3° to 45°, 26 angle, with step-angle of 0.04° and scan speed of 2° per min
(113).

6.3. Differential scanning calorimetry (DSC)

DSC thermograms were determined by using differential
scanning calorimeter (Mettler Toledo, DSC822 STAR® System,
Germany). The samples (3-5 mg) were heated (10 °C /min) in sealed
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aluminium pans under nitrogen. The temperature range was from 0 to 300

°C. An empty aluminium pan was used as a reference.

7. Screening the concentration components for AmB

pickering emulsion

Various concentration of components (i.e., lecithin: 1-5 %
w/v, MCT oil: 10-20% w/v and aCD: 5-10% w/v) were chosen for the
development of AmB pickering emulsion. aCD was dissolved in Milli-Q
water and then was added into the MCT oil as the oily phase. Then, the
lecithin solution which was preheated at 50 °C for 10 min was added into
the oily phase. The resulted mixture was adjusted with Milli-Q water and
thoroughly mixed by vortex mixer for 10 min. Finally, the appearance of

the resulted emulsion was visually observed and recorded.

8. Preparation of pickering NEs and non-pickering NEs

Firstly, two-third of the amount of AmB was dissolved in the
aqueous phase containing yCD or HPyCD. Lecithin was heated at 50 °C
for 10 min. The resulted lecithin and benzalkonium chloride (BAC) were
then added and mixed. The rest of AmB was added into another vial with
MCT oil and a- tocopherol as the oily phase. In the case of pickering
NEs, aCD was employed in the oil phase in order to form MCT o0il/aCD
complexes. Then, the NEs were prepared by mixing the oil phase into the
aqueous phase and the resulted mixture was pre-homogenized with probe
sonicator for 3 min to form coarse emulsions. After that, the tonicity of
the formulations was adjusted with glycerol. Finally, the obtained coarse
emulsions were passed through high pressure homogenizer (Microfluider
LM 20, Westwood, MA) at 20000 psi with 20 cycles to obtain AmB NEs.
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The composition of pickering NEs and non-pickering NEs containing

different AmB concentrations is shown in Table 2.

Table 2 The composition of pickering NEs and non-pickering NESs

containing AmB

Ingredients  Pickering NEs Non-pickering NEs

% wiv F1 F2 F3 F4 F5 F6 F7 F8 |F9 F10 Fl11 F12
AmB 0.075 0.12 0.12 0.18 0.075 0.12 0.12 0.18 0.12 0.18 0.12 0.18
yCD 5 75 5 75 - - - - 75 75 - -
HPyCD - - - - 5 75 5 75 |- - 75 75
aCD 10 75 10 75 10 75 10 75 |- - - -
MCT 10 10 10 10 10 10 10 10 {10 10 10 10
Lecithin 1 1 3 3 1 1 3 3 1 3 1 3
Glycerol 225 225 1 1 15 15 1 1 25 15 25 15

All AmB NEs contained 0.02% w/v of BAC, 0.01% w/v of a-tocopherol and adjusted
the formulation with Milli-Q water to 100 mL

9. Physicochemical and chemical characterizations

9.1. pH determination

The pH value of formulations was measured with pH meter

(Mettler Toledo, Seven Compact, Germany). The equipment was
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calibrated at pH 4, 7 and 11 using standard buffer solutions before

measurement. All measurement samples were performed in triplicate.

9.2. Osmolality measurement

The osmolality of formulations was assessed by Osmometer
(Gonotec, OSMOMAT 3000 basic, Germany) at room temperature using
freezing point depression principle. The instrument was calibrated with
300 mOsmol/kg of standard solution. The sample volume of 50 pL was
measured as value for osmolality concentration in mOsmol/kg. Each

sample was measured in triplicate.
9.3. Viscosity measurement

The viscosity measurement of each formulation was
conducted by using the viscometer (Brookfield LVDV-II+, USA) at 25
°C and 34 °C equipped with the thermostat circulating water bath (Grant
W28/ZD, England). All measurement samples in triplicate were

performed.
9.4. Interfacial tension and contact angle measurement

The measurement of interfacial tension and contact angle were
evaluated by using dynamic contact angle meter and tensitometer (DCAT
21, Dataphysics instrument, Germany) equipped with Wilhelmy plate at
25 °C. The machine was calibrated with water before measurement. The
data of the interfacial tension and contact angle were expressed as

millinewton per meter (mN/m) and degree (°), respectively.
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9.5. Morphology, particle size and size distribution and zeta

potential

The morphology of the pickering NEs and non-pickering NEs
was visualized by using an optical microscope (Nikon Eclipse Ts2
inverted microscope, Japan). A drop of the sample was spread on
microscope slide, covered with glass cover slip and then observed under

total magnification of x40 at room temperature.

The particle size and size distribution, and zeta potential were
measured with dynamic light scattering (DLS) technique (Zetasizer ™
Nano-ZS with software version 7.11, Malvern, UK) by using quartz glass
cuvette. Measurements were carried out at 25 °C, 180 degrees scattering

angle. All measurements were determined in triplicate.

9.6. Determination of drug content and Entrapment Efficiency
(%EE)

Total AmB content was determined by diluting 100 pL of
sample with mixture of methanol:water (80:20 v/v), and further diluted to
appropriate AmB concentration. Then, the sample was analyzed by
HPLC.

For the determination of the percent entrapment efficiency
(%EE), the sample was centrifuged (Thermo Fisher Scientific, Model X3,
MA, USA) at 25 °C, 10000 rpm for 45 min. The dissolved AmB content
in the supernatant was diluted with methanol:water (80:20 v/v) and
analyzed by HPLC. All the experiments were done in triplicate. %EE was

calculated by using the following equation:
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(Dt-Ds)
Dt

%EE =

x100 Eq.5

Where Dt is total drug content and Ds is drug content in supernatant.

10. Stability index study

The stability index can provide indirect information to
estimate the extent of droplet coalescence in the NEs (59). The
formulations (10 mL) were transferred into the cylinder, tightly sealed
and then stored at room temperature. The NEs stability index was
calculated by taking the ratio between the volume of the NEs at the time

of assessment (six weeks) and the total initial volume of the mixture.

Stability index (%) = —oume ofresultedNEs__ 15y Eq.6

Total initial volume of NEs

11. Degree of AmB aggregation

To access the toxicity of AmB, degree of AmB aggregation
was determined by Ultraviolet-Visible (UV-Vis) spectroscopy and

circular dichroism.
11.1. UV-Vis spectroscopy

Initially, AmB was solubilized in DMSO:methanol (1:999 v/v)
to obtain AmB solution. The commercial product, Amphotericin-B®, was
reconstituted with sterile water for injection. Then, the obtained AmB
solution, Amphotericin-B® and the selected formulations were further
diluted with simulated tear fluid (STF), pH 7.4 to reach AmB
concentrations of 20 pg/mL. UV-Vis spectra of AmB preparations were
recorded by using UV-Vis spectrophotometer (Model UV-1601,
Shimadzu, Japan) within the range of 300 nm to 500 nm. The ratio of the
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absorbance at 348 nm (peak I) and the absorbance at 409 nm (peak 1V) of
AmB was calculated to assess the degree of aggregation of AmB in STF, pH
7.4.

11.2. Circular dichroism

To confirm the AmB aggregation, the CD spectra was
recorded within the range of 250-450 nm with a Jasco J-810
spectropolarimeter (Japan Spectroscopic, Tokyo, Japan) and expressed as
the differential molar absorption dichroic coefficient (Ag, Mtcm™). The
formulations were diluted as described in the section 11.1 to obtain the
final concentration of 20 pg/mL. This measurement was investigated at
room temperature to evaluate the aggregation state of AmB in different

formulations.

12. Invitro drug release study

The in vitro release of Amphotericin-B®, AmB pickering NEs
and non-pickering NEs through semipermeable membrane (MWCO
12000-14,000 Da) was performed by modified Franz diffusion cell
apparatus consisting of donor and receptor compartments (NK
Laboratories Co.Ltd., Bangkok, Thailand). These two compartments were
separated by the semipermeable membrane. The receptor phase was
consisted of 2.0 % w/v yCD in the phosphate buffer saline, pH 7.4 to
allow the sink condition. Prior to perform the experiment, the receptor
medium was sonicated to remove dissolved air and the membrane was
soaked overnight in the receptor medium. The sample (1.5 mL) of each
formulation was placed in the donor phase. The receptor phase was

continuously stirred at 150 rpm throughout the experiment and
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temperature was controlled at 34+0.5 °C by using the thermostat
circulating water bath (Grant W28/ZD, England). A 150 uL aliquot of the
receptor medium was withdrawn at time interval and replaced
immediately by an equal volume of fresh receptor medium. The AmB
content in the receptor medium was determined by HPLC and the amount
of cumulative drug release was calculated. Each formulation was done in

triplicate.

13. Rheological measurement

The flow sweep and the oscillation experiments were carried
out by using a HAAKE RheoScope Module (RheoStress 600, GmbH,
Germany) equipped with parallel plate rheometry at 25 °C. The sample
was poured onto the plate and two different gaps were fixed. The flow
sweep experiments were measured as follows; the frequency was 1 Hz,
the shear rate ranged from 0 to 100 s™. For the determination of the linear
viscoelastic region in the oscillatory study, the oscillation strain sweep
experiment was firstly measured. The oscillation strain was ranged from
0.01 to 10 % at the fixed frequency of 1 Hz at room temperature. After
that, the frequency sweep was performed at 0-10 Hz at fixed strain
0.05%. The dynamic mechanical spectra were obtained in term of the
storage modulus (G’) and loss modulus (G”) as a function of the

frequency.
14. Surface morphology of AmB NEs

14.1. SEM analysis

The morphology of the AmB pickering NEs and non-
pickering NEs was observed by SEM. The samples were dropped onto
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the cover slip and placed into the container containing 2% Osmium
tetroxide for 1-2 h. Then, the samples were placed into absolute ethanol
three times, each time was 5 min. The samples were dried with the
critical point dryer (Leica model EM CPD 300, Australia). Finally, the
samples were coated with gold by sputter coater (Bazlers model SCD
040, Germany) and examined under SEM (JEOL, JSM-1T500, Japan).

14.2. Atomic force microscopy (AFM) study

Morphology of AmB pickering NEs was investigated by AFM
equipped with a Navi controller (SPA-400) Seiko Instruments Inc (SII)
operating in non-contact mode. The scanning area in all samples was 5
um?2. The image correction was applied by flattening during image
analysis (Spisel 32). Briefly, several drops of diluted sample solutions
were dropped onto freshly pre-cleaned cover glass, and then the samples

were dried and stored at ambient temperature before imaging (114).
15. Invitro hemolytic study

Sheep blood was collected and centrifuged for 10 min at 3000
rpm. Then, supernatant was pipetted off. Red blood cells (RBCs) was
washed 3 times and resuspended with PBS, pH 7.4 to yield the initial
volume. After proper dilution, RBCs were determined by counting with
hemocytometer. The commercial product (Amphotericin-B®) and
selected AmB formulations were added to the suspended RBCs. Then, the
obtained suspensions were diluted with PBS to give the final
concentrations in the range of 1-100 pg/mL. The resulted samples were
incubated in the shaking incubator (Shaking incubator, N-Biotek
NB2015, Korea) at 100 rpm, 37 °C for 30 min and then placed in ice bath
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to stop hemolysis. The unlyzed RBCs were removed by centrifugation
(Thermo Fisher Scientific, Model X3, MA, USA) at 3000 rpm for 5 min.
Then the supernatant was transferred into 96 well-plate and hemoglobin
was analyzed by microplate reader (Multilabel plate reader, Perkin Elmer
VICTOR 3 ™) at 576 nm (115). The percentage of hemolyzed RBC was

determined by the following equation.

