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## 6176131933 : MAJOR PHARMACEUTICAL SCIENCES AND TECHNOLOGY
KEYWORD: Astaxanthin, Self-microemulsifying delivery system, Mixture design
Mo Mo Ko Zin : DEVELOPMENT AND OPTIMIZATION OF SELF-
MICROEMULSIFYING ASTAXANTHIN DELIVERY SYSTEM USING THE
DESIGN OF EXPERIMENT (DOE) APPROACH. Advisor: VEERAKIET
BOONKANOKWONG, Ph.D.

The purpose of this research was to develop and optimize a self-microemulsifying
delivery system (SMEDS) to improve dissolution rate of poor soluble compound AST by
mixture experimental design. The solubility of AST was analyzed with various excipients
so that the appropriate oil, surfactant, and cosurfactant were figured out. Through the
findings about the microemulsion existence area, the pseudoternary phase diagrams were
constructed for selecting the optimum combination of excipients in a formulation of
SMEDS. The optimized LCT-SMEDS obtained from the design space was composed of
19.59% castor oil (oil; X;), 62.34% Cremophor® RH 40 (surfactant; X;), and 18.03%
Tween® 80 (cosurfactant; Xs) as independent variables, which resulted in a droplet size of
20.71 nm (Y1), PDI of 0.28 (Y>), zeta potential of -9.07 mV (Y3), 97.87% active ingredient
content (Y4), and 98.38% transmittance (Ys) as response factors. The optimized MCT-
SMEDS consisted of 12.39% MCT (oil; X1), 44.98% Cremophor® RH 40 (surfactant; X»),
and 44.59% Tween® 80 (cosurfactant; Xs) as independent variables, which resulted in a
droplet size of 22.02 nm (Y1), PDI of 0.17 (Y>), zeta potential of -10.69 mV (Y3), 98.72%
transmittance (Y4), and 97.09% active ingredient content (Ys) as response factors. The
desirability function values of LCT-SMEDS and MCT-SMEDS were 0.8074 and 0.7949,
respectively, indicating the reliability and accuracy of optimization. In addition, good
agreement was found between the model prediction and experimental values of Y1, Y2, Y3,
Y4, and Ys. Optimized formulations of LCT-SMEDS and MCT-SMEDS were characterized
by visual observation, self-emulsification time, refractive index, transmission electron
microscopy (TEM), freeze-thaw stability studies showing rapid microemulsion with good
physicochemical properties and stability. The dissolution of the optimized LCT-SMEDS
and MCT-SMEDS was pH-independent and reached over 90% within 4 hrs in all the media
tested. As stated in the results, the significant improvements of SMEDS formulations were
found in dissolution profiles of AST, compared to a marketed preparation and raw
AST. Thus, we suggested that SMEDS formulation using the experimental design method
might be a promising way to improve the dissolution of poorly water-soluble substance
astaxanthin.
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CHAPTER I
INTRODUCTION

Alzheimer’s disease (AD) is considered as a common severe
chronic neurodegenerative disease. The characterization of this disease is
the cognitive dysfunction and the memory impairment. The etiology of
this disease is multifactorial. One of these factors is pathologically related
with the accumulation of neurofibrillary tangles and amyloid beta (1).
Oxidative stress is led by mitochondrial dysfunction and the
accumulation of amyloid beta. Through many cellular molecular
pathways, damage of tissue is followed as the result of oxidative stress,
which is caused by the reactive oxygen species (ROS) formation. By
different modes of necrosis or apoptosis, proteins, lipids, and nucleic
acids in the cell can be damaged by ROS, which is then followed by cell
death (2). Thus, it is crucial that the redox status is maintained in our

body.

Two possible theoretical approaches are discovered for the
treatment of AD while no medicine was found to effectively protect the
nerve cells (3). The symptomatic treatment is observed as one approach
to treat and reduce the cognitive symptoms. Another approach for
treatment is to prevent the onset of the disease by sequestering the
primary precursors and to reduce the secondary pathologies of the
disease. According to the specificity of each individual and the severity of
the disease, the appropriate treatment strategies were selected. However,
specific symptoms of AD are chiefly targeted by currently available
therapeutic agents. These therapeutic agents include acetylcholinesterase

inhibitors which suppress the acetylcholine degradation within the



synapse and enhance the cholinergic neurotransmission. Other therapeutic
strategies and agents such as immunotherapy, secretase effectors, the
AP vaccine trials, neurotrophins, statins, and nonsteroidal anti-
inflammatory drugs (NSAIDs) have also been observed. However, their
use remains questionable and all the treatments undergo various side
effects. Hence, further research studies are still required for the
preventive and treatment of AD. The promising antioxidant therapy for

the treatment of AD has been studied for years (4).

Especially, astaxanthin (AST) can oppose oxidative injuries by
scavenging of radicals, regulating gene expression, inhibiting lipid
peroxidation, and quenching of singlet oxygen, (5, 6). Since astaxanthin
inhibits inflammation and oxidative stress for the treatment of chronic
diseases as shown in many studies in recent years, astaxanthin is
considered as a successful carotenoid on the market (7). Moreover, AST
can easily cross the blood-brain barrier due to its unique chemical
structure (8). Therefore, brain is regarded as a target organ of AST. AST
is mainly found in the marine environment and microorganisms (6, 9, 10).
Animals cannot synthesize AST, however, it can be acquired via the diet
(112).

AST showed the effect of anti-inflammation by blocking nitric
oxide production and the NF-KB-dependent signaling pathway and by
inhibiting the inflammatory mediators expression (5, 12, 13). This finding
validates the administration of astaxanthin as a co-treatment of AD.
Unfortunately, AST is unstable during production and storage owing to
its 3-hydroxy and 4-keto in the end of the molecule, and a chain of highly
conjugated, double bond structure that is prone to chemical degradation

(oxidation and isomerization) when exposed to light, oxygen, high



temperature, and pH extremes (14). This causes color fading of AST and
a loss of its biological activity. Moreover, the bioavailability of
astaxanthin is greatly reduced owing to its poor solubility in water,
resulting in negative effect on its practical applications (15). For the
purpose of increasing the stability and bioavailability of AST, various
approaches such as formulation of liposomes (15) and nanoparticles (16)
have been examined. In these formulations, high expense of ingredients

and complicated method of formulation are needed.

Since most of the current therapies are only symptomatic but not
curative, new drugs are highly demanded to be discovered for the
effective medication of neurodegenerative diseases. Moreover, for the
purpose of reaching the pathological site and minimizing unwanted side
effects, highly effective targeted delivery systems of drug are required for
the treatment of chronic neurodegenerative diseases which needs long-
term drug administration. Thus, once the discovery of an optimal drug

has been successful, it should be efficiently conveyed to the aimed cells.

In supplying drugs to patients with neurodegenerative diseases, one
of the most patient-friendly and convenient methods is systemic non-
invasive oral delivery. Nevertheless, the main drawbacks connected with
the delivery via oral route involve drug degradation prior to reach the
blood vessels and low drug hydrophilicity. Oral route has limited drug
efficacy although it is the most applied method in supplying drugs. The
main limits affecting drug-loaded pills to reach the systemic circulation
involves poor bioavailability in body fluid, particularly owing to poor
solubility in water, degradation within the gastrointestinal tract, pre-
intestinal metabolism, and poor intestinal membrane permeability. By the

use of absorption enhancers, the pharmaceutically active compounds are



modified to be able to overcome poor intestinal membrane permeability.
The bioavailability of drugs administrated through oral delivery are
ensured to be enhanced on the usage of lipids and lipophilic excipients
among others. The main mechanisms by which lipophilic excipients and

lipids influence drug absorption are as follow (17):

1. by alterations of the composition of the colloidal environment targeted
at drug solubilization improvement within the intestinal environment on

the usage of vesicles and micelles

2. by enhancing drug uptake interacting with enterocyte-based transport

and metabolic processes

3. by developing the transportation of drug to the systemic circulation
through the intestinal lymphatics rather than the hepatic portal vein and as

a result, reducing the first-pass metabolism of drug.

Currently, lipid-based formulations have gained much attention
because of their ability to improve the solubility and bioavailability of
poorly water soluble compounds (18). Solubilizing or encapsulating the
active substances in lipid excipients can promote the enhancement of
solubilization and absorption, resulting in improved bioavailability. The
successful marketed lipid-based formulations consist of clofazimine
(Lamprene®), saquinavir (Fortovase®), efavirenz (Sustiva®), and ritonavir
(Norvir®) (19). Some examples of lipid-based formulations are oily

liquids, micelles, liposomes, and self-microemulsifying delivery systems.

Some drugs such as steroids were formulated as oily liquids by
dissolving the drugs in oils (e.g., triacyglycerols). But, the amount of oil
needed to solubilize a unit dose of active substance is very large, that

limits the preparation of active substance in oil (19).



The formation of micelles is induced by self-assembly of
amphiphilic molecules. These molecules hold polar regions (heads) and a
nonpolar regions (tails). Both hydrophilic and hydrophobic compounds
can be delivered by micelles. The molecules of micelles are usually
spherical in shape with 2 to 20 nm (20). The difficulty in drug loading
and high cost of preparation hinder the industrial growth of polymeric
micelles (21). The polymer may be solubilized directly with the active
compound to produce drug-loaded polymeric micelles when it is
sufficiently hydrophilic. Although this technique is applicable for
hydrophilic polymers, it is generally related with low drug loading.
Moreover, an organic solvent may be required to dissolve other
amphiphilic polymers and the active compound with poorly water
solubility which may cause safety and environmental concerns. Then, by
dialysis or emulsification techniques, drug loading is performed in the
polymeric micelles. However, the process of dialysis usually needs more
than 36 hours for effective drug loading and water replenishment at
regular intervals. Moreover, the process of emulsification usually
contains the usage of chlorinated solvents that are not safe. Additionally,
disadvantages of micelles include poor physical stability in vivo and poor

drug loading efficiency (22).

Liposomes is a sphere-shaped vesicle with a membrane consisting
of one or more phospholipid bilayers used to deliver active compound or
genetic material into a cell. According to their lamellarity, these vesicles
can be classified from single lamellar with a size ranging between 50 and
250 nm to multilamellar with size 1-5 um. They are capable of carrying
either hydrophobic active compounds in their hydrophobic lipid bilayers

or hydrophilic compounds in their inner agueous phase. As the stability of



the vesicles is poor in the gastrointestinal tract, the oral delivery of
liposomes is difficult and challenging. This is because the lipid bilayer
structure may rapidly splinter in response to van der Waals, electrostatic,
and hydrophobic forces, resulting in drug leakage, particle aggregation,
and a reduced shelf life. Moreover, the loaded drug is frequently
dispersed in a rapid burst release due to their poor control of drug release.
Additionally, liposomes exhibit poor efficiency of drug encapsulation

owing to low solubility of drugs in solution (22).

Self-microemulsifying delivery system (SMEDS) produces
microemulsions with globule size ranging from 20 to 200 nm upon
dilution (23, 24). Microemulsions (ME) are solution-like systems with an
inner structure of nano droplets stabilized by a set of surfactants and co-
surfactants (25). SMEDS formulation typically consists of a homogenous
mixture of a surfactant, an oil, and an active ingredient, which is rapidly
dispersed in the body. The size range of formed droplets are

approximately the same as those mentioned in microemulsion.

Among various lipid-based formulations, self-microemulsifying
systems have gained much interest by the researchers due to their self-
emulsifying nature, their stability, ease of preparation, and scale-up (26).
The oil presented in the SMEDS formulation could serve as the precursor
for the chylomicrons and lipoproteins formation which may improve the
drug absorption through the lymphatic pathway and hence increase the
bioavailability of active compound by decreasing hepatic first-pass
metabolism. Moreover, the presence of surfactant in SMEDS might alter
the cell membrane permeability and thereby enhance permeability of
drug. Additionally, due to their amphiphilic nature, the surfactants are

absorbed at the oi-water interface, that can reduce the interfacial surface



tension and enhance the penetration of drug into the epithelial cells. The
polar region of the surfactants interacts with the polar head region of the
lipid bilayers, as a result modifying ionic forces and hydrogen bonding.
The drug also presents in dissolved form, resulting in increasing
absorption of drug. Owing to its reproducible drug release, SMEDS has
also attracted attention because it is less dependent on the physiological

conditions typically found in the gastrointestinal tract.

A self-microemulsifying delivery system (SMEDS) is a simple
formulation produced by a simple technigue method as well as required
less time of formulation and available cheap excipients (27). Owing to
small droplet sizes upon dispersion and their behavior of self-dispersion
that has been shown to enhance drug absorption, SMEDS is a beneficial
approach in delivering lipophilic drugs which are poorly soluble in water
(28, 29). Its ability to form oil-in-water (o/w) microemulsions under mild
stirring after diluting with water is the basic principle of this system (30).
In the gastrointestinal tract, the active ingredient is shown in a solubilized
form, resulting in spontaneous microemulsion formation. For the drug
absorption, a large interfacial surface area is provided by the small
droplet size of the formed microemulsion (31). Numerous formulation-
related specifications, for instance, oil/surfactant proportion, surfactant
concentration, particle size, polarity, and charge of the microemulsion are
the basis for the oral absorption efficiency of the active ingredient from
the SMEDS, and the self-emulsification ability is also determined by
those parameters (26). Thus, efficient self-emulsifying systems can only
be obtained through the combination of very specific pharmaceutical
excipients. The SMEDS formulation can successfully be optimized with

the essential factors such as choice of the constituents, and properly



balanced proportion of the components. For the development of a suitable
formulation, Design of Experimental (DOE) approaches have been
widely utilized (32). According to traditional one-factor-at-a-time
approaches, the proportions of SMEDS constituents have been optimized.
Nevertheless, these methods are inefficient, time-consuming, and labor-
intensive. Moreover, the effect of individual constituent and their
interactions are analyzed with the insufficient data obtained from these
methods (32, 33). Hence, DOE approaches such as mixture, central
composite, factorial, and Box—Behnken designs have been suggested to
examine the influences of independent variables (input variables) on
dependent variables (responses) and the interaction between independent
variables (34-36). The mixture design is a popular response surface
methodology because of its minimal variance correlated with the
interpretation of coefficients in a model (37). For optimization of the
formulation, Bhattacharya et al. (38) successfully formulated docetaxel-
loaded self-nanoemulsifying system by the use of mixture design. In this
study, the independent variables were the concentration of oleic acid (X1),
Tween® 80 (X;), and PEG 400 (X3) while the responses were
emulsification time (Y;) and %drug release (). Among total
preparations, the optimized one consisted of oleic acid (42.37%), Tween®
80 (43.39%), and PEG 400 (14.21%). It was revealed that the best
formulation showed 19.71s emulsification time and 95.21% of drug
release. Sandhu et al. (39) well designed a tamoxifen-loaded SMEDS by
a mixture design. The optimized formulation showed increased cellular

uptake and enhanced bioavailability.

