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Abstract

Abstract

One of the endless challenges in the pharmaceutical industry is the poor
oral bioavailability of drugs associated with poor solubility. Curcumin, a yellow-
orange substance that is extracted from the spice turmeric (Curcuma longa,
Zinziberaceae), has been attributed with a wide range of pharmacological
activities for the prevention and treatment of many diseases. However, its
potential for use as an orally delivered medicinal product is hindered by its
extremely poor aqueous solubility and oral bioavailability. Many techniques
have been applied to overcome the bioavailability problem of curcumin and
solid dispersions were reported to be one of the most promising strategies to

improve the solubility, dissolution rate and bioavailability of curcumin.

The objective of this study was to develop novel polymer-surfactant-based
solid dispersion formulations for curcumin to increase its aqueous solubility and
potentially increase oral bioavailability. Through a series of screening
processes, a curcumin + Soluplus + Vitamin E TPGs (1:10:10) solid dispersion
prepared by solvent evaporation + freeze-drying method was selected as the
novel curcumin solid dispersion formulation, and it was named “Solucumin”. It
has significantly increased the solubility of curcumin, with solubility study results
showing the curcumin solubility 582-fold and 937-fold higher than commercial
grade curcumin in pH 1.2 and 6.8 aqueous solutions, respectively. In vitro
dissolution study, in vitro Caco-2 cell permeability and uptake studies and
characterisation studies (FTIR, DSC, XRD, DLS, Zeta-potential and a short-
term physical stability test) were conducted for Solucumin and it was compared
with two marketed curcumin products (Longvida® and Nacumin®) and a

polymer-surfactant-based solid formulation of curcumin (Mexcumin).

Solucumin has exhibited significantly higher dissolution, cellular
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permeation and uptake of curcumin than all the comparators and commercial
curcumin powder. Interestingly, it was found to be less effective in improving
the dissolution of other curcuminoids (demethoxycurcumin and
bisdemethoxycurcumin) compared with Mexcumin. XRD and DLS confirmed
the amorphisation of curcumin and particle size reduction in Solucumin, which
could be the main reasons for the improved curcumin solubility and dissolution.
FTIR showed no curcumin in Solucumin was adhered to the surface of the
excipients. DSC revealed that Vitamin E TPGs in Solucumin melted at human
body temperature (37°C) and it could dissolve curcumin. In the short-term
stability test, Solucumin showed it has a degradation-resistant effect for at least

a month.

In addition to curcumin, Solucumin technology has also been tested on
other poorly water-soluble drugs/natural compounds to investigate its effect on
drug/compound dissolution. It was found that Solucumin has significantly
improved the dissolution of niclosamide, nitrofurantoin, terbinafine, quinine and

quercetin in a pH 6.8 dissolution medium.

Overall, it can be concluded that Solucumin, the novel solid dispersion
formulation developed in this study, succeeded in significantly improving the
aqueous solubility, dissolution and permeability of curcumin. It is a promising
formulation for improving the oral bioavailability not only of curcumin but also of

other drugs/natural compounds with poor water solubility.
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Curcumin and its oral bioavailability problems

Chapter 1. Curcumin and its oral bioavailability

problems

1.1. Introduction
Curcumin is a natural substance extracted from the roots of turmeric

(Curcuma longa). Decades of scientific research have confirmed its ability to
act as a potential therapeutic agent against numerous diseases. To this day,
curcumin continues to attract the attention of researchers all over the world.
However, despite its excellent medical potential, curcumin is still not approved

for use as a medicine due to its extremely poor bioavailability.

This chapter will provide a comprehensive overview of curcumin including
its origin, chemical structure, chemical properties, stability, physical appearance
and potential medical benefits. It will also explain curcumin’s oral bioavailability
problems and the factors that contribute to it. Furthermore, the approaches
developed for improving curcumin’s bioavailability will be discussed briefly. At
the end of this chapter, the hypothesis and aims proposed for developing a
novel formulation to improve curcumins aqueous solubility and oral

bioavailability will be discussed.
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1.2. A brief introduction to turmeric