(Abs—Absg)

0 Is =
Yo Hemolysis = 100 x (Abs1gg—Absg)

Eq. 7

Where Abs, Absy and Abs;qo are the absorbances for the sample, control

without AmB in PBS and control of distilled water, respectively.

16. Invitro antifungal activity

The methods for antifungal susceptibility testing was modified
according to the National Committee on Clinical Laboratory Standards
(NCCLS). Three isolates fungal organisms i.e. Candida albicans,
Aspergillus flavus and Fusarium solani were tested by broth
microdilution assay. Briefly, the isolated organisms were subcultured
onto sabouraud dextrose agar (SDA) slants and stored as suspensions at
2-8 °C. The suspensions of tested organisms were diluted with 0.85%
saline to the density of 1x10° - 5x10° cells/mL. The tests were conducted
in 96-well culture plates. Each well was inoculated with 50 uL of two-
fold dilution inoculum suspension. An aliquot of 50 pL of test samples
was placed in separate wells in triplicate after appropriate dilution with
distilled water. DMSO and the AmB-free medium were included as a
growth control. The plates were incubated at 35 °C for 24 h Candida
albicans and for 96-120 h Aspergillus flavus and Fusarium solani.

Minimum inhibitory concentrations (MICs) was read and defined as the
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lowest AmB concentration at which no growth could be observed. After
MIC readings, 10 uL aliquots was removed from each growth-negative
well and was spread on SDA petri dishes. The plates were incubated in 35
°C, and the fungal colonies grown was counted after 2 days and
approximately 4-7 days of incubation for yeast and filamentous fungi,
respectively. The minimum fungicidal concentrations (MFCs) was
defined as the lowest drug concentration from which no colonies were

visible on the agar plate.

17. Physical and chemical stability studies of AmB NEs

17.1. Freeze-Thaw stability study

Each freeze-thaw cycle was consisted of a freezing phase and
a thawing phase (116). In the freezing process, the selected AmB NEs in
flat bottomed glass vials were isothermally stored in a freezer for 24 h at -
20 °C. Then, the frozen samples were transferred to an oven with a
temperature set at 30 °C for 6 h allowing all the frozen oil and aqueous
phases were completely thawed. The freeze-thawed samples were
continued for determination of three cycles of freeze-thaw treatment.
Between each cycle, the freeze-thawed samples were characterized in
term of pH, particle size and size distribution and the zeta potential. The
physical instability i.e. flocculation, coalescence, creaming and phase
separation were evaluated under visual observation and AmB NEs droplet
appearance was also observed under the optical microscope (Nikon

Eclipse Ts2 inverted microscope, Japan).
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17.2. The stability study

The stability of the final AmB formulations was evaluated
following ICH guidelines (117). The NEs were stored in the tightly
closed glass vials at long-term (30£2 °C, 75 +5% RH) and accelerated
(40+2 °C, 75 £5% RH) conditions. The samples were withdrawn and
analyzed at time interval of 0, 1, 3 and 6 months. The samples were
subjected to determine pH, particle size, size distribution, zeta potential

and the drug content and %EE.
18. Statistical analysis

All quantitative data was presented as means + standard
deviation (S.D.). Data was statistically calculated using a Student’s t test
or one-way ANOVA with Tukey test. The p-value, p<0.05 was

considered as statistical significance.
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CHAPTER IV
RESULTS AND DISCUSSION

1. Phase-solubility study

AmB is very poor water-soluble compound and its aqueous
solubility is less than 1mg/L (118). CDs can increase the solubility of
hydrophobic compounds via the formation of inclusion complexes. The
phase-solubility diagrams of AmB with oCD, BCD, yCD or HPyCD
aqueous solutions are shown in Figure 7. In case of aCD and BCD, there
were slightly increased in the solubility of AmB. This result was in
accordance with the previous report (119). The solubility of AmB
increased with increasing concentrations of yCD and HPyCD and showed
the positive deviation from linearity that represented as Ap-type profile. It
indicated that the formation of higher order water-soluble complexes i.e.
1:2 AmB/CD complexes were obtained at high concentrations of yCD
and HPyCD (120). It is well-known that low molecular weight
compounds or compounds with aliphatic chain and aromatic compounds
can form the inclusion complexes with aCD and BCD, respectively. In
contrast, the cavity of yCD may fit in with larger macromolecules (121).
Since AmB is a large molecule, it may not fit with the small cavities of
aCD and BCD. The literature revealed that the increase in solubility of
AmB in the presence of yCD and HPyCD was mainly due to the
hydrophobic part of the AmB favor to the relatively hydrophobic cavity
of CD and by the formation of water-soluble drug/CD inclusion
complexes (119). Table 3 shows the stability constant (K3 and K;:;) and
CE values of AmB/CD complexes in pure agueous CD solutions. The

stability constant value (Kj.1) can be used to compare the affinity of drugs
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for different CDs or CDs derivatives. The CE values can be used to
compare the solubilization effect of various CDs on the drug (112). The
CD ranking regarded with Kj.; and CE values are as follow yCD>
HPyCD> aCD~ BCD. This result indicated that AmB has the highest
affinity to yCD with the CE increment of 70 and 35 times to BCD and
aCD, respectively. According to the previous study, the Ki.; values of
AmB/yCD and AmB/HPyCD had been reported were lower than that of
presently obtained data (120). This might be due to the presence of 0.02%
w/v of benzalkonium chloride in the complexation medium could
compete the affinity of CD to the inclusion complex formation. Owing to
the stability constant and CE values, yCD and HPyCD were selected to

further studies.
2. Solubility determination of AmB in oils and surfactants

The solubility of AmB in various oils and surfactants is shown
in Figure 8. The oils and surfactants that used in this study were selected
based on the criteria that can be used for the ophthalmic preparations. The
solubility of AmB was highest in MCT oil, followed by castor oil, oleic
acid, olive oil, isopropyl myristate and miglyol. Due to that MCT ail
mainly composed of a short chain length (C8-C10) of fatty acid, it
showed the highest solubilizing capacity. Mostly MCTs showed the
superior to drug solubilization than LCTs (122-125). It was also observed
that the solubility of paclitaxel increased with the decreasing the chain
length of fatty acid (126). Moreover, the solubilizing ability decrease with
the increasing the degree of unsaturation (127). MCT oil composed of
with three saturated free fatty acid but the other tested oils composed of

unsaturated fatty acid. In case of LCTs, castor oil showed higher
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solubilization efficiency of AmB then the other two LCTs. This is
possible due to the presence of hydroxyl group on the alkyl side chain of
the castor oil, this hydroxyl group may form the hydrogen bonding with
AmB and resulted in increased solubility. From this study, we have found
and concluded that the chain length and degree of unsaturation of the oils
had the significantly influenced on the AmB solubilizing capacity.
Amphoteric surfactants and non-ionic surfactants are widely
used in ophthalmic preparations because of their compatibility and lower
toxicity than ionic surfactants (128). Lecithin displayed the significantly
higher solubility of AmB than other tested surfactants. It plays the role of
solubilization of AmB, amphiphilic drug by the formation of micellar
dispersions (129). Poloxamer, block copolymer, is also formed polymeric
micelles with AmB but the solubilization capacity of AmB was lower
than that of lecithin. This might be due to the additional effect of charge-
charge interaction on the AmB solubilization. The presence of cationic
and anionic charge in lecithin provided the strong electrostatic interaction
with the amphoteric ion pair of AmB resulted in enhanced AmB
solubility (130). For the non-ionic surfactants (i.e., labrasol and tween
80), there was a little interaction of their hydrophobic head groups with
AmB consequently lower extent of solubilization of AmB. Regarding to
the screening of oils and surfactants for AmB solubility determination,

MCT oil and lecithin were selected to further studies.
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Table 3 Apparent stability constant values (Ki.; and Kj:;) and the
complexation efficiency (CE) of AmB/CD complexes in pure aqueous CD

solutionsat 25 £1<C

Cyclodextrin Type R2 K11 (M) K12 (M) CE
aCD AL 0.9840 145.951 - 0.002
BCD AL 0.9955 72.048 - 0.001
yCD Ap 0.9619 4972.248 14.118 0.069
HPyCD Ap 0.9371 2851.731 17.038 0.039
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Figure 8 Solubility of AmB in various oils and surfactants

3. Characterization of MCT oil/CD inclusion complexes
3.1. Interfacial tension measurement

It is well-known that CDs have the surface activity by

forming the inclusion complexes with oil and adsorbing at oil-water
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interface (52). Figure 9 shows the relationship between the interfacial
tension of MCT oil/water and CD concentrations. It was observed that the
presence of CDs in the aqueous phase caused the reduction of the
interfacial tension of MCT oil. This observation indicated that the surface
active MCT oil/CD complexes were formed at o/w interface. The
interfacial tension was decreased with the increasing of CD
concentrations. At the same CD concentration, the ranking order of
decreasing the surface tension was aCD> BCD> yCD~ HPyCD. It is
believed that MCT oil, composed of aliphatic side chain, mostly
accommodated with the cavity of oCD. The more MCT oil/aCD
inclusion complexes were formed at the oil-water interface, the more
reduction of interfacial tension was observed. Manthapa et al. (2013)
reported that oil-water interfacial tension at the tetradecane/water
interface was lower in the presence of aCD compared to that of BCD
(60). The similar observations was confirmed by the investigation of
Shimada et al. (1992) (61). However, our data showed insignificantly

different between two those CDs for lowering o/w interfacial tension.
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3.2. Quantitative analysis of CD

Figure 10 shows the observed concentration of CD in aqueous
solutions containing MCT oil. In case of yCD and HPyCD, the observed
amount of dissolved CD was slightly lower than the theoretical
concentrations (1.5% wi/v). This indicated that most of the CD molecules
were exited as dissolved CD and less precipitated solid MCT oil/yCD or
MCT oil/HPyCD complexes were formed. Interestingly, the observed
concentration of dissolved CD was shown about a half and one-third
fractions for BCD and aCD, respectively when compared with the
theoretical concentration. On the other hand, approximately 50% of BCD
and 66% of aCD content was presumably formed solid MCT oil/CD
complexes which were markedly precipitated. To further evaluation of
these two complexes formation (i.e., MCT oil/aCD and MCT oil/BCD),
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the morphology studies were performed by optical microscopic and SEM

studies.
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Figure 10 Observed concentration of dissolved CD from the mixture of
MCT oil and CD (1.5% w/v) (column) versus the theoretical value (dotted

CD concentration (%ow/v)

line)
3.3. Morphology of MCT 0il/CD inclusion complexes

3.3.1. Optical microscope study

The optical micrographs of MCT oil/aCD and MCT oil/BCD
complexes are displayed in Figure 11. The micrograph of MCT oil/aCD
complexes showed that the droplet was covered by the denser and thicker
layer of particles than that of MCT oil/BCD complexes (Figures 11a and
11b, respectively). Also, the large number of solid aCD were continuous
surrounded on the oil droplets. It was supported data that aCD formed
more solid complexes with MCT oil than that of BCD.
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Figure 11 Optical micrographs of MCT 0il/oCD (a) and MCT oil/fCD

complexes (b)

3.3.2. SEM study

Figure 12 exhibits the SEM images of MCT oil/aCD and
MCT oil/BCD complexes. The microcrystals of MCT oil/aCD were
dominantly in the spherical shape with particle size 0.5-2 um whereas
rectangle-like microcrystals were found in MCT oil/BCD complexes with
the larger particle size (up to 5 um). The larger amounts of microcrystals
were observed in the MCT oil/aCD than MCT oil/BCD complexes and it
emphasized that more MCT o1l/aCD inclusion complexes were formed.
These images could provide the supportive data for interfacial tension
measurement. The more MCT o0il/aCD microcrystals were obtained, the
more interfacial tension was reduced. The literature also revealed that
more microcrystals were detected in the tetradecane/aCD inclusion
complexes than that of BCD complexes (60). Nevertheless, the findings
of their morphological structure differed from our study. This was

possible due to the different sample preparation by using ethanol and
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acetone led to the dehydration of the sample which affected the

morphological shape of the inclusion complexes (131).