Self-emulsifying formulation has been prepared using materials

which has been extensively researched. The transportation methods for



the lipids are different. The transportations of medium chain triglycerides
(MCT) and long chain triglycerides (LCT) are via the portal blood to the
systemic circulation and via the intestinal lymphatics respectively (40).
Through the delivery systems of drug containing LCT, the first-pass
metabolism of a compound may be diminished because the intestinal
lymph travels directly to the systemic circulation without passing
through the liver (41, 42). It was observed in the literature that MCT is
better in solubility properties, higher in fluidity, and self-emulsification
ability, than LCT, and so MCT has been preferred in SMEDS (30, 31).
Moreover, an advanced chemical stability of compound in MCT is
observed owing to the lack of double bonds and the purity of the lipid.
SMEDS containing either medium chain or long chain triglyceride have
been researched with danazol (43) and halofantrine (44). It was observed
that the highest bioavailability was obtained by the use of LCT-SMEDS
in both studies. Studies comparing LCT-SMEDS and MCT-SMEDS are

still limited in number (45).

As a whole, the current study hypothesized that the solubility and
dissolution rate of AST could be improved by SMEDS formulations
containing either LCT or MCT. Regarding to this, the AST loaded
SMEDS containing either LCT or MCT will be improved as a carrier for
oral preparation for drug localization into brain tissues through this
research. The AST loaded SMEDS formulations were prepared and the
factors that influence the response variables by mixture design were
optimized in order to prove this hypothesis. And then, the morphology
and physicochemical properties were characterized. Therefore, the main

objectives of this research work are as follows:
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1. To carry out preformulation studies for choice of excipients in

formulations/systems

2. To improve astaxanthin (AST)-loaded self-microemulsifying delivery
system (SMEDS) formulations including medium and long chain fatty

acids

3. To evaluate the effects of formulation variables on particle size,
polydispersity index, zeta potential, active ingredient content, and
percentage of transmittance of the formed microemulsions by using the

design of experiment approach

4. To optimize the AST SMEDS products using mathematical models and

balance the effects of formulation variables on the responses

5. To characterize the physicochemical properties of the optimized

formulations

6. To perform in vitro release studies and determine release profiles of

astaxanthin from the optimized formulations.
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CHAPTER II
REVIEW LITERATURE

1. Alzheimer’s disease (AD)

Alzheimer’s disease (AD) is a common severe chronic
neurodegenerative disorder which induces dementia in the elderly
people. The people who suffer from AD shows gradual memory loss and
other cognitive dysfunctions, which ultimately lead to integrated
inability and eventually death. In 1906, Alois Alzheimer, a German
physician firstly illustrated AD. In 1901, he studied on patient August D
who suffered from signs and symptoms of hallucinations, cognition, and
aggressive behavior. World Health Organization reported that there will
be 71% of AD cases among 81.1 million dementia cases in 2040 (46,
47). The majority of AD patients are elderly people generally aged sixty-
five or more. There are varieties of AD, namely, early-onset or late-onset
form of AD. Early-onset form is sporadic or rare which occur in people
who are younger than age sixty-five (48). These patients have autosomal
dominant mutation on either one of the presenilin genes positioned on
chromosomes 1 and 14 or in the amyloid precursor protein gene
positioned on chromosome 21. Furthermore, there may be elevated
prospect of progressing early-onset form of AD in the patients with
Down’s syndrome (49). The most common form of the disease is late-
onset form, which develops in people age sixty-five and older. It may be
genetic, but it is more likely a result of brain changes caused by lifestyle

and environmental impacts (50).
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The etiology of this disease is multifactorial. One of those factors
Is pathologically related with the accumulation of neurofibrillary tangles
and amyloid beta (1). Oxidative stress is led by mitochondrial
dysfunction and the accumulation of amyloid beta. Through many
cellular molecular pathways, damage of tissue is followed as the result of
oxidative stress, which is caused by the reactive oxygen species (ROS)
formation. By different modes of necrosis or apoptosis, the cell
components (proteins, nucleic acids, and lipids) can be damaged by ROS,
which is then followed by cell death (2). Thus, it is crucial that the redox

status is maintained in our body.

Two possible theoretical approaches are discovered for the
treatment of AD while no drug has been found to effectively protect the
nerve cells (3). The symptomatic treatment is observed as one approach
to treat and reduce the cognitive symptoms. Another approach is for the
prevention of the disease onset by sequestering the primary precursors
and for reduction of the secondary pathologies of the disease. According
to the specificity of each individual and the severity of the disease, the
appropriate treatment strategies were selected. However, specific
symptoms of AD are chiefly targeted by currently available therapeutic
agents. These therapeutic agents include acetylcholinesterase inhibitors
which suppress the acetylcholine degradation within the synapse and
enhance the cholinergic neurotransmission. Other therapeutic strategies
and agents such as immunotherapy, hormone replacement therapy,
blocking of excitotoxicity, secretase effectors, the AP vaccine trials,
neurotrophins, statins, and nonsteroidal anti-inflammatory drugs
(NSAIDs) have also been observed. However, their use remains

questionable and all the treatments undergo various side effects. Hence,
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further research studies are still required for the preventive and treatment
of AD. The promising antioxidant therapy for the treatment of AD has
been studied for years (4).

Regarding the pathophysiology of AD, currently there are
numerous unknown aspects. For the initiation and progression of AD, the
molecular mechanisms had been attempted to explain by the different
theories. This complex neurodegenerative disease could not be fully
explained by one of these hypotheses alone. The researchers considered
that the initial causes of AD are the abnormal formation and
accumulation of amyloid beta (AB) plaques in the brain (51). Many
researches have already described that an imbalance between synthesis
and clearance of amyloid beta causes the formation of those plaques (52).
In the brain of AD patients, oxidative stress and inflammation are induced
by the accumulation of AP at the neurofibrillary tangle level, which
causes the neuronal cell death (53, 54). Additionally, some studies have
demonstrated that excessive numbers of damaged mitochondria are
present in the neurons of AD patients, possibly because of the
mitochondrial DNA mutations (55). In the early stages of AD,
mitochondrial oxidative stress occurs, suggesting a major function of
oxidative stress for the development of AD (56). Thus, natural
compounds with anti-inflammatory and antioxidant properties have been
suggested to prevent or reduce the AD development. The promising

antioxidant therapy for the treatment of AD has been studied for years

(4).
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2. Astaxanthin (AST)

Carotenoids have attained commercial and scientific interest in
recent decades, because of their vast chemical diversity and their
beneficial effects on human health. These carotenoids have antioxidant,
anti-inflammatory, antiproliferative, repairing, and antiaging effects.
These bioactive compounds can be utilized either as cosmeceutical and
nutraceutical ingredients for preventing chronic inflammation and
oxidative stress-related diseases or as skin protection for inhibiting
adverse effects of UV radiation (57-59).

In recent years, astaxanthin (AST) is a profitable carotenoid on the
market because many researches have indicated its inhibitory effect on
opposing inflammation and oxidative stress (7). In addition, AST has a
powerful protective effect on human brain due to its chemical structure
and can easily cross the blood-brain barrier (8). Therefore, the brain is
regarded as an important target organ of AST. Nowadays, AST have
gained much interest for its effect on the prevention or cotreatment of

neurodegenerative diseases such as Parkinson and Alzheimer diseases.
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Figure 1. Chemical structure of astaxanthin (60)
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AST can oppose oxidative injuries by scavenging of radicals,
regulating gene expression, inhibiting lipid peroxidation, and quenching
of singlet oxygen, (5, 6). AST is mainly present in the marine
environment and microorganisms (6, 9, 10). AST exhibited strong anti-
inflammatory effect by blocking nitric oxide production and the NF-KB-
dependent signaling pathway and by inhibiting the inflammatory
mediators expression (5, 12, 13). This finding validates the administration
of AST as a cotreatment for AD. Unfortunately, astaxanthin is unstable
during production and storage owing to its 3-hydroxy and 4-keto in the
end of the molecule, and a chain of highly conjugated, double bond
structure that is prone to chemical degradation (oxidation and
isomerization) when exposed to light, oxygen, high temperature, and pH
extremes (14). This causes color fading of AST and a loss of its
biological activity. Moreover, the bioavailability of astaxanthin is greatly
reduced owing to its poor solubility in water, resulting in negative effect
on its practical applications (15). For the purpose of increasing the
stability and bioavailability of AST, various approaches such as
formulation of liposomes (15) and nanoparticles (16) have been

examined.

Pan L, et al. (15) developed astaxanthin-loaded nanoliposomes by a
film dispersion-ultrasonic technique. These formulations showed small
droplet size with a uniform size distribution and high encapsulation
efficiency. X-ray diffraction analysis and differential scanning
calorimetry proved that AST is interacted with the lipid bilayer. It has
been demonstrated that there could be remarkably enhancement of
thermal stability of AST after encapsulation in nanoliposomes by the

thermal gravimetric analysis. Moreover, the water dispersibility of
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astaxanthin could be greatly enhanced by encapsulation. The
measurements of steady-state fluorescence demonstrated that the
incorporation of AST into the lipid bilayer increased micropolarity in the
membrane, but reduced membrane fluidity. In addition, it confirmed that
AST encapsulation in the lipid bilayer may be utilized for modulating the

structural properties of membranes.

Guan L, et al.(16) prepared astaxanthin-loaded nanopowder to
increase bioavailability and antioxidant activities. The nanoencapsulation
and freeze-drying techniques were applied to formulate the nanopowder.
The AST nanopowder showed AST content as high as 2.9% and the
result of solubility with 230 mg/mL. The nanopowder showed a more
powerful antioxidant effect compared with free AST. It was also
observed that the nanopowder could deliver AST proficiently to the small
intestine. Nanopowder having a unit dose of AST with 2.4 mg/kg
exhibited no chronic toxicity to mice. Relative bioavailability and
pharmacokinetics of the nanopowder confirmed that the AST delivery

might be significantly enhanced by DNA/chitosan nanocarriers.

Shanmugapriya K, et al. (61) formulated emulsion-based delivery
systems to increase the bioavailability of AST and alpha-tocopherol.
Spontaneous and ultrasonication emulsification methods were used to
formulate oil/ water microemulsion. The good stability of the
microemulsion was confirmed by the use of dynamic light scattering and
spherical-shaped was proved microemulsion transmission electron
microscopy. Cytotoxicity studies confirmed that the microemulsion at
lower concentrations could be less toxic than one at higher

concentrations. Both minimum bactericidal concentrations and minimal
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inhibitory concentration methods proved significant antibacterial activity
to discompose the bacterial cell membrane integrity. This study
demonstrated that emulsion-based delivery system act as a targeted drug

delivery vehicle for cancer treatment applications.

Rodriguez-Ruiz V, et al. (62) designed a lipid carriers formulations
to protect the antioxidant activity of astaxanthin. The antioxidant activity
of the formulations was evaluated by o-Tocopherol Equivalent
Antioxidant Capacity assay. Atomic force microscopy, dynamic light
scattering, and scattering electron microscopy techniques were
characterized. These studies exhibited that spherical and negatively
charged particles with the droplet size value of ~60 nm and the
polydispersity index value of ~0.3. In the examination of AST loading,
AST recovery of > 90% was observed. According to the results, the
potential of the nanostructured lipid carriers has been described to

improve the antioxidant activity and stabilize AST.

In these formulations, high expense of ingredients and complicated
method of formulation are needed. Thus, suitable formulation with

pharmaceutical approach is required to enhance its bioavailability.

3. Lipid-based formulations

During recent times, the lipid-based formulations of  the
compounds with poorly water solubility have received much interest
because these formulations have the ability to increase the solubility,

dissolution, and oral bioavailability (18). Solubilizing or encapsulating
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the drug in lipid excipients may improve the absorption of drug, thereby
enhancement of bioavailability. The successful marketed lipid-based
formulations  introduce  clofazimine  (Lamprene®),  saquinavir
(Fortovase®), efavirenz (Sustiva®), and ritonavir (Norvir®) (19). Some
examples of lipid-based formulations are oily liquids, liposomes,

micelles, and self-emulsifying systems.

Some drugs (e.g.steroids) were formulated as simple lipid
solutions by dissolving the drugs in oils (e.g., triacyglycerols). However,
these formulations are limited because the quantity of oil needed to

dissolve the required dose of active compound could be very high (19).

Liposomes are the vesicles used to transport drugs or genetic
material into the cell. They consist of phospholipid bilayers enclosing an
aqueous phase. According to their lamellarity, these vesicles can be
classified from single lamellar with a size 50-250 nm to multilamellar
with a size ranging between 1 and 5 pm. They have ability to carry either
hydrophobic compounds in their hydrophobic lipid bilayers or
hydrophilic compounds in their inner aqueous phase. Because of the
instability of the vesicles in the gastrointestinal tract, the oral delivery of
liposomes is difficult and challenging. This may be due to the lipid
bilayer structure can rapidly decompose in respect to van der Waals,
electrostatic, and hydrophobic forces. Consequently, drug leakage,
particle aggregation, and a reduced shelf life may be observed in the
formulation of liposomes. Moreover, due to their poor control of drug
release, the loaded drug is frequently dispersed in a rapid burst release.
Additionally, owing to poor solubility of drugs in solution, liposomes

may also show low efficiency of the drug encapsulation (22).
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Micelles are aggregates of surfactant molecules dispersed in
aqueous solution. The formation of micelles is provided by self-assembly
of amphiphilic molecules. Micelles are usually spherical with a size 2-20
nm (20). These molecules consist of polar head and nonpolar tail. The
molecules of micelles can deliver both hydrophilic and hydrophobic
compounds. The difficulty in drug loading and high cost of preparation
hinder the industrial growth of polymeric micelles (21). To obtain
polymeric micelles containing the drug, the polymer can be solubilized
directly with the drug when it is sufficiently hydrophilic. Although this
technique is applicable for highly hydrophilic polymers, it is generally
correlated with low capacity of drug loading. In micelles formulation,
using an organic solvent is found to dissolve the polymers and drug with
poorly water solubility which may cause safety and environmental
concerns. Then, by dialysis or emulsification techniques, drug loaded
polymeric micelles is prepared. However, for the efficient drug loading as
well as the replenishment of water at regular intervals, dialysis system
frequently requires more than 36 hours. Moreover, the emulsification
process typically includes using chlorinated solvents that are unsafe.
Additionally, disadvantages of micelles include poor physical stability in

vivo and poor drug loading efficiency (22).

Self-microemulsifying delivery system (SMEDS) provides the
microemulsions with a size ranging from 20 to 200 nm upon dilution (23,
24). Microemulsions (ME) are solution-like systems with an inner
structure of nano droplets stabilized by a set of surfactants and co-
surfactants (25). SMEDS preparation typically consists of a homogeneous
mixture of an oil, a surfactant/co-surfactant, and an active compound,

which is rapidly dispersed when introduced into the body.
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Among various lipid-based formulations, SMEDS have gained
much interest by the researchers due to their self-emulsification nature,
ease of preparation, their stability, and scale-up (26). The oil presented in
a SMEDS serve as the precursor for the lipoproteins and chylomicrons
formation. This formation could enhance the absorption of drug through
the intestinal lymphatics and hence increase the oral bioavailability of
active compound with poorly water solubility by reducing the first-pass
effect of drug metabolism. Moreover, the presence of surfactant in
SMEDS might alter the cell membrane permeability and thereby enhance
permeability of drug. Additionally, due to their amphiphilic nature, the
absorption of surfactants is observed at the interface between oil and
water phases, that may decrease the interfacial tension and increase the
drug penetration into the epithelial cells. Moreover, the drug also presents
in dissolved form, resulting in increasing absorption of drug. Owing to its
reproducible drug release, SMEDS has also attracted attention because it
is less dependent on the physiological conditions typically found in the

gastrointestinal tract.

4.  Self-microemulsifying delivery system (SMEDS)

SMEDS is a simple formulation produced by a simple technique
method as well as required less time of formulation and available cheap
excipients (27). Owing to small droplet sizes upon dispersion and their
behavior of self-dispersion that has been shown to enhance drug
absorption, SMEDS is a beneficial approach in delivering lipophilic drugs

(28, 29). Its ability to form oil-in-water microemulsions by mild stirring
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after diluting with water is the basic principle of SMEDS (30). The active
ingredient is shown in a solubilized form, resulting in spontaneous
microemulsion formation in the gastrointestinal tract. A large interfacial
surface area for the absorption of drug, is provided by the small droplet
size of the formed microemulsion (31). Numerous formulation-related
specifications such as oil/surfactant ratio, surfactant concentration,
particle size, polarity, and charge of the microemulsion systems are the
basis for the oral absorption efficiency of the active ingredient from the
SMEDS, and the self-emulsification ability is also determined by those
parameters (26). Thus, efficient self-emulsifying systems can only be
obtained through the combination of very specific pharmaceutical
excipients. The SMEDS formulation can successfully be optimized with
the essential factors such as choice of the constituents, and properly

balanced proportion of the components.

The increase of the drug absorption and oral bioavailability is due
to low interfacial tension and the increment of solubilization for the drugs
with poorly water solubility (30, 63). In some cases, the emulsification
and dispersion efficiency are improved by using lipophilic surfactants and
co-solvents (64-66). Moreover, the advantages of SMEDS include the
reduction of dose, the prevention of gastric irritation, the improved
stability in contrast to emulsions, the reduced production time and the
protection of the drugs from the chemical and enzymatic degradation
(67, 68).

Although SMEDS formulation has several advantages, certain
limitations are found in this system. Due to the change of pH, the drugs
may precipitate in vivo (69). In addition, when SMEDS formulations are

encapsulated in soft gelatin capsules, the volatile solvents in
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formulations may travel to the shells of gelatin capsules, with the result of
the precipitation of the drugs (70). Another challenges to develop
SMEDS formulation are the oxidation of lipid excipients and the lack of
useful predicative in vitro models (27, 71). Moreover, problems in

handling, stability, and storage are also occurred in liquid SMEDS (71).

Self-emulsifying formulation has been prepared using materials
which has been extensively researched. The transportation methods for
the lipids are different. The transportations of medium chain triglycerides
(MCT) are via the portal blood to the systemic circulation, while long
chain triglycerides (LCT) are via the intestinal lymphatics (40). Through
drug delivery systems containing LCT, the first-pass metabolism of an
active compound may be diminished because the intestinal lymphatics
travels directly to the systemic circulation without passing through the
liver (41, 42). It was observed in the literature that MCT is better in
solubility properties, higher in fluidity, and self-emulsification ability,
than LCT, and so MCT has been preferred in SMEDS (30, 31).
Moreover, an advanced chemical stability of compound in MCT is
observed owing to the lack of double bonds and the purity of the lipid.
SMEDS incorporating either medium chain or long chain triglycerides
(LCT-SMEDS or MCT-SMEDS) have been researched with danazol (43)
and halofantrine (44). It was observed that the highest bioavailability was
obtained by the use of LCT-SMEDS in both studies. Studies comparing
LCT-SMEDS and MCT-SMEDS are still limited in number (45).

Like lipids, carotenoids are absorbed into the body and transported
through the lymphatic system into the liver. Depending on the
accompanying dietary constituents, carotenoids absorption may be

increased or decreased. The carotenoid absorption may be enhanced by
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a high fat diet while its absorption reduced by a low cholesterol diet.
After ingestion, AST mixes with bile acid and make micelles in the small
intestine. The micelles containing AST are partially absorbed by
intestinal cells. These cells assimilate AST into chylomicra. In the
systemic circulation, the digestion of these chylomicra containing AST
are carried out by lipoprotein lipase after releasing into the lymph. The
liver and other tissues remove chylomicron remnants rapidly. AST is

incorporated with lipoproteins and transported into the tissues (60).

4.1. Components of SMEDS formulation
4.1.1. Oil

Oil is a relevant ingredient in SMEDS formulation because it has
the ability for solubilizing the drug, for facilitating the process of self-
microemulsification, and for increasing the delivery of hydrophobic
compound through the intestinal lymphatics, resulting in enhancement of
the drug absorption in the gastrointestinal tract (72). Both long chain
triglycerides (LCT) and medium chain triglycerides (MCT) with different
saturation degree have been utilized for the development of SMEDS
formulations (68). Since hydrolyzed or modified vegetable oils have
better emulsification and drug solubility properties, these excipients have
been used (73).

The fatty acid chains with 14-20 carbons are included in the long
chain triglycerides (74). A mixture of glyceride esters of unsaturated long
chain fatty acids is comprised in vegetable oils. Since these are often
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found in daily food and are easily digestible, they are considered as safe
products (75). Although it is difficult to emulsify, the drug transport can
be improved by oils composed of long chain triglycerides through the
lymphatic system in gastrointestinal tract (76). The stimulation of
lymphatic transport of drugs has proved by using LCT (soybean oil and
cottonseed oil) for improving the bioavailability of drugs with poorly
water solubility (77). Both the type and the concentration of lipids have
effect on lymphatic transport. Fatty acid chains of 6-12 carbons are
contained in medium chain triglycerides (75). Comparing to LCT, MCT
has the ability to get digested efficiently (78, 79). Moreover, it indicates
enhanced solubility properties, greater fluidity, and good emulsifying
ability having less oxidation tendency. Thus, the common use of MCTs

are occurred comparing to LCTs (75, 78).

4.1.2. Surfactants

The performance of surfactant in SMEDS formulation is for
decreasing the interfacial tension and adjusting the spontaneous curvature
of the interface (80). The required low interfacial tension can be provided
by choosing appropriate surfactant. The selection of surfactant basically
depends on the efficiency and rapidity to microemulsify the oil,
solubilizing ability for the drug, safety, and emulsion type to be
formulated (81). For the formulations of self-emulsification, a variety of
compounds which describes surfactant properties may be applied but oral
administration can accept only very few surfactants. An important

determining factor in selecting a surfactant is safety. Less toxic are
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included in non-ionic surfactants comparing to ionic surfactants (82).
Surfactants can dissolve high concentrations of drugs with poorly water

solubility as they are amphiphilic in nature.

4.1.3. Co-surfactants

Usually, high surfactant concentrations and addition of co-
surfactants are necessary in the formulation of a successful SMEDS. With
the purposes to decrease the interfacial surface tension of oil and water
phases, to fluidize the hydrocarbon region of interfacial film, to enhance
the loading efficiency of drug, and to form the spontaneous
microemulsion, co-surfactant with hydrophilic-lipophilic balance (HLB)
value 10-14 has been generally utilized along with surfactant (48). In
SMEDS formulations, both concentration and type of co-surfactant are
important. For example, SMEDS with low molecular weight co-
surfactants should not be added into gelatin capsules because they may be
absorbed into capsule shells which may cause drug precipitation (75).
Similarly, the precipitation of drug upon dilution of SMEDS are formed
by the higher co-surfactant concentration resulting from partitioning of

co-surfactant into aqueous phase (83).
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5.  The process of emulsification

5.1. Mechanism of self-emulsification

As reported by ‘Reiss’, the process of self-emulsification is found
when the change of entropy that prefers dispersion is greater than the
energy necessary to enhance the surface area of the dispersion. The free
energy of the typical emulsion is a direct function of the energy needed
for a new surface area formation between the lipid and aqueous phases

and its equation could be presented by:

AG = Z Nnrio

Where, AG refers to the free energy of the process, N represents the
number of droplets with radius r and o stands for the interfacial energy.
The stable emulsion is produced by emulsifiers which create a monolayer
on the droplets of emulsion and thus decrease the interfacial energy. In
the self-emulsifying systems, the free energy needed for the emulsion
formation may be either very poor or positive or negative. After that, the

process of spontaneous emulsification takes place (84).

5.2. Dilution phases

The spontaneous curvature of the surfactant layer ranges through a
number of feasible liquid crystalline phases during dilution of a SMEDS
formulation. After appropriate dilution, the structure of droplet can move
from a reversed spherical droplet to a reversed rod-shaped droplet,
hexagonal phase, lamellar phase, cubic phase and various other structures

until the formation of a spherical droplet again (84).
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6. Design of Experimental (DOE) approaches

For the development of a suitable formulation, Design of
Experimental (DOE) approaches have been widely utilized (32). DOE is
a systematic method to determine the relationships between factors
affecting a process and the output of that process (85). According to
traditional one-factor-at-a-time approaches, the proportions of SMEDS
constituents have been optimized. Nevertheless, these methods are
inefficient, time-consuming, and labor-intensive. Moreover, the effect of
individual constituent and their interactions are analyzed with the
insufficient data obtained from these methods (32, 33). Hence, DOE
approaches such as mixture, central composite, factorial, and Box—
Behnken designs have been suggested to examine the influence of
independent variables (input variables) on dependent variables
(responses) as well as the interaction between independent variables (34-
36). The mixture design is a popular response surface methodology
because of its minimal variance correlated with the interpretation of

coefficients in a model (37).

For formulation characterization and optimization, mixture designs
are utilized when the overall amount of a composition is determined. The
application of each component and its ratio in the formulation are
rationalized in their scope (86, 87). The determination of suitable
solvent—cosolvent combinations in liquid forms, the selection of diluent
proportions in solid formulations, etc. are included in the common
applications of mixture design in pharmaceutical technology. There are
several various models of mixture experimental designs. The most

commonly used ones include simplex centroid, simplex axial, extreme
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vertex designs, and simplex lattice. Each of which is applied for a

different purpose.

= Simplex centroid and simplex axial designs are used for the purpose of
screening out the most important components among many different
ones in a mixture.

= For the cases with constraints on one or more components, extreme
vertex designs are selected to be used.

= A simplex lattice design can be useful when there are not such a large
number of components, but a high order polynomial equation is

required so that the response surface can be accurately described.

In the mixture experimental designs, the independent variables are
the mixture components. Therefore, their levels are not independent. For
example, if X1, Xa,.... , Xq indicate the proportions of q components of a

mixture, then
0<x <1i=12,..,q¥X ,x =1 (1)

These constraints are represented graphically in Figure 2 for q = 3
components. With three components, the mixture space is a triangle with
vertices correlating with formulations. The mixtures are 100 percent of a

single component.
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Figure 2. Three-component simplex region (88)

For optimization of the formulation, Bhattacharya et al. (38)
successfully formulated docetaxel-loaded self-nanoemulsifying drug
delivery system by the use of the mixture design. In this study, the
independent variables were the concentration of oleic acid (X1), Tween®
80 (X3), and PEG 400 (X3) while the responses were emulsification time
(Y1) and %drug release (Y2). Among total formulations, the optimized
formulation was composed of oleic acid (42.37%), Tween® 80 (43.39%),
and PEG 400 (14.21%). It was observed that the best formulation
exhibited 19.71s emulsification time and 95.21% of drug release. Sandhu
et al. (39) well designed a tamoxifen-loaded SMEDS by a mixture
design. The optimized formulation showed increased cellular uptake and

enhanced bioavailability.
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CHAPTER 111
MATERIALS AND METHODS

Materials

All chemicals and reagents used in this research work were of analytical

grade purity.