Figure 12 SEM images of MCT 0il/aCD (a) and MCT oil/fCD complexes
(b) at the magnification of x5000

3.4. FT-IR spectroscopy

FT-IR method is useful for analysis and identification of the
compounds by the vibrational and rotational transitions of the molecules.
The important information related with the inclusion complexes
formation can be obtained by the changes in the IR absorption peaks of
the compounds.

The most predominant features of MCT oil were C-H
stretching vibration at 2856 cm, 2925 cm™ and 2955 cm™. Moreover, the
further distinct peaks were C=0 stretching in esters at 1741 cm™, CH,
bending at 1458 cm™ and C-O ester linkage vibration at the region of
1090-1120 cm™ (Figure 13a) (132). oCD was characterized by a large
band at 3312 cm™ due to O-H stretching, the cyclic ether group was
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identified by the C-O-C stretching at 1153 cm™ and A sharp band peak
was observed at 1023 cm™ due to the -OH bending vibration (Figure 13b)
(133). Changes in the FT-IR spectra were observed in the FD sample.
CH; bending and C-O-C stretching of MCT oil were disappeared and
lowering of C-H stretching of MCT oil was observed in the FD sample
(Figure 13c). It was suggested that there was the presence of some
interactions between MCT oil and aCD and/or the moiety of MCT ol
molecules were included into the aCD cavities. In addition, there was
also found that the band peak around 3312 cm™ which was attributed to
primary and secondary OH groups of aCD was shifted to a higher
frequency (3360 cm™) in the solid MCT oil/aCD complexes. It was
probably due to the presence of strong hydrogen bonding. Rakmai et al.
(2018) investigated FT-IR studies of black pepper oil and HPBCD and
concluded that all bands of black pepper oil spectrum were totally

masked through inclusion complex (134).
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Figure 13 FT-IR spectra of pure «CD (a), pure MCT (b) and FD
MCT/aCD (c)



60

4. H-NMR determination

The information obtained from *H-NMR spectroscopy could
be used to establish the inclusion complex modes of guest molecule into
CD cavity. The 'H chemical shifts of free «CD and complex of MCT
0il/aCD are shown in Table 4. It is well-known that H-3 and H-5 protons
of CD are located in the inner cavity of CDs and prominent chemical
shifts of H-3 and H-5 are important for the possible complex formation
between drug and CD (96). The upfield shift of H-3 and H-5 of aCD were
-0.004 and -0.013, respectively. The upfield shift of H-5 was moderately
higher than that of H-3, it might be suggested that MCT oils
preferentially included at the narrow sided of aCD. These observed shifts
may be due to the insertion of fatty acid of MCT oil into the aCD cavity
by the hydrophobic interaction (135, 136).

The !H chemical shift of AmB/yCD and AmB/HPyCD
complexes are summarized in Tables 5 and 6, respectively. For
AmB/yCD complexes, the upfield shifts of H-3 and H-5 in yCD cavity
were -0.003 ppm and -0.048 ppm, respectively. In case of AmB/HPyCD
complexes, the downfield shift of H-3 was +0.040 ppm and upfield shift
of H-5 was -0.002 ppm. From the results, Ad* value of H-5 proton is
larger than that of H-3 proton in AmB/yCD complexes, which indicated
that the drug molecule was deeply inserted at the narrow rim of the
hydrophobic yCD cavity. Conversely, AmB molecule was partially
inserted at the wide edge of HPyCD cavity due to the larger of Ad* value
of H-3 proton.
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Regarding to AS* of H-3, H-11, H-19 and H-37 protons of
AmB, the significant chemical shifts were observed in both AmB/yCD
and AmB/HPyCD complexes. In addition, Aé* of H-1", H-11, H-17 and
H-19 of protons of AmB in AmB/yCD was significantly shifted. In most
cases, the higher chemical shifted of those specified proton values were
found in AmB/yCD complexes. It demonstrated that yCD has more
affinity to AmB molecules than that of HPyCD. This data was supported
the strong binding constant of AmB in aqueous solution containing yCD
(Table 3). The significantly chemical shifted of protons are at
mycosamine ring and hydrophilic stretch of AmB. It corresponded to the
obtained data from phase-solubility profiles that AmB/yCD and
AmB/HPyCD displayed Ap-type diagrams (i.e., stoichiometry 1:1 and 1:2

inclusion complexes).

Table 4 The *H-chemical shifts associated with different hydrogen atoms
of free form of the «CD and of the formed IC (MCT oil/aCD)

aCD, n=6, R=H
1H Ofree Scomplex Ad*= (SCompIex'Sfree)
oCD
H-1 4,784 4.785 +0.001
H-2 3.374 3.375 +0.001
H-3 3.760 3.756 -0.004
H-4 3.277 3.277 0
H-5 3.585 3.572 -0.013

H-6 3.634 3.634 0
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Table 5 The *H-chemical shifts of AmB alone and in the presence of yCD

Amphotericin-B

Cyclodextrin

yCD, n=8, R=H
1H Ofree Scomplex Ad*= (ScompIeX'Sfree)
AmB
H-32 6.150 6.141 -0.009
H-21 6.083 6.078 -0.005
H-33 5.425 5.421 -0.004
H-37 5.202 5.191 -0.011
H-1' 4.453 4.465 +0.012
H-19 4.391 4.406 +0.015
H-11 4.218 4191 -0.027
H-17 4.049 4.037 -0.012
H-3 3.986 3.968 -0.018
H-34 2.269 2.264 -0.005
18b 2.162 2.155 -0.007
2b 2.150 2.144 -0.006
6’ 1.164 1.162 -0.002
14a 1.092 1.088 -0.004
CHs-38 1.105 1.100 -0.005
CH3s-40 1.026 1.022 -0.004
CHs-39 0.902 0.898 -0.004
»CD
H-1 4.872 4.870 -0.002
H-2 3.355 -2 -a
H-3 3.611 3.608 -0.003
H-4 3.509 2 -2
H-5 3.566 3.518 -0.048
H-6 3.584 3.574 -0.01

-®overlapping of chemical shifts
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Table 6 The H-chemical shifts of AmB alone and in the presence of
HP,CD

Amphotericin-B Cyclodextrin
HPyCD, n=8, R=CH(CHOH)CHjs
1H 5free 8complex Ad*= (Scomplex'Sfree)
AmB
H-32 6.150 6.147 -0.003
H-21 6.083 6.080 -0.003
H-33 5.425 5.422 -0.003
H-37 5.202 5.182 -0.020
H-1' 4.453 4.455 +0.002
H-19 4.391 4.401 +0.010
H-11 4.218 4.225 +0.007
H-17 4.049 4.047 -0.002
H-3 3.986 3.965 -0.021
H-34 2.269 2.267 -0.002
18b 2.162 2.159 -0.003
2b 2.150 2.147 -0.003
6’ 1.164 1.162 -0.002
14a 1.092 1.090 -0.002
CHs-38 1.105 1.102 -0.003
CHs-40 1.026 -2 -2
CHz-39 0.902 0.901 -0.001
HP,CD
H-1 4.868 4.867 -0.001
H-2 3.523 3.522 -0.001
H-3 4.531 4.571 +0.040
H-4 3.231 -2 -2
H-5 3.617 3.619 -0.002
H-6 3.742 3.741 -0.001

“overlapping of chemical shifts
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5. Solid-state characterizations of AmB/CD complexes

5.1. FT-IR spectroscopy

Figure 14 displays the FT-IR spectra of pure AmB, yCD,
HPyCD, their PM and FD samples. The typical absorption bands of AmB
showed a sharp C=0 stretching vibration at 1691 cm™ and C=C stretching
band at 1556 cm™ and O-H stretching at 3366 cm™ (Figure 14a). In
addition, it was also observed that C-H banding and stretching regions of
AmB at 2916 cm?® and C-O-C stretching at 1368 cm™. These IR
characteristic peaks were in accordance with the previous reports (137-
141). yCD and HPyCD were characterized by broad absorption band at
3281 cm™ and 3343 cm?, respectively due to symmetric and asymmetric
O-H stretching and C-H stretching mode at 2926 cm™ and 2927 cm?,
respectively (Figures 14b and 14c) (142). The FT-IR spectra of AmB in
PM sample showed that C=C and C=0 stretching bands of AmB were
remained in PM AmB/yCD whereas these two peaks were slightly
masked in PM AmB/HPyCD (Figures 14d and 14e). In addition, the
lowering of the C-O-C bands at 1368 cm™ was observed in both PM
samples (139). These observations indicated that there was less
interaction between AmB and CD in the PM samples. For the FD
samples, two specific peaks of AmB at C=0 and C=C stretching bands
were disappeared. Likewise, the C-O-C bands of AmB were also
disappeared in both FD samples (Figures 14f and 14g). These results
possible suggested that there was some interaction of functional groups of
AmB (C=C and C=0) and the functional groups of CDs during inclusion
complex formation. These findings were consistent with the study of Kim
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et al. (2010) and Ruiz et al. (2014) in which they reported that FT-IR
spectra of the characteristic peaks of AmB were disappeared in the FD
samples (137, 139).
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Figure 14 FT-IR spectra of pure AmB (a), pure »CD (b), pure HP»CD
(c), PM AmB/»CD (d), PM AmB/HPCD (e), FD AmB/»CD (f) and FD
AmB/HPCD (g)

5.2. PXRD analysis

PXRD is a useful method for the detection of CD
complexation of compound in the powder or crystalline states (143).
Figure 15 shows the PXRD patterns of intact AmB, yCD, HPyCD, their
PM and FD samples. The diffractogram of AmB displayed the sharp

400
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intense peak at 9.7, 12.32, 13.5, 14.2, 15.8, 18.0, 19.1, 21.6, 23.7 and
27.3° which representing the crystallinity of the drug (Figure 15a) (144).
The yCD represented the crystalline characteristic peaks at 5.1, 6.1, 9.4,
10.2, 11.1, 12.3, 13.8, 15.3, 16.4, 17.7, 18.7, 19.8, 20.4, 21.7, 22.8, 24.6
and 25.3° (Figure 15b) (145). For HPyCD, it presented the halo pattern
and did not show any sharp peak (Figure 15¢) (146). The distinct peaks of
AmB were detectable in PM samples of both AmB/yCD and
AmB/HPyCD complexes (Figures 15d and 15e). This indicated that there
was no interaction between AmB and respective CDs. In case of FD
samples, the intense peaks of AmB were completely disappeared and
showed the broad pattern (Figures 15f and 15g). This finding indicated
that crystalline nature of AmB was converted into the amorphous form
which possible due to the formation of inclusion complex between the
components. Kim. et al. (2010) reported that the disappearance of the
distinct peaks; in other word, the halo pattern of AmB represented to the

inclusion complex formation of AmB/HPyCD (137).
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Figure 15 The PXRD spectra of pure AmB (a), pure »CD (b), pure
HP»CD (c), PM AmB/»CD (d), PM AmB/HPCD (e), FD AmB/»CD (f)
and FD AmB/HPCD (g)