Astaxanthin (pharmacopeial grade), Hangzhou DayangChem Co.,
Ltd. (Hangzhou, P. R. China), Lot No. 20190625

Medium chain triglyceride (MCT), Mead Johnson (Evansville, IN,
USA), Lot N0.02723

Castor oil, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
N0.100740

Olive oil, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
No. 691383

Soybean oil, United Dispensary, Co., Ltd. (Bangkok, Thailand),
Lot N0.990273

Cremophor® RH 40, United Dispensary, Co., Ltd. (Bangkok,
Thailand), Lot No. 497867

Cremophor® EL, United Dispensary, Co., Ltd. (Bangkok,
Thailand), Lot No. 849861

Labrafil®, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
No. 161499

Labrasol®, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
No. 32623

Tween® 80, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
No. 809861
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= Tween® 60, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
No. 708843

= Tween® 20, United Dispensary, Co., Ltd. (Bangkok, Thailand), Lot
No. 769557

= Miglyol® 812, Sasol (Witten, Germany), Lot No. 070318

= Commercial astaxanthin soft gelatin capsule, Nutrex Hawaii, Co.,
Ltd. (Kailua-Kona, USA), Lot No. 03513

Equipment

= 4-digital Analytical balance (A200S, Sartorius, Germany)

= 5-digital Analytical balance (X205T, Mettler-Toledo, Switzerland)
= Centrifuge (5810, Eppendorf, Germany)

= Shaking incubator (LSI-3016A, LabTech, Korea)

= Zetasizer (Nano-ZS, Malvern, UK)

= Transmission Electron Microscope (JEM-2100, JEOL, Japan)

= Ultraviolet-visible spectrophotometer (Cary 60, Agilent, US)
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Methods

1. Screening of the excipients

1.1. Solubility studies of oils, surfactants, and co-surfactants

The test of AST solubility was completed in various oils (castor
oil, olive oil, sunflower oil, medium chain triglyceride (MCT), Captex®,
and Miglyol® 812) and surfactants (Cremophor® RH 40, Cremophor® EL,
Labrafil®, Labrasol®, Tween® 80, Tween® 60, and Tween® 20). The
solubility of astaxanthin was examined by the use of shake flask method
in various excipient vehicles (89). An excess amount of astaxanthin was
filled in each glass vial which comprised the amount of 5 ml of each
vehicle. Then, in order to enhance the solubilizing of AST, vortex mixer
was utilized to combine the resulted mixtures for 3 minutes. After that, a
temperature-controlled shaking incubator (LSI-3016A, Lab Tech, Korea)
was applied to achieve the equilibrium of the mixtures by keeping the
mixtures at 150 revolutions per minute (rpm) for 72 hrs at 37 = 0.5 °C
temperature. After that, the usage of the centrifuge at 5,000 rpm for 10
min leads to the removal of the insoluble precipitates. The filtration of the
supernatant solution was then completed on the use of a 0.45 um nylon
filter. Lastly, an ultraviolet-visible (UV-VIS) spectrophotometer was
utilized at Amax Of 490 nm in order to accomplish the spectrophotometric

analysis of all solutions.
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1.2. Emulsification studies for selection of surfactants and co-

surfactants

Depending on the percent transmittance, the screening of
surfactants and co-surfactants was performed. 300 mg of each of the
surfactants was added to 300 mg of chosen oil in order to access
emulsification ability of the surfactants. Then, homogenization was
attained as a result of gently heating the mixture at 40-45 °C for 30 s.
After that, distilled water was utilized to dilute 50 mg out of this mixture
up to 50 mL so that fine emulsion was produced. Next in order, the
resultant mixtures were allowed to stand for 2 hrs and the visual
observation was done for the relative turbidity. By the use of distilled
water as blank, the assessment of transmittance was also completed with
the help of UV-VIS spectrophotometer at 650 nm. In the same way as
mentioned in the screening process of surfactant, co-surfactant mixtures
(100 mg), specific surfactant (200 mg) and chosen oil (300 mg) were then

prepared and examined (90).

2. Construction of pseudoternary phase diagram

At ambient temperature, pseudoternary phase diagram was created by
using the water-titration method to figure out the concentration of
constituents for the predominant range of microemulsion (91). The
chosen surfactant and co-surfactant were combined at five fixed
proportions (1:1, 2:1, 3:1, 4:1, and 5:1 w/w) to set up various
surfactant/co-surfactant mixtures (Smix). Then, it was followed by the

addition of the selected oil to each Spix at separate proportions (9:1, 8:2,
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7:3, 6:4, 5:5, 4:6, 3:7, 2:8, and 1:9 w/w). Gentle swirling of the mixture
was formed as a result of the incorporation of water to each mixture in
5% stepwise increments. For the transparency and turbidity, the visual
observation of the mixture was started and recorded after every dropwise
addition of water. At this stage, the proportions of oil, Smix, and water
were calculated in percentage. Pseudoternary phase diagrams were
designed according to the microemulsion region, and these percentages
by using Chemix School™ software. Pseudoternary phase diagrams were
also constructed with AST by applying AST-oil mixture to examine the

effect of AST addition on the microemulsion area.

3. Design of Experiment for optimization of AST-loaded SMEDS

The compositions of AST-loaded SMEDS formulations were
optimized by using the mixture design with the help of Minitab software
(version 17.0; Minitab™ Inc., State College, PA, USA). The optimization
of formulations is usually aimed for determining the levels of the variable
that affect the selected responses from which a high-quality product may
be developed. The three components were used as independent variables.
The amount of oil (Xy), surfactant (X,), and co-surfactant (X3) were set
based on the results of the pseudoternary phase diagram. The sum of the
amount of Xj, X, X3, and AST were 100% for any experiment. Droplet
size (Y1; nm), polydispersity index (Y3), zeta potential (Y3; mV), active
ingredient content (Y4; %), and percentage of transmittance (Y's; %) were
examined as the response variables to optimize the formulation. The

independent variables and responses are shown in Table 1.



Table 1. Independent variables and responses in the mixture design.
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Independent variables

X, O1l (LCT or MCT) content (%)
X, Surfactant content (%)
X, Co-surfactant content (%)

Responses Acceptable range
Y, Droplet size (nm) 20-200 nm
Y, PDI 0-1
Y, Zeta potential (mV) + 30 mV
Y, Active ingredient content (%) 90-110%
Ys Transmittance (%) 98-100%

The LCT-SMEDS region was designated at a boundary of 10-40%
castor oil, 48-72% Cremophor® RH 40, and 12-18% Tween® 80. The
MCT-SMEDS region was designated at a boundary of 10-30% castor oil,
35-45% Cremophor® RH 40, and 35-45% Tween® 80. For the

experimental design studies, these ranges were considered the testing

ranges. Appropriate design spaces were evolved by Minitab™ Software

version 17 shown in Table 2 and Table 3. After that, the experiments

were performed, and the data were collected. The next step was the

analysis of the data and interpretation of the results. Some responses have

to be minimized or maximized to provide a product with desired

characteristics.
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Table 2. Formulation table for AST-loaded SMEDS containing castor

oil.
Components (%)
Formulations castor oil Cremophor” Tween® 80 AST
RH 40
LCT-SMEDS ; 33.98064 47.9808 17.9928 0.0400
LCT-SMEDS , 15.9936 71.9712 11.9952 0.0400
LCT-SMEDS ; 9.9960 71.9712 17.9928 0.0400
LCT-SMEDS 4 39.9840 47.9808 11.9952 0.0400
LCT-SMEDS 5 36.9852 47.9808 14.9940 0.0400
LCT-SMEDS ¢ 27.9888 59.9760 11.9952 0.0400
LCT-SMEDS ; 12.9948 FHI2 14.9940 0.0400
LCT-SMEDS g 21.9912 59.9760 17.9928 0.0400
LCT-SMEDS 4 24.9900 59.9760 14.9940 0.0400
LCT-SMEDS 29.4882 53.9784 16.4934 0.0400
LCT-SMEDS , 20.4918 65.9736 13.4946 0.0400
LCT-SMEDS ;> 17.4930 65.9736 16.4934 0.0400
LCT-SMEDS 3 32.4870 53.9784 13.4946 0.0400
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Table 3. Formulation table for AST-loaded SMEDS containing MCT oil.

Components (%)
Formulations MCT Cremophor® Tween® 80 AST
RH 40
MCT-SMEDS ; | 29.9880 34.9860 34.9860 0.0400
MCT-SMEDS ; | 19.9920 34.9860 449820 0.0400
MCT-SMEDS 3 9.9960 449820 449820 0.0400
MCT-SMEDS 4 | 199920 449820 349860 0.0400
MCT-SMEDS 5 | 24.9900 34.9860 39.9840 0.0400
MCT-SMEDS s | 24.9900 39.9840 34.9860 0.0400
MCT-SMEDS ; | 14.9940 44 9820 39.9840 0.0400
MCT-SMEDS s | 14.9940 39.9840 449820 0.0400
MCT-SMEDS o | 19.9920 39.9840 39.9840 0.0400
MCT-SMEDS 19| 24.9900 37.4850 37.4850 0.0400
MCT-SMEDS 11 | 19.9920 37.4850 42.4830 0.0400
MCT-SMEDS 1, | 14.9940 42.4830 42.4830 0.0400
MCT-SMEDS 15| 19.9920 42 4830 37.4850 0.0400

All the responses were fitted to various models such as linear,
quadratic, full cubic, and full quartic models. For the suggested models
from the program, the results of goodness-of-fit statistical measures were
then examined. The variation in a response variable was represented by
R? value. A greater R? value demonstrates that all the variability of the
dependent variables could be explained by the model. The average
vertical distance of data values from the fitted regression line was
indicated by the standard error (SE) of regression. To determine how well
a given model fits the data, the predicted residual error sum of squares
(PRESS) was used. A lower PRESS value indicated that the model has
the better ability of the prediction level. Based on the values of R?, SE,
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and PRESS, the best fitted model was selected for each dependent

variable.

For optimization, a target value and a limit value (upper or lower)
were needed (92). When a response variable is set to be minimized, a
value for the upper bound was required. In contrast, a value for the lower
bound was necessary when a response variable is set to be maximized.
Several researches on microemulsions as well as SMEDS recommended
that the ideal diameter of a stable microemulsion should be 20-200 nm
(23, 24). The smaller microemulsion particle size was followed by a
larger interfacial surface area, which leads to promoting rapid absorption
and enhanced bioavailability. The minimum experimental value of
droplet size was obtained from our experimental run of mixture design.
Therefore, for the optimization, both the target value and upper bound of
droplet size (Y1) were the minimum experimental value (nm) and 200
nm, respectively. The numerical value of poly dispersity ranges from 0 to
1 (93). The uniform and narrow size distribution is provided by the low
PDI value. Poly dispersity index (Y;) was set to be minimized, and a
target value and upper bound of the minimum experimental value and 1,
respectively, were selected. Zeta potential is important to measure
because it governs the stability of microemulsion. For a better physical
colloidal stability, a zeta potential value -30 mV or +30 mV is generally
considered to have sufficient repulsive force (94). The electrostatic
repulsion between the droplets was indicated by the high zeta potential
value. Therefore, zeta potential (Y3) was set to be maximized. Active
ingredient content (Y4) was set to be maximized. The selection of lower
bound was performed depending on the lowest percentage of active

ingredient content from our experimental run. USP has established that
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the acceptable range of most compounded preparations is typically +
10%, or within the range of 90% - 110% (95). Transparency of
formulation was determined in the termed of percent transmittance (%T)
greater than or equal to 98% indicates the high clarity of microemulsion
(96). The value %transmittance (Ys) was set to be maximized, and a
target value of 98% was selected. The lower bound was selected based on

the lowest percentage of %transmittance from our experimental run.

After optimizing each response, the combination of all the defined
dependent variables can be performed into one overall response by using
the desirability function. In practice, the desirability function approach is
a multi-response optimization technique. The desirability value lies
between 0 and 1 and it represents the closeness of a response to its ideal
value. From the program, the optimized formulation ratios of independent
variables and the predicted values of responses were provided. These

values were supported by a desirability function value.

To validate the mixture design model, the SMEDS of the optimized
formulations were then prepared, and the values of experimentally
measured response were compared with the values predicted from the
program. The reliability and accuracy of the estimation by using
desirability functions were evaluated by calculating the values of
prediction errors. If the measured values were close to their predicted
values, the prediction error (%) are small, suggesting that the mixture
experimental design successfully optimized the SMEDS formulation. The
prediction errors (%) were calculated by using the following equation:

measured value — predicted value

Prediction error (%) = x 100 (%)

measured value
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3.2. Preparation of SMEDS

Thirteen formulations for each oil were prepared. The
determination upon the quantity to be taken for excipients rely on the
microemulsification area in the phase diagram. AST was precisely
measured in weight and dissolved in oil. Then, using a water bath, the
mixture was warmed at 37 °C. The mixture was later combined with
surfactant and co-surfactant and then stirred with a magnetic bar for 10
min. Furthermore, the sonication of the formulations was done at 40 °C
for 15 min (91).

3.3. Droplet size and poly dispersity index (PDI)

The performance of emulsion was determined by the emulsion
droplet size in terms of rate and extent of drug release, as well as
absorption. The information about size distribution can be provided by
the examination of PDI. The uniform and narrow size distribution is
suggested by the low value of PDI. In a glass beaker, about 0.1 ml of each
SMEDS formulation and 25 ml of distilled water was constantly stirred
for dilution (1:250) (38). The resultant emulsion was then subjected to
particle size analysis. The droplet size distribution, polydispersity index
of the resultant microemulsion were determined by dynamic light
scattering (Malvern Zetasizer™, UK). The preparation was transferred to a
cuvette and measured with a fixed angle of 90°. After equilibrium, the
particle (droplet) size was recorded. All studies were repeated in

triplicate.
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3.4. Zeta-potential

The zeta potential value specifies the physical stability of diluted
emulsion. It is the measurement of the electric charge at the surface of the
particles. The values were examined by determining the electrophoretic
mobility of the particle. It was determined by using Zetasizer™ (Malvern
Zetasizer™, UK). The suitable dilution of the sample was performed with
distilled water (1:250) and the diluted preparation was placed in a
disposable zeta cell (38). All samples were measured in triplicate. The

results were indicated as mean + SD.

3.5. Active ingredient content

Solvent was used to extract AST in emulsion samples. The samples
were appropriately diluted with organic solvent (dichloromethane:
methanol = 1:4 v/v). The preparation of samples was performed in
triplicate and absorbances were measured after suitably diluting the
samples. An ultraviolet-visible spectrophotometer was utilized in the
quantification of astaxanthin at 480 nm (61). The solvent mixture of
dichloromethane and methanol was used as a blank. From a calibration

plot, the calculation of AST content in each formulation was performed.
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3.6. %Transmittance

When the value of percentage transmittance is near to 100%, the
clear and transparent microemulsion formation is provided (97). The
transparency of SMEDS formulation was examined
spectrophotometrically at the wavelength of 650 nm after appropriate
dilution of formulation with distilled water (1:250). The water was kept

as blank.

4, Characterization of the optimized formulations

4.1. Visual observation

For self-microemulsifying properties, the visual determination of
the optimized formulations was completed. The formulations were
subjected to dilute with distilled water (1:250) and followed by stirring
diluted microemulsions for 1 min and stored up to 24 hrs. After that, any

signs of precipitation and phase separation were visually detected (44).