5.3. DSCanalysis

The formation of CD complexation can be confirmed with
DSC thermograms. Figure 16 shows the thermal behavior of intact AmB,
vCD, HPyCD, and their PM and FD samples. The thermogram of pure
AmB showed the broad endotherms at 127 °C and 205 °C during DSC
experiment (Figure 16a). It was observed that the DSC thermogram of
AmB showed the same pattern corresponding to previous literature (113).
The thermal profile of yCD and HPyCD exhibited the broad endothermal
peak at 106.5 °C and 87.2 °C, respectively, (Figures 16b and 16¢) which

indicated the dehydration associated with the loss of water from solid
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CDs (142). In case of PM, the endothermic peak of AmB at 205 °C was
retained in both PM of AmB/yCD and AmB/HPyCD (Figures 16d and
16e). However, the endothermic peak of AmB at 127 °C was fused with
peak of yCD in PM AmB/yCD and shifted to lower temperature of about
100 °C in PM AmB/HPyCD. This observation may be attributed to the
presence of weak or no interaction between the components. It is possible
that the heating process during DSC analysis could promote the
interaction between pure AmB and CDs (147). For FD samples, the
endothermic peaks of AmB were absent in both FD AmB/yCD and
AmB/HPyCD (Figures 16f and 16g). The disappearance of endothermic
peak indicated the transformation of amorphous nature or inclusion

complex formation (137).
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Figure 16 DSC thermograms of pure AmB (a), pure »CD (b), pure
HP»CD (c), PM AmB/»CD (d), PM AmB/HPCD (e), FD AmB/»CD (1)
and FD AmB/HPCD (1)
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6. Screening the concentration of components for AmB

pickering emulsion

For screening the concentration range of ingredients in
formulation development of the pickering emulsion, the phase diagrams
were plotted under the visual inspection of the compositions that are
shown in Figure 17. aCD at the concentration of 5% w/v was not enough
while 5% w/v of lecithin was too high to provide the stable pickering
emulsion for both concentrations of MCT oil (i.e., 10% and 20% wi/v). in
the study of Inoue et al. (2009), they reported that the inclusion
complexes of n-alkane/CD formed at low CD concentration had the
surface activity, but were not able to stabilize the pickering emulsion
(55). For the composition containing 10% of MCT oil and either lecithin
1% or 3% w/v, the higher aCD concentrations (7.5% and 10% w/v)
showed good appearance and physical stability (Figure 17a). In case of
the composition comprised of 20% of MCT oil with the same
concentrations of lecithin, the stable pickering emulsion was obtained
only when aCD used up to 10% w/v (Figure 17b). It was observed that
the more amount of aCD was required when MCT oil concentrations was
increased. This may be probably due to solid MCT oil/aCD complexes
were not sufficient to stabilize pickering emulsions resulted in
formulation instability.

One of the crucial factors to develop the stability of emulsion
Is the oil concentration. It has been reported that smaller particle size of
the emulsion droplet was obtained when the concentration of oil was
decreased. It consequently resulted in the emulsion stability (148). Thus,
10% (w/v) MCT oil including 7.5-10% w/v of aCD concentrations and
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lecithin (1-3% wi/v) were selected for the formulation development of

AmB pickering NEs.
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Figure 17 The phase diagrams of different concentration of aCD, MCT
oil and lecithin: 10% of MCT oil (a) and 20% of MCT oil (b), the phase

separation (x) and stable emulsion ( ¢)
7. Physicochemical and chemical characterization
7.1. Appearance, pH, osmolality and viscosity

AmB loaded pickering NEs (F1-F8) showed pale yellow-
colored while non-pickering NEs (F9-F12) displayed the intense
yellow-colored in appearance. The pH, osmolality and viscosity of each

formulation are shown in Table 7.



Table 7

(Mean#S.D., n=3)
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pH value, osmolality and viscosity of the formulations

Formulations  pH Osmolality Viscosity (cPs)
(mOsmol/kg)  25°C 34°C

F1 4.34+0.02 292.10+5.80 3.44+0.35 3.07+0.63
F2 4.91+0.02 302.17£7.12 7.50£0.54 7.25+0.52
F3 4.69+0.09 307.3049.37 3.57+0.52 2.95+0.35
F4 4.41+0.10 301.2045.17 28.88+1.19 26.91+2.61
F5 5.0240.05  296.33+8.50 3.56+0.18 2.83+0.17
F6 4.55+0.03  303.27+5.60 6.51+0.18 5.41+0.67
F7 4.60+0.03 306.00+7.55 6.02+0.42 5.04+0.17
F8 4.70+0.14  303.67£9.07 25.19+0.87 23.24+1.56
F9 4.88+0.04 291.33+4.73 2.58+0.26 2.37+0.12
F10 4.90+0.07  296.90+7.66 20.64+1.04 19.66+0.70
F11 4.67+0.06 292.33+10.79  2.34+0.17 2.09+0.18
F12 4.82+0.07 307.20+6.14 3.07%0.28 2.58+0.52

The pH values of all formulations were in the range of 4.34 -
5.02. Although the ideal pH of lachrymal fluid is 7.4, the eye can tolerate
a wide range of pH, 3.5-8.5 due to its natural buffering system (149). It
has been well-known that the tonicity is important for ophthalmic
preparations. The ideal osmolality for the eye drops is 300 mOsmol/kg.
Normally, sodium chloride is used for the isotonicity adjustment but it is
physically incompatible with AmB and it can cause precipitation of AmB
(150). Glycerol is an alternative choice and often recommended as
isotonic agent which mostly found in parenteral formulations. The
osmolality is based on the colligative properties of formulation. The

formulation is isotonic if it has the same amount of colligative properties
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to the physiological fluids. According to the osmolality of each
component of the formulation, the concentration of tonicity adjusting
agent can be calculated (151). In this study, different amount of glycerol
was required to obtain the isotonicity in each formulation. Owing to the
absence of aCD in non-pickering NEs, more amount of glycerol was
necessitated compared with their respective pickering NEs. The
formulations containing higher lecithin (i.e., 3% wi/v) required less
glycerol content to achieve the desired osmolality. After adjusting with
glycerol, the osmolality of all formulations was in the range of 291-307
mOsmol/kg which was in the acceptable range (260-320 mOsmol/kg)
(151).

The viscosities of the formulations were in the range of 2.34-
7.50 cPs at 25 °C except F4, F8 and F10. Because of the increasing the
temperature resulted in the decrease in viscosity, the viscosity that
measured at 34 °C was slightly lower than that measured at 25 °C (152).
At low lecithin concentration (i.e., 1% w/v), the viscosities of
formulations were no significant difference. However, at high lecithin
concentration (3% w/v), the pickering NEs containing high AmB loading
and high CD concentration (F4 and F8) showed significantly higher
viscosity than those of other pickering NEs. It might be due to the
formation of self-assembled or multicomponent of AmB/MCT oil/CD
complexes that elevated the viscosity of the formulations. In case of non-
pickering NEs, the formulation utilized high yCD content (F10) also gave
high viscosity value. This may be possible that yCD has the ability to
form poly (pseudo)rotaxanes with amphiphilic polymer. Consequently,
the high viscosity was derived from the gel-like structure of the

supramolecular lecithin/yCD complexes. (153, 154). Generally, the
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viscosity range of ophthalmic preparations is between 12 and 20 cPs for
the optimal bioavailability and prolong the corneal contact time. When
the viscosity was higher than 20 cPs, there was no further improved and it

could lead to the remaining of residue on the eyelid (155, 156).

7.2. Interfacial tension and contact angle measurement

The interfacial tension and contact angle of all formulations
are shown in Table 8. It was observed that the interfacial tension of
pickering NEs (F1-F8) was significantly lower than those of non-
pickering NEs (F9-F12). It represented that the presence of aCD in the
formulations resulted in lower surface tension at the oil-water interface in
pickering NEs. It was assumed the formation of surface active MCT
0il/aCD complexes at oil/water interface by the interaction of aCD with
one fatty acid chain of MCT oil. The other two fatty acid of MCT oils
were shifted to the oil phase and aCD was directed to the aqueous phase.
Consequently, the interfacial tension was reduced by the adsorption of
MCT oil/aCD complexes at oil/water interface. This finding was in
consistent with the investigations by Li et al. (2014) and Manthapa et al.
(2013) (48, 60). They revealed that oil/aCD inclusion complexes could
decrease the interfacial tension at the tetradecane and water phase. In
addition, the interfacial tension of formulations containing higher aCD
concentration (i.e., 10% wi/v) (F1, F3, F5 and F7) was lower than those of
formulations consisting of lower aCD ones (F2, F4, F6 and F8).
Hashizaki et al. (2014) reported that the increasing of aCD concentration
resulted in lowering of interfacial tension of n-alkanol/water pickering

emulsion (58).



Table 8 The surface tension and contact angle of all formulations (n=3,

MeanzS.D.)

Formulations

Surface Tension (mN/m)

Contact angle (°)

F1 31.37+0.47 61.63+4.29
F2 35.20+0.49 67.27+6.66
F3 30.89+0.35 60.36+1.35
F4 35.03+0.27 68.18+0.86
F5 31.62+0.51 68.93+0.57
F6 36.63+0.58 69.42+0.86
F7 31.03+0.27 62.97+0.13
F8 36.20+0.35 64.31+0.36
F9 50.63+0.47 63.05+2.20
F10 48.50+2.35 61.69+0.12
F11 51.07+0.14 61.81+0.23
F12 48.18+3.07 63.99+0.19

The wettability of solid particles by a liquid can be
characterized by the three-phase contact angle (6). The relationship
between the contact angle and the type of emulsion was reported by
Finkle et al. (1923) and Schulman et al. (1954) for the pickering emulsion
(157, 158). When 6 is smaller than 90°, the emulsion was favored to o/w
emulsion type whereas 0 larger than 90° leads to the formation of w/o
emulsion type. The contact angle of all formulations was in the range of
60-69° and resulted in o/w emulsion type. It was described that the
contact angle of pickering NEs showed the slightly higher values than
that of corresponding non-pickering NEs. This indicated that pickering
NEs had lower wetting ability than non-pickering NEs. It means the

emulsion droplet surrounded by solid MCT oil/aCD complexes was less
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spread out resulted in the decrease tendency of the instability of
formulations i.e., flocculation or coalescence. However, the CD-based
pickering NEs have dual wettability provided the emulsion droplets

homogeneously distributed (107).

7.3.  Morphology, particle size and size distribution and zeta

potential

The optical microscopic images of AmB loaded NEs are
shown in Figure 18. In case of pickering NEs (F1-F8), the emulsion
droplets were coated with dense mono-layered film and uniformly
distributed in the aqueous phase. It was reported that the stable pickering
emulsion was obtained by the formation of dense film around the oil
droplets by the adsorption of CD (59, 159-161). Starch-based and silica-
based pickering emulsion were also demonstrated a densely packed
around the oil droplets (162, 163). For the non-pickering NEs (F9-F12),
spherical shaped oil globules were dispersed in the aqueous phase and no

layer was found around the oil globules.



76

Figure 18 Optical microscopic images of AmB pickering NEs (F1-F8)
and AmB non-pickering NEs (F9-F12)

Table 9 displays mean particle size and size distribution and
zeta potential of AmB NEs determined by DLS technique. All AmB
formulations exhibited the trimodal populations (data not shown) and the
mean diameter was in the nanometer range of 135-425 nm based on the
intensity distribution and PDI values were in the range of 0.39 to 0.77.
PDI values of all formulations except F4 were lower than 0.7. It indicated

that the formulations had narrow particle size distribution (164).
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Table 9 The mean particle size, size distribution and zeta potential of all

formulations (n=3, MeanzS.D.)