4.2. Self-emulsification time

To examine the effectiveness of self-microemulsification, each
optimized formulation was subjected to dilute with distilled water (1:250)
and stirred constantly at 100 rpm and at 37 £ 0.5°C (98). After that the

time taken which is needed to form microemulsion was recorded.
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4.3. Refractive index measurement

The value of refractive index demonstrated that the formulation is
transparent in nature. If refractive index value of the formulation is
similar to that of water (1.333), then formulation have transparency. This
measurement was done by using refractometer (Mettler Toledo,
Thailand). The dilution of the optimized formulations was performed
with distilled water (1:250). One drop of the diluted formulation was
placed on the slide and compared with the refractive index value of water
(99).

4.4. Transmission electron microscopy (TEM)

The optimized SMEDS formulations were determined for
morphological analysis by using TEM (TEM; JEOL USA JSM-6700F) as
an imaging aid. The formulations were diluted and a single drop of
diluted sample was placed on the holey film grid and stained with a 2%
agueous solution of phosphotungstic acid, and allowed to dry before
being observed under the electron microscope (99). The digital

microscopic camera recorded the micrographs.

4.5. Freeze-thaw stability studies

The dilution of optimized formulations was performed with
distilled water (1: 250). The droplet size, PDI, zeta potential, and the
active ingredient content of the diluted microemulsions were examined

for instability problems (100, 101). The freeze-thaw test was performed
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three cycles in a temperature range of —20 °C to 25 °C. For each

temperature, the self-microemulsion samples were stored at least 48 hrs.

4.6. Invitro release studies

With the use of a dialysis bag diffusion technique, in vitro AST
release study was conducted (102). HCI/NaCl buffer pH 1.2, acetate
buffer pH 4.5, and phosphate buffer pH 7.4 were used as the dissolution
media. Before the experiment, the dialysis bags were hydrated overnight.
In dialysis bags, the optimized formulations were positioned. The dialysis
bags were immersed in 900 mL of medium, maintained at 37 °C and at
100 rpm. The sample (10 mL) was collected at predetermined time
intervals of 5 mins, 10 mins, 15 mins, 30 mins, 1 hr, 2 hrs, 4 hrs, and 8
hrs. Then, it was refilled with similar volume of tested medium. The
ultraviolet-visible spectrophotometer was used for the analysis of the

AST content in the aliquots.

Statistical Analysis

All quantitative data was expressed as means * standard deviation
(SD). The p-values were calculated with one-way ANOVA using
statistical software (SPSS™, version 16.0) with p < 0.05 considered
statistically significant. The results obtained from the in vitro dissolution

experiment were analyzed statistically by using t-test.
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CHAPTER IV
RESULTS AND DISCUSSION

1. Screening of the excipients

1.1. Solubility studies of oils, surfactants, and co-surfactants

For successful formulations, proper solubility of active substance
in SMEDS excipients is crucial so that active compound precipitation can
be avoided before undergoing self-emulsification in the gut (103-105).
The capability of the active substance loading of the oil phase is the
consideration aspect concerning the choice of excipients for the SMEDS
formulation (103). The increase in active compound (AST) solubility in
the oil leads to the lowering in the requirements of surfactant and co-
surfactant in the SMEDS formulation, leading to minimization of their
toxic effects (105). The most common oil used in lipid-based
formulations to dissolve hydrophobic drugs or substances are vegetable
oils because they are safe, digestible, and absorbable (106). In our work,
the test of AST solubility was completed in different oils including castor
oil, sunflower oil, olive oil, medium chain triglyceride (MCT), Captex®,
and Miglyol® 812. Figures 3 and 4 displayed the solubility of AST in
different oils and surfactants/co-surfactants, respectively. In Figure 3,
compared to other oils, castor oil pointed out the greatest solubilizing
capacity for astaxanthin. Data also suggest that AST has more solubility
in medium chain triglycerides (MCT, Captex®, and Miglyol® 812) rather
than long chain triglycerides (sunflower oil and olive oil except castor
oil). This may be due to LCT have lesser ester content per gram than
MCT (107). Moreover, greater solubility of the active substance in MCT
than in LCT may be related to the shorter chain length of MCT, which
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allocates ease of solubilizing capacity of the lipophilic compounds,
because of higher surface area (30). In contrast, some studies reported
that LCT possess greater solubilization than MCT for particularly
lipophilic compounds (108-110). This is because the solubilization of oil
for lipophilic compounds rises with the chain length of oil (111). Among
various long chain triglycerides used, castor oil (155.87 + 1.63 pg/ml)
exhibited highest AST solubilization capacity, while among medium
chain triglycerides, the highest solubility of the AST was observed in
MCT (91.1 £ 1.98 pg/ml). Based on the solubility data of AST, one
medium (MCT oil) and one long chain triglyceride (castor oil) which has

the highest solubility result were selected for further investigation.

In this study, all tested surfactants were non-ionic ones; therefore,
they are considered safe and biocompatible (112). All the surfactants
selected for solubility determination in this research have being
commonly used in lipid-based formulations. Compared to other
surfactants investigated in this study, astaxanthin has the highest
solubility in Tween® 80 (HLB 15), secondly in Cremophor® RH 40 (HLB
15), and then followed by Tween® 20 (HLB 16.7), Labrafil® (HLB 4), and
Cremophor® EL (HLB 13.5) as presented in Figure 4. According to their
efficiency of emulsification, the ultimate selection of different surfactants

was further assured.
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1.2. Emulsification studies for selection of surfactants and co-

surfactants

The emulsifying efficiency of the surfactant is an important factor
although the active ingredient solubility is a major standard in the
selection of the SMEDS ingredients (113). Hence, regarding the chosen
oil, the test on the emulsifying efficiency of different surfactants was
performed. Grading standards were introduced to determine the capacity
for self-microemulsification (114), as shown in Table 4. Emulsifying
activity is revealed with the capacity of surfactants to protect the oil-
water interface produced by homogenization, thus lowering the interfacial
tension (115). Therefore, the more active the surfactants, the more the
interfacial tension is reduced. The assessment of the emulsification
efficiency was done by the help of its percentage UV transmittance.
Optical clarity is similar to high transmittance because the scattering of
opalescent dispersions may direct towards incident radiation to greater
degree by comparison with transparent dispersions. The scattering of light
is the attribute of the light intensity passing through such dispersion
because optical homogeneities are absent in the medium (116). Therefore,
for prediction of a relative droplet size, percentage transmittance may be
applied. Table 5 shows the list of the percentage transmittance values.
Although, hydrophilic-lipophilic balance (HLB) value of the surfactants
utilized in this research were >4, there were significant variation in their
capacity to emulsify oils. Among all tested surfactants, highest
%transmittance as shown in Table 5 was reported for Cremophor® RH 40
with both the castor oil and MCT showing the highest emulsification
efficiency. This may be due to the distinction in the structure and chain
length of the surfactant (117). Cremophor® RH 40 has branched alkyl
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structures which enhance the penetration capacity into the oil phase than
the linear chain alkyl structures, so leading to the formation of self-
microemulsion efficiently (118). Moreover, it was observed that
Cremophor® EL showed lower emulsifying efficiency than Cremophor®
RH 40. This is because the ethoxy content per mole of castor oil is
different. 35 moles of ethoxy content are present in Cremophor® EL,
while 40 moles of ethoxy content are present in Cremophor® RH 40
(119). Owning to the better emulsification efficiency, Cremophor® RH 40
which also has higher solubility of AST was selected as a surfactant for

next investigation.

Table 4. Evaluation standard for self-microemulsification efficiency.

Grade Emulsification % Transmittance Appearance
capacity
A Excellent >90 clear and transparent
B Good 80-90 Slightly less clear and
bluish white
C Fair 50-80 Milky or grayish white
D Poor <50 No homogeneity
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Table 5. Emulsification Efficiency of Various Surfactants.

il Surfactant % Transmittance |Emulsification activity
Tween® 80 49.09 +0.75 D
Cremophor® RH 40 93.21+0.11 A
castor oil Tween® 20 66.83 £ 0.48 C
Labrafil® 64.20+1.70 C
Cremophor® EL 87.79+0.06 B
Tween® 80 62.61+1.02 C
Cremophor® RH 40 96.81+1.04 A
MCT Tween® 20 51.84+1.45 C
Labrafil® 13.03+ 1.74 D
Cremophor® EL 50.39+1.14 C

* Values are expressed as mean = S.D., n = 3.

To enhance the absorption, dispersibility, and stability of the
formulation, co-surfactant was added to the surfactant-containing
formulations (120). Co-surfactants are utilized in SMEDS formulations
for increasing the solubility of active substances and promoting the
dispersibility of the surfactants in the oil, so enhancing the uniformity and
stability of the formulations (121). Surfactants and co-surfactant
molecules are dominantly adsorbed at the interfaces. Therefore, the
interfacial surface tension is decreased and a mechanical barrier is
provided to prevent coalescence and the stability of the formulations is
improved (122). Table 6 presents relative capacity of co-surfactants to
enhance emulsification efficiency of surfactants. Tween® 20 and
Labrafil® have very less %transmittance and could not also form clear
solution with chosen oils and surfactant. Compared to other tested co-
surfactants, Tween® 80 exhibited good emulsification efficiency (99.80%

+ 0.06%) with castor oil and Cremophor® RH 40 mixture, while it also
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increased spontaneity of microemulsion formation and exhibited clear
solution along with good water uptake capacity, with MCT and
Cremophor® RH 40 mixture, showing maximum transmittance (99.82% +
1.13%). This may be due to penetration of the oils to a greater extend into
the hydrocarbon chain of Tween® 80 resulting in reduction of the
interfacial surface tension and enhancement of microemulsification
spontaneously. Moreover, Tween® 80 also showed the highest solubility
(Figure 4) for astaxanthin. Therefore, for both oils, Tween® 80 was

selected as co-surfactant for next studies.

Table 6. Emulsification Efficiency of Various Co-surfactants.

Qil Surfactant Cosurfactant % Transmittance | Emulsifying activity
] Tween® 80 99.80+0.06 A
castor oil Cremophor® RH
40 Tween® 20 59.14+ 0.09
Labrafil® 4496+ 0.33 D
Tween® 80 99.82+ 1.13 A
MCT Cremophor® RH
40 Tween® 20 49.57+ 1.20 D
Labrafil® 6448+ 1.25 C

* Values are expressed as mean £ S.D, n = 3.

2. Pseudoternary phase diagram

In stomach, there is differing liquid volume at various times.
Therefore, there should be a formation of emulsion, preferably
microemulsion, without precipitation of drug, when the formulation is
diluted with distilled water. It was observed that emulsification capacity
Is constantly related to the amount of oil, water, surfactant, and/or co-

surfactant (123). The pseudoternary phase diagram was developed for
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determining the self-microemulsifying area and for calculating the
concentrations of oil, surfactant, and co-surfactant which leads to stable
SMEDS. In order to create the phase diagram, the castor oil or MCT oil,
Cremophor® RH 40, and Tween® 80 were defined as oil, surfactant, and
co-surfactant, respectively, depending on the solubility and
emulsification studies. When titrated with water under mild agitation,
SMEDS forms microemulsion with less than 200 nm. It is a
thermodynamic spontaneous emulsification process as the energy needed
for the formation of microemulsion is very low (124). The surfactant
facilitates this process. A layer was formed around the oil globule by the
presence of surfactant in such a way polar head pull out the water phase
and nonpolar tail lies toward lipid phase, resulting in reducing the
surface energy between the oil-water interface (125). Moreover, the
mixture of surfactant and co-surfactant (Smix) ratio is an another
important factor in the microemulsion formation because mechanical
barrier to coalescence is provided by adsorbing the surfactant and co-
surfactant at interface (126). The co-surfactant is also important for the
formation of microemulsion with an appropriate concentration range.
Due to its high-water solubility, becoming less stable system of
microemulsion will be caused by an excess amount of co-surfactant.
This may lead to increasing the droplet size owing to the expanding
interfacial film (103). Therefore, the pseudoternary phase diagrams at
five various Sy ratios (1:1, 2:1, 3:1, 4:1, and 5:1) were developed for
each oil by using water-titration method. The visual observation was
performed and recorded after each 5% increment of the water to the
mixture of oil and Spix. At the same time, the proportions of oil and Syx

were also calculated. By using Chemix School™ software, a separate
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diagram was developed for each Spix ratio and visual observation was
also recorded for each diagram (APPENDIX A). Based on the visual
observations, only microemulsion points were plotted by using Chemix
School™ software because only microemulsion region is of interest for
the development of SMEDS formulations. In the pseudoternary phase
diagram, the black region represented the self-microemulsification area.

Comparing to the other ratios for the SMEDS containing castor oil
(LCT-SMEDS), a comparatively largest microemulsion region was
produced by the Smix proportion of 4:1 as presented in Figure 5 a-e.
According to Figure 6 a-e, for the SMEDS formulations containing MCT
(MCT-SMEDS), microemulsion formation was highest at Smix 1:1 ratio. It
was also showed that the enhancement of Sy ratio lead to the increase in
the microemulsion formation area for LCT-SMEDS except 5:1 ratio.
Moreover, phase separation was detected after several hours at a 5:1 ratio
of LCT-SMEDS. In contrast, for MCT-SMEDS, it was also observed that
the enhancement of Spix ratio lead to the decrease in the microemulsion
formation area. Another observation was that poor microemulsion was
formed with high concentration of oil in all cases. This may be due to
very less amount of water entrapment capacity upon dilution (127).

The effect of active substance addition was examined on the
boundaries of microemulsion region by the repetition of the water-
titration procedure in the presence of AST for the best ratio of 4:1 for
LCT-SMEDS and 1:1 for MCT-SMEDS. According to Figure 7 a-b and
Figure 8 a-b, it was mentioned that the addition of the AST into the blank
SMEDS formulation presented no significant effect on the microemulsion
regions of both LCT-SMEDS and MCT-SMEDS.
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Figure 7. Pseudoternary phase diagrams constructed (a) in absence and
(b) in presence of astaxanthin respectively using castor oil as the lipid

phase.