Formulation Mean particle size (hm)  PDI Zeta Potential
F1 135.93+0.65 0.39+0.02 +30.33+0.61
F2 289.51+6.86 0.53£0.01 +32.53+1.31
F3 172.62+1.73 0.48+0.01 +31.96+0.38
F4 387.87+13.63 0.77+0.08 +36.66+0.67
F5 186.92+24.76 0.63+0.14 +30.27+0.47
F6 286.63+10.90 0.53+0.01 +31.5+0.52
F7 246.90+1.88 0.63+0.01 +30.63+0.61
F8 324.03+11.75 0.68+0.16 +31.5+0.79
F9 181.03+1.98 0.48+0.01 +31.03+0.83
F10 425.60+4.92 0.65+0.05 +31.3740.31
F11 159.37+3.33 0.44+0.02 +30.27+0.74
F12 301.95+8.08 0.57+0.03 +32.67+£0.21

It was found that the particle size of the formulations
increased when increasing of yCD or HPyCD concentration. This may be
due to the AmB solubility enhancement through the formation of
AmB/CD complex aggregates at high yCD or HPyCD concentration
(120). Among the formulations, F4, F8, and F10 showed larger mean
particle size. Of these formulations composed of the highest
concentration of AmB and the excipients. At their high concentration, the
multicomponent such as AmB and/or lecithin/CD complexes, self-
assembled of CDs could be observed and formed larger particle size. This
result data supported that the large particle diameter with the broad size
distributions (PDI > 0.7) plays the role for high viscosity of these

formulations.
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Regarding to the zeta potential values, all formulation
exhibited high positive zeta potential values (+30 mV to +36 mV). The
formulations with high zeta potential above +30 mV is the good condition
for the stability of the formulations (165). The zeta potential of the
nanoemulsion depends on the ionization of the emulsifier (166). The
positive value may be due to the protonation of lecithin in acidic pH.
Thus, these formulations had high positive zeta potential are able to

prohibit the aggregation of particles.

7.4. Drug content and entrapment efficiency

The total AmB content and %EE of all formulations are
shown in Table 10. It can be detectable that the total drug content was in
the range of 96-99%. This indicated that there was no drug loss or
degradation during the preparation process. %EE of AmB in pickering
NEs (F1-F8) was significantly higher than that of their respective non-
pickering NEs (F9-F12) (p <0.05). It was possibly due to that the
network formation of MCT o0il/aCD inclusion complexes surrounded on
the droplets of the pickering NEs are the additional site of drug
entrapment. The increasing concentration of lecithin to the formulation
gave lower %EE. The proposed mechanism may be explained that
lecithin could form micelle or liposome-like with AmB and localized in
the continuous phase. Thakkar et al. (2005) and Dhakar (2012)
demonstrated the influence of stabilizer concentration on the %EE of the
microspheres. It indicated that increasing the concentration of the
stabilizer resulted in decreasing the entrapment efficiency of the
microspheres in some extent (167, 168). Furthermore, the higher yCD or

HPyCD concentrations in the pickering NEs, the higher %EE was
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obtained. It could be concluded that AmB/CD inclusion complexes were

predominately located inner core of the emulsion droplets.

Table 10 The total drug content (%) and entrapment efficiency (%EE) of

AmB loaded formulations (n=3, MeanzS.D.)

Formulation Total Drug Content (%) Entrapment Efficiency (%EE)

F1 96.59+2.70 90.65+0.43
F2 97.37+1.84 93.24+0.39
F3 99.00+1.33 84.50+0.12
F4 99.08+0.69 89.41+1.28
F5 97.71+0.84 90.16+0.79
F6 96.10+2.05 92.59+0.61
F7 97.46+1.87 84.63+1.28
F8 99.32+0.51 86.47+0.78
F9 97.47+1.39 80.07+4.01
F10 97.63+0.86 76.73+6.12
F11 97.70+0.43 78.77+4.31
F12 98.77+0.85 75.68+4.70

8. Stability index study

The stability index of AmB NEs at various time interval is
presented in Figure 19. At first week, there was no significant change in
the stability of all formulations. After that and throughout the study
period, low emulsion stability index was observed in F4, F8 and F10.
This result may be caused by the presence of large particles in F4, F8 and
F10 than that of other formulations, that could lead to some coalescence
of large particles and resulted in low stability index. The literature

reported that emulsion with larger particle size was less stable than with
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smaller particle size (169). Due to the disadvantages i.e., highly viscous
preparations, large droplet size trend to form coalescence and low
stability index of F4, F8 and F10, they were excluded from further
studies. Despite F1 and F5 showed good physicochemical properties and
the stability index, they were also excluded because of their low drug
loading (Table 2).
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Figure 19 The stability index (%) of AmB NEs

9. Degree of aggregation behavior
9.1. UV-Vis spectroscopy

In the aqueous solution, AmB can self-associate to the
formation of macromolecular aggregation due to its amphoteric and
amphiphilic nature. The toxicity of AmB is associated with the
aggregated nature and monomeric forms are beneficial for the antifungal

activity (21, 170). Because of the presence of conjugated bonds in the



81

polyene region, the absorption spectra of AmB are characterized by four
bands and these are distinct in the wavelength range of 300-500 nm (171,
172). The changes of absorption spectra of AmB depends on the nature of
monomer or aggregates. The degree of aggregation of AmB can be
assessed by the ratio of peak | to peak IV. The monomeric form is
dominant when the value of resulting ratio is less than 0.25, however, if
the value is as high as 2.0, the aggregate formation is observed (173).

The peak I/1V ratio values of AmB solution, Amphotericin-
B® and the selected formulations are shown in Table 11. In this study, the
value of peak I/IV ratio of AmB in DMSO:methanol (1:999 v/v)
presented as monomeric form while Amphotericin-B® showed the highly
aggregated nature. The peak I/IV ratio values of AmB in all formulations
were in the range of 0.919 to 1.146, indicated the moderate degree of
aggregated form (dimers). In comparison with Amphotericin-B®, it can
be observed that the presence of yCD or HPyCD could prevent the
formation of multimolecular aggregates of AmB. This study was the first
investigation of aggregation of behavior of AmB in the presence of yCD.
There was no significant change in the aggregation of AmB in both
pickering NEs and non-pickering NEs. In aqueous media, AmB firstly
dimerized with apolar hepataene and polyol regions and consequently,
several thousands of helical forms of aggregates were obtained by
heaping of dimers (174). Kajtar et al. (1989) investigated the aggregation
state of AmB in the presence of yCD. They reported that AmB would
only associated to the dimers and not to the polymeric aggregates form in
the presence of yCD (175).
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Table 11 Peak ratio values of AmB solution, Amphotericin-B® and

selected formulations (n=3, MeanzS.D.)

Formulations Diluent Peak I/1V Ratio
Pure AmB DMSO:methanol (1:999 v/iv)  0.25£0.01
F2 STF 1.00+0.01
F3 0.92+0.02
F6 1.03+0.01
F7 1.15+0.03
F9 1.07+0.02
F11 1.05+0.02
F12 1.0740.03
Amphotericin-B® 3.87+0.04

9.2. Circular dichroism

The circular dichroic spectra of AmB in DMSO:methanol
(1;999 v/v), Amphotericin-B® and selected AmB NEs are displayed in
Figure 20. The monomeric form of AmB is related with the CD spectra of
positive bands at 410, 385 and 365 nm (Figure 20a) (175). In this study,
all formulations showed the doublet dichroic pattern centered at the
wavelength of 344 nm with related to the aggregated AmB (Figure 20b).
The literature reported that the dimer of AmB presented the doublet at the
center of 344 nm and positive band at about 290 nm (176). The CD
spectra of Amphotericin-B® was observed as stronger doublet at center of
330 nm. The dichroic pattern of super-aggregated AmB was characterized
by the center doublet from 337 to 327 nm (177). Therefore, this study can
provide the supporting data for the UV-Vis spectroscopic study that AmB
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in formulations was exhibited AmB molecules as dimer form but not in

super-aggregated form.
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Figure 20 Circular dichroism of AmB in DMSO:Methanol (1:999 v/v) (a)

and selected formulations and Amphotericin-B® in STF (b)

10. Invitro drug release study

The cumulative drug release profiles of Amphotericin-B® and

selected AmB NEs are shown in Figure 21. Amphotericin-B® displayed
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fast release rate with cumulative release of 93% within 48 h. The release
profiles represented that the pickering NEs (F2, F3, F6 and F7) showed
slower drug release rate than the non-pickering NEs (F9, F11 and F12). In
case of pickering NEs, 28-40% of drug was released while 49-59% of
drug was released in non-pickering NEs within 48 h. This result might be
attributed to the drug entrapment. The drug entrapment efficiency of
pickering NEs was higher than that of non-pickering NEs (Table 10). On
the other hand, most of the drug were entrapped in case of pickering NEs.
Therefore, drugs were gradually released from the inner core of emulsion
droplet in the pickering NEs.
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Figure 21 In vitro drug release profiles of AmB NEs and Amphotericin-B®

within 48 h (a) and AmB NEs within 8 h (b) through the semipermeable
membrane with MWCO 12000-14000 Da (n=3, MeanxS.D)

In the literature, it can be observed that the pickering
emulsions provided the controlled drug release. The CD-based

bupivacaine loaded pickering emulsions showed the remarkable
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controlled release of drug (12.2-23.1%) within 48 h (52). Frelichowska et
al. (2009) compared the release profile of caffeine loaded pickering
emulsion and conventional emulsion stabilized by silica and abil wax,
respectively (178). It was found that the release of caffeine from
pickering emulsion was slower than that of non-pickering emulsion. They
suggested that this result might be due to the dense shell of silica particles
around the emulsion droplets, acted as the boundary for the drug release
resulting in controlled release was observed (178). Time required to
release of 50% of the drug (Tsos In Min) was determined. Tsoy Of F2 and
F6 were 60 and 80 min, respectively while those of other formulations
were in the range of 17-45 min. From this value, F2 and F6 demonstrated
the drug release in controlled manner. In addition, because of higher
viscosity and larger particle size of F2 and F6 (Tables 7 and 9), they
played the important role to retard the release of drug. The slow and
sustained release of AmB is beneficial for the drug delivery system and
reduced the possibility of toxicity caused by the exposure of aggregated
AmB. Therefore, F2 and F6 are the good candidate for further studies. F9
and F11 were also selected as non-pickering NEs to compared with F2
and F6.