10 0 31{ -l;{ 50:-; 54;{' T;{ 56" 50 10 25 36 4;{ 50}- 54; T;{ 3; 90
Cremophor® RH 40 and Tween® 80 (1:1) Cremophor® RH 40 and Tween® 80 (1:1)
Figure 8. Pseudoternary phase diagrams constructed (a) in absence and
(b) in presence of astaxanthin respectively using MCT oil as the lipid

phase.
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3. Design of Experiment for optimization of AST-loaded SMEDS
3.1. Statistical analysis by using mixture experimental design

By the use of Minitab software (Minitab Inc, State College, PA,
USA), a mixture design technique was applied for the optimization of the
AST-loaded SMEDS composition. In the mixture design, the responses
(dependent variables) were expected to rely on the ratios of the
formulation excipients. It was also observed that the primary factors
effecting the in vitro dispersion of SMEDS preparations were considered
to be the quantity of oil, surfactant, and co-surfactant (128, 129). Hence,
the input variables were defined by these factors, and their experimental
design space was chosen depending on the results of pseudoternary phase
diagram. For the input variables X;, X, and X3 respectively, castor oil,
Cremophor® RH 40, and Tween® 80 were stated for LCT-SMEDS, while
MCT, Cremophor® RH 40, and Tween® 80 were specified for MCT-
SMEDS. A separate experimental design space was developed for each
SMEDS. In order to enhance the oral absorption of poorly water-soluble
AST, five response factors, which are critical properties of SMEDS, were
selected: droplet size (Y1; nm), PDI (Y3), zeta potential (Y3; mV), active
ingredient content (Y4; %), and percentage of transmittance (Ys; %). As
shown in Table 7 and Table 8, the range of independent variables used to

develop design space were summarized.
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Table 7. Range of independent variables of LCT-SMEDS in the mixture

design.
Independent variables Range (%)
Minimum | Maximum
X, castor o1l (%, oil) 10 40
X, Cremophor® RH 40 (%, surfactant) 48 72
X, Tween® 80 (%, co-surfactant) 12 18

Table 8. Range of independent variables of MCT-SMEDS in the mixture

design.
Independent variables Range (%0)
Minimum | Maximum
X, MCT (%, oil) 10 30
X, Cremophor® RH 40 (%, surfactant) 35 45
X; Tween® 80 (%, co-surfactant) 35 45

As stated in the mixture design, thirteen experimental runs were

developed for each SMEDS containing the castor or MCT oil. As shown
in Table 9, for LCT-SMEDS, Y; ranged from 20.17 to 128.74 nm, Y,
from 0.20 to 0.37, and Y3 from -8.34 to -12.90 mV, Y, from 84.55 to
99.71 %, and Y5 from 75.72 to 98.57 %. For MCT-SMEDS, Y, ranged
from 22.01 to 33.2 nm, Y, from 0.09 to 0.43, and Y3 from -9.91 to 14.9
mV, Y, from 90.11 to 96.69 %, and Ys from 97.43 to 98.8 % as
mentioned in Table 10. The various models were used to be fitted all the

responses. Table 11 and Table 12 demonstrated the outcomes of
goodness-of-fit for these models of LCT-SMEDS and MCT-SMEDS.
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The average vertical distance of the data from the fitted regression
line was pointed out by the standard error (SE) of regression. The data
fitting capacity of a given model was determined by the predicted
residual error sum of squares (PRESS). The lower value of PRESS leads
to the better ability of the model prediction. The variation in a response
variable was represented by R? value. The model with higher R? value
explained all the variability of the response. According to SE, PRESS,
and R? values, the selection of the best fitted model was performed for

each of the five responses.

According to Table 11, Y1, Y2, Y3, Y4, and Ys of LCT-SMEDS
were stated to be fitted by quadratic, linear, quadratic, linear, and full
cubic mathematical models respectively. The linear, quadratic, linear,
linear, and full cubic mathematical models were recommended from the
program to fit Yy, Yy, Y3, Y4, and Ys of MCT-SMEDS respectively as
shown in Table 12. Due to the indication of a sequential p value of <
0.05, the model terms of LCT-SMEDS and MCT-SMEDS were
significant. In addition, the model fitting was also indicated by a lack of
fit p-value which is greater than 0.1. For each model, R? and adjusted R?
values revealed the multiple regression and analysis of the regression. In
this study, the values of R? for all responses were higher than 90%.
Furthermore, the fit was sufficient in this research as adjusted R? values

were similar to R? values.
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Table 11. Summary of results of statistical analysis and model equations
for the measured responses of LCT-SMEDS.

Models | SE | PRESS | R® | R’(adj) | Remark
Droplet size
Linear 17.6952 1311.24 80.39% 79.31%
Quadratic 10.0087 4312.41 93.90% 92.98% suggested
Full cubic 10.7533 433533 93.17% 92.36%
Full quartic 10.0203 5873.82 93.46% 93.30%
PDI
Linear 0.0460777 | 0.0907071 92.02% 90.63% suggested
Quadratic 0.0471451 | 0.1007071 91.11% 90.46%
Full cubic 0.0482528 0.127091 91.03% 90.25%
Full quartic 0.0508643 0.15135 82.17% 81.72%
Zeta potential
Linear 2.37366 302915 82.44% 81.02%
Quadratic 2.02908 212.683 98.15% 95.22% suggested
Full cubic 2.24052 240.854 91.79% 91.03%
Full quartic 2.28664 246.138 92.21% 88.54%
Active ingredient content
Linear 1.14904 59.8364 94.44% 94.13% suggested
Quadratic 1.22456 73.3972 03.52% 02.84%
Full cubic 1.21462 62.3793 93.62% 92.26%
Full quartic 1.21111 86.3057 93.05% 92.23%
%o Transmittance
Linear 4.79487 083.071 68.44% 66.69%
Quadratic 1.97902 178.68 95.07% 94.33% suggested
Full cubic 1.337 103.393 93.02% 92.41%
Full quartic 1.38986 113.005 93.56% 92.72%

Note: SE, Standard error of the regression, represents the standard distance between the data

values and fitted regression line.

PRESS, Prediction error sum of squares, the smaller the PRESS value, the better the
model predictive ability.
R?, Percentage of response variable variation; the higher the value, the better the model

fits the data.

R? (adj), Percentage of response variable variation based on its relationship with one or
more predictor variables
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Table 12. Summary of results of statistical analysis and model equations
for the measured responses of MCT-SMEDS.

Models | SE | PRESS | R® | R’(adj) | Remark
Droplet size
Linear 1.32082 70.4879 90.05% 89.20% suggested
Quadratic 1.37072 75.9915 88.98% 88.36%
Full cubic 1.37072 75.9915 88.98% 88.36%
Full quartic 1.37072 75.9915 88.98% 88.36%
PDI
Linear 0.11177 0.5583 02.39% 91.53%
Quadratic 0.07 0.20091 97.55% 96.73% suggested
Full cubic 0.06959 0.20418 66.99% 64.16%
Full quartic 0.06947 0.2019 67.10% 64.27%
Zeta potential
Linear 1.4284 86.5063 99.12% 96.44% suggested
Quadratic 2.2689 88.1534 04 .48% 92.67%
Full cubic 2.2689 88.1534 04 .48% 92.67%
Full quartic 2.2689 88.1534 04 48% 92.67%
Active ingredient content
Linear 1.12636 70.6528 96.41% 95.23% suggested
Quadratic 1.42795 88.6952 76.34% 75.03%
Full cubic 1.42795 86.9951 79.17% 76.82%
Full quartic 1.21384 79.5072 84.80% 81.95%
% Transmittance
Linear 0.35166 5.50457 40.05% 36.72%
Quadratic 0.15803 1.5682 91.83% 89.52% suggested
Full cubic 0.19745 1.89542 82.68% 80.05%
Full quartic 0.1899 1.92286 84.46% 81.55%

Note: SE, Standard error of the regression, represents the standard distance between the data
values and fitted regression line.

PRESS, Prediction error sum of squares, the smaller the PRESS value, the better the
model predictive ability.

R?, Percentage of response variable variation; the higher the value, the better the model
fits the data.

R? (adj), Percentage of response variable variation based on its relationship with one or
more predictor variables
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Table 13. Analysis of variance of measured responses for LCT-SMEDS.

Response Source DF Seq SS Adj SS Adj MS valuFe_ P-value
Droplet size (Y1) Regression 5 53988.600 53988.600 10797.700 101.610 < 0.0001
Linear 2 46223.200 7527500 3763.700 35420 <0.0001
Quadratic 3 7765400 7765400 2588.500  24.360 <0.0001
XiXo 1 7083.100 7068.400 7068.400  66.510 <0.0001
XiXs 1 47300  679.000  679.000 6.390  0.016
XX 1 635.000  635.000  635.000 5980  0.020
Residual Error 33 3506.900  3506.900 106.300
Lack-of-Fit 7 896.300  896.300 128.000 1.280  0.301
Pure Error 26 2610.600 2610.600 100.400
Total 38 57495.500 0.650
PDI(Yz) Regression 2 0.006 0.006 0.003 0.650 0.030
Linear 2 0.006 0.006 0.003 0.650 0.030
Residual Error 36 0.171 0.171 0.004
Lack-of-Fit 10 0.104 0.104 0.010 4040 0.102
Pure Error 26 0.067 0.067 0.002
Total 38 0.177
Zeta potential (Y3) Regression 2 4515 4515 2.257 0.450 0.041
Linear 2 4515 4515 2257 0450 0.041
Residual Error 36 180.718 180.718 5.020
Lack-of-Fit 10 73.671 73.671 7.367 1.790  0.113
Pure Error 26 107.046  107.046 4117
Total 38 185.233
Active ingredient  p oo iion 2 917520 917520 458762 305.930 <0.0001
content (Y3)
Linear 2 917.520  917.520 458762 305930 <0.0001
Residual Error 36 53.980 53.980 1.500
Lack-of-Fit 10 15.630 15.630 1.563 1.060  0.426
Pure Error 26 38.360 38.360 1475
Total 38 971.510
% Transmittance :
(Ys) Regression 5 249344 249344 623360  163.68 <0.0001
Linear 2 1795.25 1270.62 635309  166.82 <0.0001
Quadratic 3 698.19 698.19  349.093 91.67 <0.0001
XiXe 1 344.66 344.66  344.665 175.86 < 0.0001
XiXs 1 344.66 344.66  344.665 175.86 < 0.0001
XX 1 8.86 8.86 8.863 233 0.136
Residual Error 34 129 48 129 48 3.808
Lack-of-Fit 8 79.26 79.26 9.907 513  0.001
Pure Error 26 50.22 50.22 1.932
Total 38 2622 .92

Note: DF, degrees of freedom.

Seq SS, sequential sums of squares
Adj SS, adjusted sums of squares

Adj MS, adjusted mean square
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Table 14. Analysis of variance of measured responses for MCT-SMEDS.

Response Source DF  SeqSS AdjSS AdjMS vahi P-value
Droplet size (Y1) Regression 2 545940 545940 272971 145280 <0.0001
Linear 2 545940 545940 272971 145280 < 0.0001
Residual Error 36 67.640 67.640 1879
Lack-of-Fit 10 28.800 28800 2.880 1930 0187
Pure Error 26 38.840 38.840 1494
Total 38 613.580
PDI (Y32) Regression 5 0347 0347 0.087 17.690 < 0.0001
Linear 2 0064 0292  0.146  29.780 < 0.0001
Quadratic 3 0283 0283  0.142 28890 <0000l
XiX; 1 0.197 0064 0064 12970  0.001
XiX; 1 0024 0024 0024 4980 0032
XoX; 1 0024 0024 0024 4980  0.032
Residual Error 34 0.167 0.167 0.005
Lack-of-Fit 8 0060 0060 0008 1840  0.114
Pure Error 26 0.106  0.106  0.004
Total 38 0.513
Zeta potential (Y3) Regression 2 71.936 71936 35968 17.630 < 0.0001
Linear 2 71936 71936 35968  17.630 < 0.0001
Residual Error 36 73451 73451  2.040
Lack-of-Fit ~ 10 7387 7387 0739 0290 0977
Pure Error 26 66.064 66064  2.541
Total 38 145.387
Active ingredient 5 o ion 2 236860 236.860 118428 ssoso 00001
content (Y4)
Linear D 236.860 236.860 118428  58.080 < 0.0001
Residual Error 36 73.410 73410 2.039
Lack-of-Fit 10 28440 28440 2844 1640  0.149
Pure Error 26 44970 44970  1.730
Total 38 310260
- :
e Tra?;ri‘;“ance Regression 5 5335 5335 1334 21680 000
Linear 2 5335 5335 1334 21680 <0.0001
Quadratic 3 2360 2360 1180  19.180  <0.0001
XiX; 1 1308 0206 0206 3340 0006
XiX; 1 0526 0526 0526 8550  0.006
XoX; 1 0526 0526 0526 8550  0.006
Residual Error 34 2.092 2.092 0.062
Lack-of-Fit 8 1318 1318 0165 5540  0.101
Pure Error 26 0773 0773 0.030
Total 38 7.426

Note: DF, degrees of freedom.
Seq SS, sequential sums of squares
Adj SS, adjusted sums of squares
Adj MS, adjusted mean square
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3.2. Influence of independent variables on responses in
experimental designs
3.2.1. Influence on droplet size (Y1)

The performance of emulsion was determined by the emulsion
droplet size (130). Where the smaller the microemulsion droplet size, the
larger the interfacial surface area, hence rapid absorption is promoted,
and bioavailability is improved. In this research, the droplet size of
SMEDS after dilution was selected as one of the responses because it is
important for in vitro evaluation. In the preparation of SMEDS, the lesser
the droplet size of SMEDS, the better the result of the release of drug
with higher bioavailability. Hence, for having a minimized droplet size
(Y1) value, the SMEDS formulations were optimized.

According to Table 9, the lowest (20.17 £ 0.37 nm) and the highest
(128.74 = 4.82 nm) values were resulted respectively from formulation
LCT-SMEDS; and LCT-SMEDS,. The quadratic model (Table 11)
statistically fitted well to the data. According to the results of analysis of
variance, the program produced the following polynomial equation (1).
The increase in amount of castor oil may direct towards the enhancement
in the mean droplet size, and its fall may be resulted by increasing the
amount of Cremophor® RH 40 and Tween® 80. It can be concluded from
the P value of <0.05 (Table 13) that the droplet size was significantly
influenced by all the individual term and the interaction terms. The
droplet size was positively, synergistically, and significantly influenced
by the interaction term X;X, and X;Xs, and significantly and
antagonistically affected by the term XX, indicated by the negative
value of the coefficient. Hence, it can be summarized that the increase in

the amount of oil and the decrease in the amount of surfactant mixture
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lead to the increasement of droplet size. The value of the coefficient, that
expresses the effect of the dependent variable, was in the order X3 > X; >
Xa.

As shown in Table 10, formulations MCT-SMEDS; and MCT-
SMEDS; showed the highest (33.2 £ 0.54 nm) and the lowest (19.67 +
4.82 nm) values, respectively. The linear model (Table 12) statistically
fitted well to the data. According to the results of variance analysis, the
program produced the following polynomial equation (2). The order of
the coefficient value was X; > X3 > X,. It was detected that the increase
in amount of MCT oil and Tween® 80 may yield the increasing droplet
size, whereas the increase in the amount of Cremophor® RH 40 may lead
to the decreasing droplet size. It was inferred from the P value of < 0.05
(Table 14) that all the individual term could significantly affect the
droplet size. The relationship of the input variables and droplet size (Y1)
for LCT-SMEDS and MCT-SMEDS was shown in Figure 9-12.

Droplet size (Y1) = 1022 X; - 87 Xo - 7902 X3 - 2182 X; X> + 10818 XiX3 +
10539 X>X;3 (1)

Droplet size (Y1) = 83.5020 X; - 0.507786 X> + 25.6265 X3 (2)

3.2.2. Influence on PDI (Y>)
The polydispersity index (PDI) was selected as another response.
The test of PDI provided the details about the distribution of particle size.

The uniform and narrow microemulsion droplet size distribution is
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implied by the low value of PDI (131). Table 9 and Table 10 respectively
showed the outcomes of PDI measurements for LCT-SMEDS and MCT-
SMEDS. The PDI of LCT-SMEDS and MCT-SMEDS was ranged
between 0.2 to 0.37 and between 0.09 to 0.43, respectively. After dilution
with water, all the polydispersity values were below 0.6, suggesting good

uniformity in the droplet size distribution (107).

As mentioned in Table 9, the following equation (3) was to be
developed for the PDI of LCT-SMEDS by the linear model. The order of
the coefficient value was X3 > X, > X;. According to the indication of the
positive coefficient values, the higher in the oil, surfactant, and co-
surfactant contents would increase PDI of LCT-SMEDS. In Figure 9 and
10, the response surface and contour plots of PDI (Y;) for LCT-SMEDS

were individually presented.

For the PDI of MCT-SMEDS, the following equation (4) was
developed by the use of the suggested quadratic model as shown in Table
12. With the decrease in concentrations of the oil, surfactant, and co-
surfactant, PDI of MCT-SMEDS formulations may enhance. It can be
concluded that PDI was significantly, positively, and synergistically
affected by the interaction term X;X;, X1 X3, and X,X3. The effect of the
corresponding factor on the PDI (Y;) was significantly indicated by the P
value of <0.05 as presented in Table 14. The response surface and
contour plots of PDI (Y;) for MCT-SMEDS were individually shown in
Figure 11 and 12.

PDI (Y2) = 0.2844X; + 0.3416 X> + 0.3944 X3 (3)



69

PDI (Y2) =-16.27X; - 1.08 X - 0.03 X3 + 31.54X; X» + 19.54 X;X; +
28.67 X2X3 4)

3.2.3. Influence on zeta potential (Y3)

The surface charge of microemulsion droplet may be described by
the value of zeta potential. Owing to deflocculation of microemulsion
particles, the theory mentions that system remains stable, and the zeta
potential value should be in the ranges of +30 to -30 mV for identical
system (94). It was observed that the negative surface charge of
microemulsion droplets was found in conventional SMEDS formulation
as free fatty acids were present in the oils. Non-ionic surfactants were
widely utilized because of their minimal toxicity. Table 9 and 10
describes the zeta potential results of diluted LCT-SMEDS and MCT-
SMEDS formulations respectively. For diluted LCT- SMEDS
formulations, the values of zeta potential were ranged from -8.34 to -12.9
mV. On the other hand, the zeta potential values were ranged between -
9.91 and -14.9 mV for diluted MCT-SMEDS formulations.

According to Table 11 and 12, the linear model was suggested to
the zeta potential data of both LCT-SMEDS and MCT-SMEDS. For
LCT-SMEDS (equation 5), the order of the coefficient value was X; > X,
> X3, whereas the order of the coefficient value was X; > X3 > X, for
MCT-SMEDS (equation 6). According to the observations from the
equations, the decrease in the quantity of the oil, surfactant, and co-
surfactant may direct towards the increase in zeta potential. It can be
summarized from the P value of < 0.05 (Table 13 and Table 14) that zeta

potential was significantly affected by all the individual term. The plots in
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Figure 9-12 presented the relationship between the independent variables

and zeta potential (Y3).

Zeta potential (Y3) = —13.79 X; — 11.32 X, — 1.88 X3 (5)

Zeta potential (Y3) = —33.12 X; — 2.44 X, — 12.41 X3 (6)

3.2.4. Influence on active ingredient content (Y4)

Since final dose of the active ingredient is decreased by the higher
drug loading in SMEDS formulation, active ingredient content is a
critical parameter. With lower amount of oils and surfactants, an
equivalent dose of active ingredient requires to be delivered at a higher
drug loading. It was observed that large quantity of the surfactants causes
the irritation on GIT, however, the amount of surfactants incorporated in
the SMEDS preparation may be lessened at maximum active ingredient
loading (132). Hence, as criteria for the optimization, active ingredient
content was selected.

While the active ingredient content of LCT-SMEDS formulations
ranged from 84.55 to 99.71% as mentioned in Table 9, the active
ingredient content of MCT-SMEDS ranged from 90.11 to 96.69% as
shown in Table 10. According to the statistically fitted data, the program
suggested the linear model for both LCT-SMEDS and MCT-SMEDS
(Table 11 and 12). To confirm the relationship between independent
variables and active ingredient content of LCT-SMEDS and MCT-
SMEDS, the equation 7 and 8 were respectively generated on the basis of

the outcomes of analysis of variance (Table 13 and 14). As presented in
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equation 7, the order of the coefficient value was X; > X3 > Xj, while in
equation 8, the order of the coefficient value was X; > X3 > X,. The
increase of the oil, surfactant, and co-surfactant contents would improve
active ingredient content according to the positive value of all
coefficients. In Figure 9-12, the further support of 3D contour and

response surfaces plots were shown for the obtained polynomial

equations.
Active ingredient content (Y4) = 53.96 X; + 108.13 X, + 93.89 X3 (7)
Active ingredient content (Ys4) = 33.12 X; + 2.44 Xo + 12.41 X3 (8)

3.2.5. Influence on %transmittance (Ys)

The microemulsion formation was confirmed through
transparency, and hence transmittance was selected as another response.
The high clarity of microemulsion is indicated by transmittance value
greater than or equal to 98% (133). The transparency of microemulsion,
which may be reduced by the large particle size, results in higher values
of %transmittance. The %transmittance of LCT-SMEDS ranged from
75.72-98.57 % as shown in Table 9, and in contrast, the %transmittance
of MCT-SMEDS ranged from 97.43 to 98.8 % as indicated in Table 10.

The quadratic model, as shown in Table 11 and 12, was to be
statistically fitted well to the %transmittance data of both LCT-SMEDS
and MCT-SMEDS. The effect of independent variables on
%transmittance of LCT-SMEDS and MCT-SMEDS was reflected by the
following equations 9 and 10. In equation 9, the order of the coefficient
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value was X; > X3 > X;, while on the contrary, the order of the coefficient
value was X, > X3 > X; as mentioned in equation 10. According to the
observations from equation 9, %transmittance may reduce with the
enhancement in amount of the oil and may improve with the increasing
the quantity of the surfactant and co-surfactant. In equation 10, the
increasing the quantity of the oil, surfactant, and co-surfactant may
enhance %transmittance. The effect of the related factor on
%transmittance (Ys) was significantly found in the P value of < 0.05 as
shown in Table 13 and 14. It can be summarized from equation 9 and 10
that the interaction term X;X; XiXs3, and X;Xz have significant
synergistic effect on %transmittance as expressed by the positive
coefficient value. Figure 9-12 presented the 3D plots of LCT-SMEDS
and MCT-SMEDS which indicate the effect of independent variables on

%transmittance (Y5s).

%Transmittance (Ys) = —228.2X; +42.3X> +60.1X3 + 658.8X;X> +
354.8 XiX3 + 243.7 XoX3 9)

%Transmittance (Ys) = 49.05X; + 104.02X, +88.15X; + 56.76 XiX2 +
90.76 XiX3 + 98.13 X2X3 (10)
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3.3.  Optimization and Validation of the formulations

The degree of the input or independent variables that provides the
optimum responses were examined, after the influence of the independent
variables has been studied on the responses. The formulations were
optimized to determine the degree of independent variables (X3, X, and
X3) that would provide a minimum value of droplet size (Y1), PDI (Y2)
with maximum value of zeta potential (Y3), active ingredient content
(Yq), and %transmittance (Ys). The observation of the influence of
independent variables on responses were performed from the polynomial
equations, response surface plots, and 3D contour plots.

By the use of desirability function, the optimization of independent
variables were performed for the values of responses, where Y; and Y;
were fixed to be minimized, and Y3 Y, and Ys were fixed to be
maximized for both LCT-SMEDS and MCT-SMEDS. After calculating
by the consolidation of all the equations presented above, with a
desirability value of 0.807 (Figure 13) and of 0.794 (Figure 14), the levels
of independent variables of LCT-SMEDS and MCT-SMEDS were
suggested respectively by the program as the optimized formulations. The
overlaid contour plots of the optimized SMEDS formulations were
presented in Figure 15 and 16.

Regarding the influence of the input variables on all five response
variables, the optimization plots of LCT-SMEDS and MCT-SMEDS
were presented in Figure 13 and 14. The optimized formulation ratios of
X1, Xz, and X3 for LCT-SMEDS were 19.59 %, 62.34 %, and 18.03 %,
respectively, which provide theoretically the values of 22.71 nm, 0.28, -
9.70 mV, 97.87 %, and 98.38 % for Y1, Y3, Y3, Y4, and Y5, respectively,
while that of X, X, and X3 for MCT-SMEDS were 12.39 %, 44.98 %,
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and 42.59 %, respectively which provide theoretical values of 22.02 nm,
0.17, -10.69 mV, 98.72 %, and 97.09 % for Y1, Y32, Y3, Y4, and Ys,
respectively.

For validation of these mixture design models, three different
batches of LCT-SMEDS and MCT-SMEDS were prepared and the
responses were measured. Table 15 and 16 represented the predicted and
measured values of Y1, Y2, Y3, Y4, and Y5 for the best LCT-SMEDS and
MCT-SMEDS, respectively. For both LCT-SMEDS and MCT-SMEDS,
the actual values of responses were in close agreement to expected
values. In order to measure the reliability and accuracy, values of
prediction errors were determined. The prediction errors of all responses
were small and desirable as shown in Table 15 and 16. Thus, it can be
concluded from the results of these observations that the mixture design
method applied for the optimization of LCT-SMEDS and MCT-SMEDS
in our research was reliable and accurate. These optimized formulations

were subjected to further studies.
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Table 15. Predicted and measured values of optimized LCT-SMEDS

formulation.
Responses Predicted value Measured value Prediction error (%0)
Droplet size (nm; Y1) 22.71 22.55 +0.96 -0.70
PDI(Y2) 0.28 0.27 +0.02 -3.70
Zeta potential (mV; Y3) -9.70 935+1.75 -3.74
Active mgredient content (%; Y4) 97.87 96.49 + 0.60 -1.43
Transmittance (%, Y5) 98.38 98.80 +0.11 0.42

Table 16. Predicted and measured values of optimized MCT-SMEDS

formulation.
Responses Predicted value Measured value Prediction error (%)
Droplet size (nm; Y1) 22.02 23.10 £0.72 4.67
PDI(Y2) 0.17 0.18 £ 0.06 5.53
Zeta potential (mV; Y3) -10.69 -10.62 +1.77 -0.65
Active ingredient content (%; Y4) 98.72 96.37 +1.03 243
Transmittance (%, Y5) 97.09 99.15 £ 0.17 2.07

4. Characterization of the optimized formulations

4.1. Visual observation

The identification of any signs of phase separation and
precipitation of the optimized formulations was visually performed after
dilution. With the help of visibility grading criteria, formulations
examined were graded from A to E (134). When SMEDS was dispersed
In aqueous phase, Smix Was assumed to penetrate the aqueous phase and
redistribute between the oil-water interface (126). As shown in Table 17,
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the optimized formulations were found with no indications of
precipitation and phase separation. Clear and transparent microemulsions
were rapidly formed through these optimized formulations. Hence, they

were classified with the value A.

Table 17. Results of visibility grade, precipitation, and phase separation.

Formulations Visibility Precipitation | Phase separation | Emulsification | Refractive
grade* time (s) index
LCT-SMEDS g1y A No No 44+1 1.4222 £0.07
MCT-SMEDS 4y A No No 58+2 1.4501 +0.02

*Visual grading system: (A) denoting a rapidly forming (within 1 min) microemulsion that

was clear or slightly bluish in appearance; (B) denoting a rapidly forming, slightly less clear
emulsion that had a bluish white appearance; (C) denoting a bright white emulsion (similar in
appearance to milk) that formed within 2 min; (D) denoting a dull, grayish white emulsion
with a slightly oily appearance that was slow to emulsify (longer than 2 min): and (E)
denoting a formulation that exhibited either poor or minimal emulsification with large oil

droplets present on the surface.

4.2. Emulsification time

Emulsification timing was determined for the optimized
formulations. “Self-emulsification” means that a SMEDS formulation has
to be rapidly dispersed by a gentle agitation when diluted with the water.
Determining the emulsification rate could estimate the efficiency of self-
emulsification. The optimized formulations MCT-SMEDS and LCT-

SMEDSotm indicated emulsification time of below 1 min with good
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emulsification as reported in Table 17. It was observed that MCT-
SMEDSotm was taken a few more emulsification time although the
results of emulsification time were not considerable different between
LCT-SMEDSotm and MCT-SMEDSorw. Lower quantity of Cremophor®
RH 40 in MCT-SMEDSotm may be the reason behind this. Owing to a
less quantity of surfactant, the interfacial tension may be increased which

ultimately leads to the fall of the emulsification rate (135).