11. Rheological study

Figure 22 displays the flow behavior of pickering NEs and
non-pickering NEs. All formulations showed the typical non-Newtonian
behavior (shear thinning) at the shear rate of 0-100 s. It was observed
that the viscosities of AmB NEs were high at the low shear rate and then
decreased with the increased shear rate. This similar pseudoplastic flow

property was also observed in the case of o/w pickering emulsions
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stabilized by hydrophobic starch particles and phytoglycogen
nanoparticles (162, 179). The observed shear thinning behavior may be
due to either a disruption of the particle network within the continuous
phase (180, 181) or the structural changes of the particles due to the shear
rate (182). The viscosities of pickering NEs (F2 and F6) were higher than
non-pickering NEs (F9 and F11) throughout the studied shear rate. This
means that non-pickering NEs required less shear stress than pickering
NEs. This result might be the relationship of shear viscosity and the
structure of the precipitated inclusion complexes. The presence of the
stronger three-dimensional network in the pickering NEs could increase
the shear viscosity than the non-pickering NEs (111). In the literature, it
can also be found that the higher shear viscosity in the pickering emulsion
of econazole stabilized by CD than the commercial conventional
emulsion was observed (111). The formulations containing yCD (F2 and
F9) resulted the higher shear viscosity than their respective of HPyCD
contained formulations (F6 and F11). This might be due to the stronger

tendency of yCD to form the complex aggregates than HPyCD (183).
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Figure 23 Dynamic frequency sweep of (a) pickering NEs,; F2 (m), F6 (4),
and (b) non-pickering NEs; F9 (A) and F11 (e); filled (G’ and opened
(G”)

The dynamic viscoelastic behaviors of formulations are shown
in Figure 23. It was evaluated by measuring the linear viscoelastic range
with the fixed strain of 0.05%. The G’ expresses the magnitude of the

energy that is stored in the material and recoverable per cycle of
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deformation whereas G” is the measure of energy that is lost as viscous
drainage per cycle of deformation (184). Since G’ was higher than G” at
high frequency range, AmB NEs had the typical elastic behavior. It
indicated that the behavior of the emulsion was predominantly elastic and
there was a solid-like network in the emulsions (185). The greater value
of G’ means the formation of stronger network of solid particles at the
emulsion droplets. Consequently, it resulted in better stability because of
prevention the coalescence of emulsion droplets by this solid-like
network (186). In the literature, BCD stabilized pickering emulsions
displayed the stronger solid-like behavior and high stability of the
colloidal structure than the non-pickering emulsions stabilized by tween
80 (187). The pickering NEs containing yCD (F2) displayed significantly
higher G’ value than its respective formulation containing HPyCD (F6). It
indicated that the former formulation exhibited more elastic behavior and

could enhance the emulsion stability.

12. Surface morphology of AmB NEs
12.1. SEM analysis

The SEM images of pickering NEs (F2, F6) and non-pickering
NEs (F9, F11) are shown in Figure 24. The pickering NEs showed the
spherical shaped droplet covered with the layer of solid particles.
Whereas, the non-pickering NEs displayed the round and smooth surface
appearance. This result was similar with the literature. The morphology
of bupivacaine pickering emulsion stabilized by CD was characterized by
rod-shaped structure coated with cubic crystals of oil/CD complexes (52)
and curcumin nanoemulsion exhibited the smooth and circular-shaped

droplets (188). In their study, o0il/aCD complexes were predominantly
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observed as irregular rod-shaped microcrystals. During the sample

preparation, the samples were collected in ethanol and this step led to the

dehydration. It may affect the structure and size of the particles (131).

Figure 24 SEM images of pickering NEs; F2 (a); F6 (b); and non-
pickering NEs; F9 (c) and F11(d)

12.2. AFM study

AFM is a type of scanning probe microscope which permits
the particle detection for three-dimentional characterization (189). The

AFM consists of a cantilever with a sharp tip (probe) that is used to scan
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the specimen surface. When operating with non-contact mode, the tip
will scan above the surface particles that adsorbed at liquid layer (190).
Thus, only AmB pickering NEs could be assessed by the AFM method
because the emulsion droplets were surrounded by the solid particles of
MCT o0il/aCD complexes. Figure 25 exhibits the AFM micrographs of
AmB pickering NEs i.e., F2 and F6. It was found that the solid particles
were evenly distributed in both pickering NEs, but large number of
precipitated solid MCT oil/CD complexes and some of particle
agglomeration was observed in F2. yCD has the tendency to form self-

aggregation or drug/CD complexes aggregates which can be solid

complexes around the emulsion droplets (120).

Figure 25 AFM images of pickering NEs; F2 (a) and F6 (b)
13. Invitro hemolytic study

The in vitro hemolytic study is an alternative method for the

determination of the toxicity of AmB. The degree of hemolysis induced
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by AmB in Amphotericin-B®, and the selected formulations is displayed

in Figure 26.
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Figure 26 In vitro hemolytic study of sheep RBC at the various
concentrations of AmB in formulations; F2 (m),F6 (¢),F9 (A)Fll (e)
and Amphotericin-B® (x), (=3, Mean#S.D.)

For Amphotericin-B®, the concentration of AmB that resulted
in 50% of RBCs lysis (HCs) was 20 pg/mL and HC;oo was found to be at
the concentration of about 60 pg/mL. Due to its high degree of
aggregation behavior and fast drug release characteristic (Table 11 and
Figure 21), these led to the higher extent of hemolysis. Furthermore,
because of the presence of surface active agent, sodium deoxycholate in
Amphotericin-B®, it can cause the hemolysis in addition to AmB itself
(191). In contrast, the developed AmB loaded formulations displayed
only 7-20% of hemolysis even at the concentration of 100 pg/mL because

of their less aggregation state. Therefore, this result was relevant with the
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study of aggregation behavior. The reduction of aggregation behavior and
controlled release of AmB are definitely related with to the decreased
activity of hemolysis (192). In our previous study, we also investigated
that the drug-RBC interaction could be prevented by the shielding effect
of CD and therefore, the less extent of hemolysis was attributed by the

controlled drug release (153).

At the AmB concentration of 100 pg/mL, the pickering NEs
presented the significantly lower degree of hemolysis (F2 was 7% and F6
was 9%) than the non-pickering NEs (F9 was 20% and F11 was 12%)
(p<0.05). According to the fact that the pickering NEs had higher drug
entrapment and slower drug release than that of non-pickering NEs
(Table 10 and Figure 21). These are crucial factors on the decreasing of
hemolytic activity (115). As expected, the highest % hemolysis obtained
from F9 because of its the least retarded release among the AmB NEs.
However, in these NEs platforms, most of the drug were entrapped within
CD cavities and/or incorporation into the internal oil phase resulting in
diminished the toxicity. Various nanotechnological carriers were also
reported to lower toxicity, i.e., chitosan nanoparticles, solid lipid

nanoparticles and polymeric micelles (115, 193, 194).
14. Invitro antifungal activity

To evaluate the antifungal activity of AmB NEs, the MIC and
MFC were determined against C. albicans, A. flavus and F. solani by
using microdilution method. Table 12 shows the MIC and MFC values of
pure AmB in DMSO, Amphotericin-B® and AmB NEs. The MIC and
MFC of pure AmB in DMSO had the highest values against all fungal

species among the tested samples. It indicated that Amphotericin-B® and
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the developed AmB NEs established the superior formulations to AmB
itself.

However, the MIC and MFC values of Amphotericin-B® were
lower than those of selected AmB NEs formulations for filamentous
fungi. This obtained data possible explained by most of drug entrapped in
CD cavities and deposited in the inner core of NEs. Consequently, the
slowly drug release from this platform affected to the fungistatic and
fungicidal activity. Wang et al. (2016) reported the relationship between
the controlled drug release profile and antifungal activity. It was
concluded that the more sustained release formulations, the higher MIC
and MFC values were required for antifungal effects (192). The drug
release of AmB NEs was significantly slower when compared to
Amphotericin-B® (Figure 21). Therefore, NEs required more
concentrations to achieve the MIC and MFC values for antifungal
activity. However, the developed AmB NEs equally inhibited as
Amphotericin-B® for the growth of C. albican. This may be due to the
production of extracellular phospholipase enzymes by C. albican, that
caused the hydrolysis of lipid component in NEs and lead to the release
of AmB (195). Inversely, the filamentous fungi of (A. flavus and F.
solani), the extracellular protease enzymes were mainly produced (196,
197). It has been reported that AmB lipid complex exhibited the same
antifungal activity for C. albican as the commercial product whereas it

inferior to A. flavus.
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Table 12 In vitro antifungal activities of AmB loaded formulations

against various species of fungi (n=3, MeanxS.D.)

Formulations C. albican A. flavus F. solani
MIC® MFC® MIC* MFC® MIC*® MFCP
AmB 031 25 >20 >20 >20 >20
Amphotericin-B® 0.09 0.18 0.78 0.78 0.78 0.78
F2 0.09 036 >12* >12* 6.00* 6.00*
F6 0.09 036 >12* >12* 6.00* 6.00*
F9 0.09 036 >12* >12* 3.00* 3.00*
F11 0.09 036 >12* >12* 6.00* 6.00*

aug/mL, ® pg/mL and *significant higher values of MIC and MFC when more than

two dilution compared to Amphotericin-B®

15. Physical and chemical stability studies of AmB NEs
15.1. Freeze-Thaw stability study

The freeze-thaw stability of the AmB pickering NEs and the
AmB non-pickering NEs was evaluated by freezing at -20 °C for 24 h and
then thawing at 30 °C for 6 h. Figure 27 displays the visual appearance of
AmB NEs after storage zero to three freeze-thaw cycles. Both AmB
pickering NEs were stable against the physical instability i.e., creaming,
phase separation and the coalescence after freeze-thaw three cycles. This
possible explained by the surrounding of MCT oil/aCD microcrystals at
oil/water interface and forming the protective layer. These layers in the
continuous phase had the ability to reduce the rate of coalescence (54).
Whereas, the phase separation was occurred in AmB non-pickering NEs
after the second and the third cycles. The pH values of all formulations

were not significantly changed throughout the study period. The droplet
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size and size distribution of the pickering NEs were slightly higher and
broader from zero to three cycles, respectively. In case of the AmB non-
pickering NEs, the mean particle size was markedly increased to
micrometer range after two cycles. This might be due to the coalescence
of emulsion droplets in the non-pickering NEs. Moreover, the zeta
potential of non-pickering NEs was also significantly decreased at 2 and
3 cycles. This might be the reduction of repulsive force that also led to
coalescence. The visual observation of AmB NEs instability was also
confirmed by microscopic image (Figure 28). These observations
distinctly indicated that the pickering NEs stabilized by aCD (F2 and F6)
exhibited the greater stability than the non-pickering NEs (F9 and F11).
These findings are in agreement with the previous reports, pickering
emulsions displayed the physical stability against the coalescence and
Ostwald ripening while the inverse result was observed to the

conventional emulsions (49, 50).
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Figure 27 The appearance of AmB NEs after storage zero to three freeze-

thaw cycles
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Table 13 pH values, average particle size (PS), size distribution (PDI)

and zeta potential values of AmB NEs after storage zero to three freeze-

thaw cycles (n=3, MeanzS.D.)

Time AmB NEs

(days) F2 F6 F9 F11

pH

Day 0 4.56%0.02 4.4240.03 4.71+0.15 4.56%0.07
Day 1 4.59+0.01 4.40+0.04 4.7040.06 4.55+0.01
Day 2 4.,52+0.02 4.31+0.01 4.57+0.02 4.50+0.01
Day 3 4.39+0.05 4.26%0.07 4.24+0.02 4.24+0.31
PS (nm)

Day 0 221.86+2.80 224.10+2.36  153.47+0.61 223.73+2.89
Day 1 225.80+1.99 225.30+1.66  173.93%+1.25 206.23+5.41
Day 2 263.20+6.32 250.13+12.02 2779.67+12.34  2906.33+48.88
Day 3 293.43+1.91 285.50+4.70  3171.33+140.99 3769.00+20.66
PDI

Day 0 0.48+0.03 0.47+0.05 0.49+0.02 0.48+0.03
Day 1 0.57+0.07 0.62+0.04 0.49+0.05 0.64+0.01
Day 2 0.62+0.01 0.62+0.01 0.63+0.02 0.67+0.02
Day 3 0.63+0.04 0.68+0.09 0.76+0.02 0.68+0.06
ZP (mV)

Day 0 +34.3742.45 +33.83+1.59  +34.40+1.66 +35.27+0.29
Day 1 +34.03+1.42 +33.33+1.58  +33.23+0.58 +34.50+0.66
Day 2 +33.2740.32 +31.30+1.77  +18.87+0.45 +25.97+2.22
Day 3 +31.27+0.55 +30.04+£1.05 +15.97+0.98 +22.50+1.18
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Cycle 1
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Figure 28 Optical micrographs of AmB NEs after storage zero to three

freeze-thaw cycles

15.2. The stability study

The physical stability of AmB NEs after storage at long-term
(30+2 °C, 75+5% RH) and accelerated (40+2 °C, 75+5% RH) conditions

at various time interval are shown in Tables 14 and 15, respectively.
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Based on the result, pickering NEs (F2 and F6) showed the good stability
throughout the study period for both conditions. After the storage of 6
months, the pH values and zeta potential of pickering NEs (F2 and F6)
were slightly decreased. The particle size and size distribution of were
significantly increased but these values still be within the acceptable
range (i.e., the mean particle size < 5um and PDI< 0.7). As expected, the
larger difference of these parameters was obtained in the accelerated
condition than those of long-term condition. In case of non-pickering
NEs, the pH value was significantly decreased at 3" month storage. The
particle size and size distribution were significantly increased, which
values were out of specification. The zeta potential is an important
parameter for the determination of physical stability. The zeta potential
was significantly decreased at 3™ month storage. This may be due to the
changes in the repulsion at the boundary of emulsion droplets and
resulted in stronger tendency for coalescence lead to the instability.

The chemical stability of AmB NEs is shown in Table 16. The
AmB stability in long-term condition was better than in accelerated
condition. The drug content and %EE of pickering NEs were slightly
decreased throughout 6-months storage whereas, the non-pickering NEs
exhibited significant decreasing of drug content and %EE at 3™ and 6™
month storage. The reduction of %EE affected to the decreasing of total
drug content because AmB leaked into the continuous phase and led to
the degradation of AmB. For the comparison of yCD (F2) or HPyCD (F6)
contained pickering NEs, total drug content and %EE of F6 were slightly
lower than that of F2. According to all stability studies, pickering NEs
revealed the good stability than non-pickering NEs. Furthermore, yCD-
based pickering NEs showed the best stability followed by HPyCD-based
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ones. The literature also reported that chitosan-based pickering emulsions
showed the higher stability index than the conventional emulsion without
chitosan (198).

Table 14 pH values, average particle size (PS), size distribution (PDI)
and zeta potential, AmB NEs storage at accelerated stability condition for
0, 1, 3 and 6 months (n=3, MeanzS.D.)

Time AmB NEs

(months) F2 F6 F9 F11

pH

0 Month  4.86+0.04 4.56+0.02 4.87+0.04 4.65+0.14

1 Month  4.65+0.11 4.4310.05 4.53+0.05 4.03£0.16

3 Month  4.60+0.03 4,39+0.02 3.93+0.03 3.65+0.04

6 Month  4.59+0.04 4.35+0.11 3.65+0.07 3.49+0.09
PS (nm)

0 Month  255.67+4.60 230.17£1.71 168.17+2.46 198.27+2.81
1 Month  287.57+9.92 264.03+5.90 234.37+6.74 280.70£8.09
3 Month  360.02+14.25 367.10+4.10 516.90+7.99 555.20+24.98
6 Month  373.40+1.04 391.1+15.94 691.17+£7.93 651.17+8.08
PDI

0 Month  0.41+0.02 0.52+0.01 0.49+0.01 0.44+0.01

1 Month  0.51%0.02 0.58+0.01 0.55+0.01 0.53+0.01

3 Month  0.59+0.01 0.65+0.02 0.69+0.04 0.66+0.07

6 Month  0.64%0.02 0.67+0.02 0.750.07 0.76x0.09
ZP (mV)

0 Month  +32.53+0.60 +31.27+0.78 +34.50+0.61 +31.37£0.51
1 Month  +30.27+0.42 +30.03+2.90 +31.40+0.56 +27.87+£0.21
3 Month  +29.83+0.25 +28.47+0.40 +19.83+2.12 +17.67+£1.20
6 Month  +28.57+0.42 +28.23+0.65 +14.57+0.42 +13.67+£1.21
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Table 15 pH values, average particle size (PS), size distribution (PDI)

and zeta potential, of AmB NEs storage at long-term stability condition

for 0, 1, 3 and 6 months (=3, MeanzS.D.)

Time AmB NEs

(months) F2 F6 F9 F11

pH

0 Month  4.86+0.04 4.56£0.02 4.87+0.04 4.65+0.14

1 Month  4.71+0.13 4.45+0.04 4.62+0.02 4.15+0.05

3 Month  4.65+0.02 4.40£0.04 4.11+0.04 3.71+0.03

6 Month  4.61+0.03 4.36x0.10 3.85+0.07 3.59+0.03
PS (nm)

0 Month  255.67+4.60  230.17£1.71  168.17+2.46 198.27+2.81
1 Month ~ 287.20+3.97 262.00+4.90  215.53+7.76 234.43+4.91
3 Month  338.87£16.06 359.37+4.39  472.36+9.93 437.50£7.10
6 Month  367.87£2.37 390.30£3.83  686.47+4.52 620.07+3.344
PDI

0 Month  0.41+0.02 0.52+0.01 0.49+0.01 0.44+0.01

1 Month  0.51+0.01 0.58+0.01 0.54+0.01 0.53+0.01

3 Month  0.58+0.01 0.61+0.01 0.69+0.01 0.64+0.01

6 Month  0.64+0.01 0.65+0.02 0.74£0.03 0.72+0.01
ZP (mV)

0 Month  +32.53+0.60 +31.27+0.78  +34.50+0.61 +31.37+0.51
1 Month  +30.57+1.45 +30.67+0.06  +32.43+0.61 +29.73+£1.47
3 Month  +30.13+0.49 +29.77#1.15  +21.43+1.53 +19.63+£1.36
6 Month  +29.73+0.15 +28.67+0.68  +16.63+1.15 +15.43+£1.10
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Table 16 Total AmB content (%) and %EE of AmB NEs storage at
accelerated and long-term stability conditions for 0, 1, 3 and 6 months
(n=3, MeantS.D.)

Time AmB NEs

(months) F2 F6 F9 F11
Accelerated stability (402 <C, 75+5% RH)

Total AmB content (%)

0 Month 99.71+0.78  98.86+1.44 98.82+0.68 99.23+0.83
1 Month 96.20+1.31  96.17+0.68 90.52+4.02 88.12+1.60
3 Month 94.27+1.28 93.17+3.70 68.12+2.23 52.91+2.19
6 Month 91.59+2.03  90.69+1.08 50.28+3.20 40.44+3.52
%EE

0 Month 92.81+1.19 90.94+1.10 78.68+0.39 80.64+0.98
1 Month 90.87+0.20 87.57+1.14 61.08+1.28 62.61+1.33
3 Month 85.43+1.26 83.75+1.92 49.88+12.87 40.20+8.62
6 Month 82.86+4.21  80.08+3.61 41.16+1.43 20.31£3.36
Long-term stability (30£2 <C, 75£5% RH)

Total AmB content (%)

0 Month 99.71+0.78  98.86+1.44 98.82+0.68 99.23+0.83
1 Month 97.62+2.24  96.27+3.37 92.55+2.12 89.44+1.42
3 Month 95.51+4.32  94.02+3.30 78.36+3.35 60.54+2.92
6 Month 94.51+1.01 92.35+1.82 71.80£3.83 43.87+1.10
%EE

0 Month 92.81+1.19 90.94+1.10 78.68+0.39 80.64+0.98
1 Month 91.02+0.53  89.32+0.28 63.88+£1.12 67.31£2.95
3 Month 87.97+£0.91  85.71+0.52 51.74+0.38 50.73£1.08
6 Month 86.22+2.72  83.04+0.69 45.31+2.22 23.81+4.39
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CHAPTER V
CONCLUSIONS

Amphotericin B (AmB) is poorly water-soluble compound at
the physiological pH. The solubility of AmB was increased by the
formation of inclusion complex with cyclodextrin (CD) through the
heating method (sonication at 60 °C for 30 min). Among the tested CDs,
vCD and HPyCD displayed the highest complexation efficiency according
to Ap-type phase-solubility profiles. Prior to develop the pickering
nanoemulsions (NEs) containing AmB, type and concentrations of oil and
surfactant were selected based on the solubility study. MCT oil and
phosphatidylcholine (lecithin) were chosen due to their highest
solubilization of AmB. It had been also investigated the surface activity
of various CDs. MCT oil/aCD inclusion complexes showed the lowest
interfacial tension at oil-water (o/w) interface among the tested MCT
oil/CD inclusion complexes. Furthermore, the inclusion complexes of
MCT oil/ aCD was characterized by FT-IR and H-NMR, and the
morphology was observed by optical microscopic and SEM studies. It
was found that MCT oil encapsulated with aCD and there some
interactions between MCT oils and aCD were detected. Therefore, MCT
oil/aCD microcrystals was chosen as solid particles for the development
of pickering NEs. According to the solution-state (*H-NMR) and solid-
state (FT-TR, PXRD and DSC) characterizations, AmB was inserted into
yCD or HPyCD cavities as 1:1 and 1:2 complexes. Some interactions
were observed between the components. This result supported the data

obtained from phase-solubility studies.
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AmB loaded oaCD-stabilized pickering NEs and lecithin-
stabilized non-pickering NEs were developed. The pH values and
osmolality of all formulations were within the acceptable range for the
eye drops. The particle size in all formulation were in the nanometer
range. However, the mean particle size of some formulations containing
high yCD or HPyCD and lecithin were significantly high consequently,
lower stability index. The surface tension of aCD containing pickering
NEs was lower than that of respective non-pickering NEs. The
entrapment efficiency (%EE) of pickering NEs was higher than non-
pickering NEs, especially the formulations composed of high yCD or
HPyCD. This indicated that the increase in %EE resulted in more
controlled drug release. For the evaluation of toxicity of AmB, the degree
of aggregation behavior and hemolytic activity of developed formulations
were performed. These results indicated that the AmB NEs showed lower
degree of aggregation and hemolysis than Amphotericin-B®. It was found
that the developed AmB loaded NEs formulations were safer than the
commercial product, Amphotericin-B®. The susceptibility against
pathogenic fungi was conducted and found that both pickering and non-
pickering AmB NEs were superior to the AmB itself and equally
effective to C. albicans. However, due to the slow release of AmB from
the nanotechnology platform they were lower antifungal activity against
filamentous fungi when compare to Amphotericin-B®. The selected AmB
formulations were evaluated the physical and chemical stability studies
I.e, freeze-thaw stability, long-term stability and accelerated stability
studies. The CD-stabilized AmB pickering NEs showed better stability
status than non-pickering NEs especially the formulation stabilized by
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yCD. Therefore, yCD-based pickering NEs containing AmB were

potential candidate for further studies.
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Table 17 The pH values of AmB NEs storage at accelerated stability

condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 4.82 4.88 4.89 4.86 0.04
F6 4.54 4.57 4.56 4.56 0.02
F9 491 4.86 4.84 4.87 0.04
F11 451 4.67 4,78 4.65 0.14
1 Month

F2 4,75 4.65 4,54 4.65 0.11
F6 4.38 4.47 4.45 4.43 0.05
F9 4.58 451 4.49 4.53 0.05
F11 3.98 4.21 3.91 4.03 0.16
3 Month

F2 4.63 4.59 4.58 4.60 0.03
F6 441 4.37 4.38 4.39 0.02
F9 3.94 3.95 3.89 3.93 0.03
F11 3.61 3.68 3.66 3.65 0.04
6 Month

F2 4.63 4.55 4.58 4.59 0.04
F6 4.23 4.38 4.45 4.35 0.11
F9 3.66 3.58 3.71 3.65 0.07
F11 3.48 3.42 3.59 3.49 0.09
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Table 18 The pH values of AmB NEs storage at long-term stability

condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 4.82 4.88 4.89 4.86 0.04
F6 4.54 4.57 4.56 4.56 0.02
F9 491 4.86 4.84 4.87 0.04
F11 451 4.67 4,78 4.65 0.14
1 Month