4.3. Refractive index

When the refractive index value of the formulation is similar to that
of water (1.333), a transparent nature of the formulation is observed
(136). The results of refractive index were shown in Table 17. It was
indicated that there were no significant differences in the refractive index
data of the optimized formulations measured. The results of refractive
index were close to that of water showing the optimized formulations

were transparent in nature.

4.4. Transmission electron microscopy (TEM)

The appearance of the optimized SMEDS formulations was
homogeneous and transparent liquid. The morphology of the optimized
LCT-SMEDS and MCT-SMEDS of AST formulations was observed by
using TEM. The morphology of the diluted LCT-SMEDSorm and MCT-

SMEDSotm was shown in Figure 17. It can be observed that oil droplets
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were homogenous with good integrity. Moreover, it was indicated that no
signs of AST precipitation in LCT-SMEDSotm were showed concluding
the good stability of diluted LCT-SMEDSqorm formulation. In contrast, it
was observed that AST seem to be precipitated in MCT-SMEDSotm
formulation. Therefore, LCT-SMEDSotm may be the most stable
formulation as inter particulate repulsion of the long chain triglycerides

allow them to disperse for a longer period of time (137).

(a) (b)

1Tum 1um

Figure 17. TEM images (a) LCT-SMEDS and (b) MCT-SMEDS of AST

4.5. Freeze-thaw stability studies

The optimized LCT-SMEDS and MCT-SMEDS of AST
formulations were performed freezing—thawing cycles from -20° C to
25°C. The droplet size, PDI, zeta potential, and the content in
formulations were determined before and after the study. As shown in
Table 18, the data obtained after freezing—thawing cycles were almost
close to that of the formulations before the cycles. Any significant



86

changes in physical appearance of the diluted formulations were not
observed after freeze-thaw stability studies. Moreover, the diluted
microemulsions indicated no signs of drug precipitation, phase
separation, cracking, and creaming after subjected to freezing-thawing

cycles, which suggests the formation of stable microemulsions.

Table 18. Stability profile of optimized SMEDS formulations.

ormulation reatment roplet size (nm eta potential (m ontent (%
Formulati T Droplet si ) PDI z ial mV)| C (%)
before test | ) 554 0.96 0.25 £ 0.02 1135175 96.49 + 0.6
freeze-thaw
(M oyde) | 2296%0384 0.27 = 0.02 1237+ 1.49 96.00+ 0.56
LCT-SMEDSomy [——-
eeze-thaw | 53 50+ 0.63 0.28 = 0.02 1255+ 1.59 95.82+0.71
(2™ cycle)
freeze-thaw |3 00 1 0,67 0.29 = 0.02 1319+ 1.27 95.54+ 0.69
(3" cycle)
before test | 53 402072 | 0.38+0.06 12,62 £3.17 96.37 = 1.03
freeze-thaw
(" oyele) | 2367058 0.41 £ 0.06 1338 £2.75 96.23 = 1.02
MCT-SMEDSorMm & n
ceze-thaw | 4 42026 0.43 +£0.05 13.82£2.55 96.11+ 0.99
(2" cycle)
freeze-thaw
¥ 24554032 0.43+0.05 13.87+2.52 9593+ 1.18
(3" cycle)

4.6. Invitro release studies

The evaluation of active ingredient release studies was performed
for optimized LCT-SMEDS and MCT-SMEDS compared to one
marketed preparation and raw AST with the use of dialysis bag method.
Marketed preparation (soft capsule) contains 4 mg AST which is
suspended in oleic safflower oil. HCI/NaCl buffer pH 1.2, acetate buffer
pH 4.5, and phosphate buffer pH 7.4 were used as the dissolution media.
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The in vitro dissolution comparison of the formulations in different media
were exhibited in Figure 18 a-c. In all media, the AST releases were
examined, and the resultant data indicated the highest percentage of
release with the use of LCT-SMEDS. The release profiles showed that the
AST release from the LCT-SMEDSorm formulation was higher than from
the MCT-SMEDSotv formulation and significantly increased compared

to the marketed preparation and raw AST.

As demonstrated in Figure 18 a-c, the release of AST from LCT-
SMEDSotm and MCT-SMEDSorm were not quite different in all media.
Therefore, it can be concluded that the release of AST from SMEDS was
independent of all pH media. Moreover, the data showed that the AST
release rate was distinctly reduced on the usage of marketed product as
the cumulative AST release was very low with about 30% even after
about 8 hours was consumed in all media. In contrast, the SMEDS
formulations indicated a significantly enhanced drug release rate as
around 40% of cumulative AST release was achieved after 0.5 hour, also
about 60% after 1 hr, and about 80% after 2 hrs respectively in all media.
Within 4 hrs, the SMEDS formulations reached the maximum percentage
of released AST. The final release percentage of both SMEDS
formulations were over 90%. Therefore, it is apparent from the profiles of
AST release that both SMEDS formulations are relatively faster in the
release of drug, as compared to marketed product and raw AST. In
contrast to marketed preparation and raw AST, SMEDS formulations
produced small droplet size and showed better release rate because they
have greater solubility of AST in the excipients of SMEDS (138, 139). In
addition, the oil phase of SMEDS may be the factor affecting the release
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because it may serve as carrier molecules for active compound molecules

to diffuse from dialysis membrane (127, 140).
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Figure 18. The AST release profiles of LCT-SMEDS, MCT-SMEDS,
marketed preparation, and raw AST in different dissolution media (n = 3).
(@) pH 1.2, (b) pH 4.5, (c) pH 7.4, and (d) various pH.

Moreover, another dissolution profile was developed by using the
data of AST release in various pH to further study the effect of pH on the
rate of astaxanthin release. The in vitro release profile of AST from
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SMEDS formulation over time in different media were shown in Figure
18(d). At pH 1.2, the amount of AST released of both LCT-SMEDS and
MCT-SMEDS was about 40% at first 30 min, while at pH 4.5, about 80%
of AST was released after 2 hrs. The dissolution rate of AST was more
than 90% after 8 hrs. AST release was complete and approached a plateau
level within 4 hrs, resulting the values of 93.09 % and 90.24% for LCT-
SMEDS and MCT-SMEDS, respectively. It can be observed that the
dissolution of optimized LCT-SMEDS and MCT-SMEDS showed good
dissolution profiles in all pH media. The overall dissolution rate of all
these optimized formulations indicating > 90 % of AST releases indicated
the availability of AST at the site of absorption. The results showed that
AST-SMEDS could significantly enhance the rapid release of AST and
increase the dissolution rate compared with the marketed preparation and
untreated AST powder. This might be related to the formation of small
droplets and their rapid dispersion. Besides, it was also concluded that the

release of AST from the SMEDS formulation was independent of pH.

Furthermore, for better understanding the dissolution behavior of
AST in the gastrointestinal tract, the release of AST from the optimized
SMEDS formulations was studied by changing the pH continuously
(141). The media used in the tests were pH 1.2 HCI buffer for the first 30
min, pH 4.5 acetate buffer for the next 1.5 hrs, and pH 7.4 phosphate
buffer for the last 6 hrs. The similar trends as demonstrated in previous

dissolution profile (Figure 18(d)) were found for the tested formulations.
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CHAPTER V
CONCLUSION

Currently, various routes of administration have been studied so
that the delivery of the drug can be effective. For the administration of
drugs to patients, the most convenient way is considered to be the oral
route. Poor oral absorption of many new compounds is caused mainly due
to their poor water solubility. For improving oral absorption of poorly
soluble compounds, conventional solubilization approaches such as salt
formation, cosolvents, and surfactant-based micellar formation are
commonly applied in the present.

In the current research, self-microemulsifying astaxanthin delivery
systems were developed and optimized for the prevention and
cotreatment of Alzheimer disease. A homogenous mixture of the oils,
surfactants, and/or co-solvents/surfactants with a fine oil-in-water (o/w)
microemulsions formation upon gentle agitation, after dilution with
water, are called self-microemulsifying system.

In preformulation study, according to the solubility data of AST,
the selection of one medium (MCT) and one long chain triglyceride
(castor) which has the highest solubility result was performed for further
studies. From the results emulsification efficiency, due to their better
emulsification efficiency, Cremophor® RH 40 and Tween® 80 were used

as a surfactant and co-surfactant, respectively, for both oils.

After selection of the excipients, the construction of pseudoternary
phase diagram was completed at different surfactant and co-surfactant
ratios 1:1, 2:1, 3:1, 4:1, and 5:1 for both the oils. From ternary phase
diagram, 4:1 surfactant to co-surfactant ratio was selected for LCT-
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SMEDS preparation, while 1:1 surfactant to co-surfactant ratio was
selected for MCT-SMEDS.

In this thesis study, one of the aims was to determine the influence
of input wvariables on important characteristics of the formed
microemulsions by using the design of experiment approach. The
optimization of formulations is usually aimed for determining the amount
of the variable that affect the selected responses from which a high-
quality product may be developed. The use of statistical experimental
design methods makes it possible to experiment with a number of
different factors at the same time and gives a clear picture to understand
how the factors behave separately and together. Mixture experimental
design was utilized in order to evaluate the influence of the
microemulsion components on the response variables and optimize the
responses simultaneously to determine the most appropriate combination
of component proportions. The levels of oil (X3), surfactant (X5), and co-
surfactant (X3) were set according to the results of the pseudoternary
phase diagram. The droplet size (Y1; nm), PDI (Y3), zeta potential (Y3;
mV), active ingredient content (Y4; %), and percentage of transmittance
(Ys; %) were examined as the response variables to optimize the
formulation. Appropriate design spaces were evolved by Minitab™

Software version 17.

The triglycerides were used to study the influence of AST
solubility because they are freely picked up by the chylomicrons and
travel through lymphatic system. With two different triglycerides,
SMEDS formulations were prepared. The castor oil was selected as long
chain triglyceride, while MCT was selected as medium chain triglyceride.

As shown in Tables 2 and 3, thirteen SMEDS formulations of each of
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these LCT, and MCT were developed using mixture experimental design.
Among these formulations, the selection of only the formulation from
each batch (LCT-SMEDSotm and MCT-SMEDSotv) that exhibited the

required features, was performed.

Droplet size and zeta potential values of LCT-SMEDS were found
to be in between 20.17 nm to 128.74 nm and -8.34 mV to -12.9 mV,
respectively, while that of MCT-SMEDS formulations were to be from
22.01 nm to 33.2 nm and -9.91 mV to -14.9 mV, respectively.
Polydispersity index of all formulations was found to be less than 1 which
suggests that uniform distribution of globules throughout formulation.
The AST content of LCT-SMEDS and MCT formulations was in the
84.55-99.71% range and in the 90.11-96.69 % range respectively, which
points out the uniform dispersion of the active ingredient in formulations.
%transmittance of all formulations of LCT-SMEDS of AST was found to
be in the range of 75.72 to 98.57%, while %transmittance of all
formulations of MCT-SMEDS of AST was found in between 97.43 to
98.8%. This indicates that prepared liquid SMEDS are clearer when the

less oil was used in the formulation.

By using the desirability function, the optimization of independent
variables was performed. The optimized formulation ratios of X;, X5, and
X3 for LCT-SMEDS were 19.59 %, 62.34 %, and 18.03 %, respectively,
which provide theoretically the values of 22.71 nm, 0.28, -9.70 mV,
97.87 %, and 98.38 % for Y1, Y2, Y3, Y4, and Y5, respectively, while that
of X3, X3, and X3 for MCT-SMEDS were 12.39 %, 44.98 %, and 42.59
%, respectively which provide theoretical values of 22.02 nm, 0.17, -
10.69 mV, 98.72 %, and 97.09 % for Y1, Y3, Y3, Y4, and Y, respectively.

For confirmation of this experimental design values, three different
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batches of the optimized LCT-SMEDS and MCT-SMEDS formulations
were prepared and the responses were measured. The actual values of
responses for both LCT-SMEDS and MCT-SMEDS were in close
agreement to predicted values. Therefore, the mixture experimental
design method used for optimizing LCT-SMEDS and MCT-SMEDS in

this research was reliable and accurate.

Moreover, from results of visual observation, emulsification time,
and refractive index studies, it was found that optimized formulations of
LCT-SMEDS and MCT-SMEDS of AST rapidly formed microemulsion
which was clear red solution with no indications of precipitation and
phase separation. From the results of characterization of TEM, it was
found that oil droplets were homogenous with good integrity. After three
cycles of freeze-thaw stability study, all the optimized formulations were
found to be stable. Moreover, the diluted microemulsions indicated no
signs of drug precipitation, phase separation, creaming, and cracking after
subjected to freeze-thaw cycles. Therefore, based on the above evaluation
of the optimized formulations, it could be concluded that rapid
microemulsion with good physicochemical properties and stability were
generated by LCT-SMEDDS and MCT-SMEDS formulations.

According to the above-mentioned results, LCT-SMEDSotm and
MCT-SMEDSotm results were found not to be significantly different.
However, LCT-SMEDSorm may be the most stable formulation as the
inter particulate repulsion of long chain triglycerides allowed them to
disperse for a longer period of time.

In addition, by comparison with marketed preparation and raw

AST powder, remarkable enhancement of in vitro release profile was
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indicated in percentage with the use of the optimized LCT-SMEDS and
MCT-SMEDS formulations. Thus, mixture experimental design is an
effective tool for the optimization of AST-SMEDS formulation.
Moreover, SMEDS could be a promising way in order to enhance the oral
bioavailability of a poorly water-soluble AST. Current study showed the
effectiveness of SMEDS formulation in solubility and dissolution
improvement of AST. Therefore, it comes to conclusion that the
solubility and dissolution rate of poorly water-soluble AST can be
resolved by SMEDS used as potential carrier system with mixture
experimental design method. For more practical improvement in future,
the bioavailability determinations of the optimized AST-SMEDS would

be required.
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APPENDIX B

Residual plots for optimization



132

Figure: Residual plots for (a) droplet size, (b) polydispersity index, (c)
zeta potential, (d) active ingredient content, and (e) %transmittance of
LCT-SMEDS
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(b] Normal Probability Plot
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Figure: Residual plots for (a) droplet size, (b) polydispersity index, (c)
zeta potential, (d) active ingredient content, and (e) %transmittance of

MCT-SMEDS
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