F2 4,79 4,77 4.56 4,71 0.13
F6 441 4.48 4.46 4.45 0.04
F9 4.64 4.60 461 4.62 0.02
F11 4.10 4.20 4.15 4.15 0.05
3 Month

F2 4.65 4.67 4.64 4.65 0.02
F6 4.36 4.43 4.41 4.40 0.04
F9 4.07 4.15 412 411 0.04
F11 3.68 3.73 3.73 3.71 0.03
6 Month

F2 4.63 4.62 4.58 4.61 0.03
F6 4.26 4.38 4.45 4.36 0.10
F9 3.86 3.92 3.78 3.85 0.07

F11 3.56 3.61 3.99 3.59 0.03
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accelerated stability condition for 0, 1, 3 and 6 months
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The average particle size (nm) of AmB NEs storage at

Formulations nl n2 n3 Mean S.D.
0 Month

F2 260.6 251.5 254.9 255.67 4.60
F6 229.5 232.1 228.9 230.17 1.71
F9 170.5 165.6 168.4 168.17 2.46
F11 200.9 198.6 195.3 198.27 2.81
1 Month

F2 298.6 284.7 279.4 287.57 9.92
F6 270.7 261.9 259.5 264.03 5.90
F9 241.5 233.5 228.1 234.37 6.74
F11 271.5 286.7 283.9 280.70 8.09
3 Month

F2 359.7 345.9 374.4 360.02 14.25
F6 369.0 362.4 369.9 367.10 4.10
F9 520.9 507.7 522.1 516.90 7.99
F11 570.9 568.3 526.4 555.20 24.98
6 Month

F2 372.7 372.9 374.6 373.40 1.04
F6 402.8 397.7 373.0 391.17 15.94
F9 697.4 682.7 695.2 691.67 7.93
F11 658.1 653.1 642.3 651.17 8.08
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Table 20 The average particle size (nm) of AmB NEs storage at long-

term stability condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 260.6 251.5 254.9 255.67 4.60
F6 229.5 232.1 228.9 230.17 1.71
F9 170.5 165.6 168.4 168.17 2.46
F11 200.9 198.6 195.3 198.27 2.81
1 Month

F2 291.6 286.1 283.9 287.20 3.97
F6 267.5 258.1 260.4 262.00 4.90
F9 224.1 212.6 209.3 215.33 7.76
F11 234.1 239.5 229.7 234.43 491
3 Month

F2 321 343.5 352.1 338.87 16.06
F6 357.4 356.3 364.4 359.37 4.39
F9 4715 482.7 462.9 472.36 9.93
F11 445.3 431.4 435.8 437.50 7.10
6 Month

F2 367.5 365.7 370.4 367.87 2.37
F6 386.1 393.6 391.2 390.30 3.83
F9 682.2 686 691.2 686.47 4.52

F11 622.8 616.2 621.2 620.07 3.44
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Table 21 The PDI values of AmB NEs storage at accelerated stability

condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 0.39 0.43 0.41 0.41 0.02
F6 0.51 0.53 0.52 0.52 0.01
F9 0.50 0.49 0.48 0.49 0.01
F11 0.45 0.44 0.44 0.44 0.01
1 Month

F2 0.51 0.52 0.51 0.51 0.02
F6 0.58 0.58 0.58 0.58 0.01
F9 0.55 0.55 0.54 0.55 0.01
F11 0.53 0.54 0.52 0.53 0.01
3 Month

F2 0.59 0.60 0.59 0.59 0.01
F6 0.63 0.67 0.63 0.65 0.02
F9 0.65 0.69 0.73 0.69 0.04
F11 0.61 0.73 0.63 0.66 0.07
6 Month

F2 0.66 0.63 0.64 0.64 0.02
F6 0.68 0.68 0.66 0.67 0.02
F9 0.79 0.79 0.67 0.75 0.07

F11 0.75 0.77 0.76 0.76 0.09
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Table 22 The PDI values of AmB NEs storage at long-term stability

condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 0.39 0.43 0.41 0.41 0.02
F6 0.51 0.53 0.52 0.52 0.01
F9 0.50 0.49 0.48 0.49 0.01
F11 0.45 0.44 0.44 0.44 0.01
1 Month

F2 0.50 0.51 0.52 0.51 0.01
F6 0.57 0.58 0.58 0.58 0.01
F9 0.55 0.54 0.53 0.54 0.01
F11 0.53 0.53 0.54 0.53 0.01
3 Month

F2 0.59 0.57 0.59 0.58 0.01
F6 0.62 0.61 0.61 0.61 0.01
F9 0.69 0.69 0.69 0.69 0.01
F11 0.65 0.64 0.64 0.64 0.01
6 Month

F2 0.65 0.63 0.64 0.64 0.01
F6 0.65 0.65 0.65 0.65 0.02
F9 0.74 0.74 0.74 0.74 0.03

F11 0.73 0.72 0.70 0.72 0.01
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Table 23 The zeta potential values (mV) of AmB NEs storage at

accelerated stability condition for 0, 1, 3 and 6 months (n=3, MeantS.D.)

Formulations nl n2 n3 Mean S.D.
0 Month

F2 +33.1 +32.6 +31.9 +32.53 0.60
F6 +31.5 +31.9 +30.4 +31.27 0.78
F9 +35.1 +34.5 +33.9 +34.50 0.60
F11 +31.8 +30.8 +31.5 +31.37 0.51
1 Month

F2 +30.6 +29.8 +30.4 +30.27 0.42
F6 +27.2 +29.9 +33.0 +30.03 2.90
F9 +31.5 +31.9 +30.8 +31.40 0.56
F11 +27.8 +28.1 +27.7 +27.87 0.21
3 Month

F2 +30.1 +29.6 +29.8 +29.83 0.25
F6 +28.9 +28.4 +28.1 +28.47 0.40
F9 +17.9 +22.1 +19.5 +19.83 2.12
F11 +16.5 +18.9 +17.6 +17.67 1.20
6 Month

F2 +28.9 +28.7 +28.1 +28.57 0.42
F6 +28.9 +28.2 +27.6 +28.23 0.65
F9 +14.1 +14.7 +14.9 +14.57 0.42

F11 +12.5 +13.6 +14.9 +13.67 1.21
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Table 24 The zeta potential values (mV) of AmB NEs storage at long-

term stability condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 +33.1 +32.6 +31.9 +32.53 0.60
F6 +31.5 +31.9 +30.4 +31.27 0.78
F9 +35.1 +34.5 +33.9 +34.50 0.61
F11 +31.8 +30.8 +31.5 +31.37 0.51
1 Month

F2 +32.0 +29.1 +30.6 +30.57 1.45
F6 +30.6 +30.7 +30.7 +30.67 0.06
F9 +33.1 +31.9 +32.3 +32.43 0.61
F11 +29.2 +31.4 +28.6 +29.73 1.47
3 Month

F2 +30.7 +29.9 +29.8 +30.13 0.49
F6 +29.8 +28.6 +30.9 +29.77 1.15
F9 +23.1 +21.1 +20.1 +21.43 1.53
F11 +20.9 +19.8 +18.2 +19.63 1.36
6 Month

F2 +29.9 +29.7 +29.6 +29.73 0.15
F6 +28.9 +29.2 +27.9 +28.67 0.68
F9 +15.5 +16.6 +17.8 +16.63 1.15

F11 +15.8 +14.2 +16.3 +15.43 1.10
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Table 25 The total AmB content (%) of AmB NEs storage at accelerated

stability condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 98.89 100.44 99.80 99.71 0.78
F6 99.75 99.64 97.23 08.86 1.44
F9 98.81 98.14 99.50 08.82 0.68
F11 98.88 98.70 100.19 99.23 0.83
1 Month

F2 95.79 97.95 95.58 96.20 1.31
F6 96.11 95.52 96.88 96.17 0.68
F9 90.37 94.69 86.67 90.52 4.02
F11 90.07 87.53 87.11 88.12 1.60
3 Month

F2 93.24 95.69 95.08 94.27 1.28
F6 88.91 95.05 95.55 93.17 3.70
F9 66.62 69.51 65.11 68.12 2.23
F11 49.17 53.53 51.02 52.91 2.19
6 Month

F2 92.39 93.10 89.28 91.59 2.03
F6 91.16 89.45 91.45 90.69 1.08
F9 46.79 53.08 50.96 50.28 3.20
F11 36.42 42.97 41.92 40.44 3.52
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Table 26 The total AmB content (%) of AmB NEs storage at long-term
stability condition for 0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 98.89 100.44 99.80 99.71 0.78
F6 99.75 99.64 97.23 98.86 1.44
F9 98.81 98.14 99.50 08.82 0.68
F11 08.88 98.70 100.19 99.23 0.83
1 Month

F2 97.27 95.58 100.02 97.62 2.24
F6 93.15 95.82 99.85 96.27 3.37
F9 90.96 91.73 94.96 92.55 2.12
F11 88.89 88.71 91.26 89.44 1.42
3 Month

F2 98.94 90.58 96.62 95.51 4.32
F6 95.96 95.55 90.04 94.02 3.30
F9 81.73 75.14 79.47 78.36 3.35
F11 56.82 61.72 62.02 60.54 2.92
6 Month

F2 95.33 97.21 96.92 94,51 1.01
F6 91.16 94.45 91.45 92.35 1.82
F9 69.12 70.56 76.35 71.80 3.83

F11 43.85 45.03 42.83 43.87 1.10
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Table 27 %EE of AmB NEs storage at accelerated stability condition for
0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 94.19 92.01 92.24 92.81 1.19
F6 91.32 91.80 89.69 90.94 1.10
F9 78.53 79.12 78.39 78.68 0.39
F11 81.48 79.56 80.89 80.64 0.98
1 Month

F2 90.92 90.79 90.54 90.87 0.20
F6 87.12 86.72 88.87 87.57 1.14
F9 60.92 59.88 62.43 61.08 1.28
F11 62.14 61.57 64.11 62.61 1.33
3 Month

F2 86.88 87.64 85.19 85.43 1.26
F6 82.24 85.89 85.12 83.75 1.92
F9 53.16 60.80 35.69 49.88 12.87
F11 38.48 50.86 34.29 40.20 8.62
6 Month

F2 84.68 85.85 78.05 82.86 4.21
F6 82.21 78.12 82.90 80.08 3.61
F9 40.91 39.86 42.69 41.16 1.43

F11 23.35 23.15 17.44 21.31 3.36
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Table 28 %EE of AmB NEs storage at long-term stability condition for
0, 1, 3 and 6 months

Formulations nl n2 n3 Mean S.D.
0 Month

F2 94.19 92.01 92.24 92.81 1.19
F6 91.32 91.80 89.69 90.94 1.10
F9 78.53 79.12 78.39 78.68 0.39
F11 81.48 79.56 80.89 80.64 0.98
1 Month

F2 91.67 90.89 91.90 91.02 0.53
F6 89.14 89.49 89.69 89.32 0.28
F9 65.12 62.95 63.57 63.88 1.12
F11 70.16 67.49 64.27 67.31 2.95
3 Month

F2 88.78 86.98 88.17 87.97 0.91
F6 85.74 85.90 84.94 85.71 0.52
F9 51.33 51.72 52.10 51.74 0.38
F11 50.98 51.44 49.39 50.73 1.08
6 Month

F2 88.76 89.07 84.20 86.22 2.72
F6 85.53 85.71 84.43 83.04 0.69
F9 46.47 44.15 48.58 45.31 2.22

F11 20.58 28.62 21.54 23.81 4.39
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