Turmeric (Curcuma longa, Zingiberaceae) is the plant from which curcumin
is extracted from its roots. It is a member of the ginger family (Zingiberaceae).
It is a rhizomatous, monocotyledonous perennial herb. The strong yellow fleshy
tuber of turmeric is very similar in appearance to the roots of branching finger-
like ginger (Esatbeyoglu et al., 2012). Turmeric requires plenty of water, hot and
humid climate to grow. Therefore, most of the turmeric is cultivated in tropical
and subtropical regions, particularly in India and South-East Asia (Scartezzini
& Speroni, 2000). The rhizomes of turmeric can be boiled in water and dried,
after which they are ground into deep orange-yellow coloured powders.
Turmeric powder has long been used as a spice, a medicinal herb and a dye in
Asia (Anand et al., 2007). In the 13th century, Arabian merchants brought
turmeric from India to the European market (Aggarwal et al., 2007). The Latin
name of turmeric “Curcuma” was derived from the Arabic word "Kourkoum",
which is the original name of saffron. Due to its golden colour and exotic flavour,
turmeric is also known as Indian saffron in Europe (Esatbeyoglu et al., 2012).
In the West, turmeric is approved as a food additive and supplement. It is also
commonly used as a colouring agent for foods, cosmetics, hair, textiles and furs

(Grant & Schneider, 2000).

The use of turmeric for medical treatment in Asia can be traced back
thousands of years (Araiza-Calahorra et al., 2018). Turmeric has been widely
used since ancient times as a herbal medicine for treating many conditions such
as cough/inflammation, respiratory diseases, flu, sinusitis, liver disorders,
rheumatism and abdominal pain (Ravindranath & Chandrasekhara, 1980;
Shoba et al.,, 1998; Wahlstrom & Blennow, 1978). In India, turmeric is
traditionally used for treating infections, sprains/swelling and healing burn
wounds (Araujo et al., 2001), while in China turmeric is regularly used as a

herbal medication for treating diseases that are associated with abdominal pain
2
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(Aggarwal et al., 2004). With the advancement of science and technology, it
had been discovered that curcumin is the key ingredient that contributes to most

of the therapeutic effects of turmeric (Mukundan et al., 1993; Pal et al., 2001).

The curcuminoids content of turmeric varies between 2-9% depending on
its geographical origin and soil conditions (Priyadarsini, 2014). The term
"curcuminoids" denotes a group of compounds including curcumin,
demethoxycurcumin, bisdemethoxycurcumin and cyclic curcumin. Out of them,
curcumin is the major component (50-60%) (Chaudhary et al., 2010). The bright
orange-yellow colour of turmeric is derived from the curcuminoids (Esatbeyoglu

et al., 2012).
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1.3. A brief introduction to curcumin
Curcumin is a yellowish crystalline, odourless powder that is obtained from

the roots of turmeric (Esatbeyoglu et al., 2012). Chemically, curcumin is known
as diferuloylmethane (C21H2006) with a molecular mass of 368.37 g/mol. It is a
polyphenol compound and has a melting point of 183 °C. LogP or octanol-water
partition coefficient, is a measure of how hydrophilic or hydrophobic a molecule
is. A negative LogP value indicates the compound is more hydrophilic while a
positive LogP value means the compound is more lipophilic. Curcumin has a
LogP value of 3.0, which indicates it is predominately dissolved in lipid
(lipophilic). As a result, it is almost insoluble in water and readily soluble in polar
solvents like DMSO, methanol, ethanol, acetonitrile, chloroform, acetone,
etc.(Priyadarsini, 2014). The IUPAC name of curcumin is 1,7-bis (4- hydroxy-3-
methoxy phenyl)-1,6-heptadiene-3,5-dione (1E-6E). The two aryl rings in
curcumin contain ortho-methoxy phenolic groups that are symmetrically linked
to a B-diketone moiety (Anand et al.,, 2007; Araiza-Calahorra et al., 2018;
Carolina Alves et al., 2019). Polymorphism is the ability of a substance to
crystallize into different crystalline forms. In general, there is an inverse relation
between stability and solubility among polymorphic crystals, and the less stable
polymorph is more soluble/has faster dissolution rate (Pudipeddi & Serajuddin,
2005). Curcumin exists in different polymorphic forms, of which Form 1 is
monoclinic while other one (Form 2) is orthorhombic. It was reported that the
metastable polymorph (Form 2) of curcumin showed almost 2-fold higher
aqueous solubility than the thermodynamically more stable one (Form 1)
(Sanphui et al., 2011). According to biopharmaceutical classification system
(BCS) classification, pharmaceutical compounds with poor solubility can be
classified into BCS class Il (low solubility and high permeability) or BCS class
IV (low solubility and low permeability) compounds (Tsume et al., 2014).
Curcumin is a substrate for P-glycoprotein (P-gp), an ATP-dependent
transmembrane drug efflux pump that is widely expressed in the intestine. This

4
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results in a large amount of curcumin being expelled from the intestinal
epithelium, leading to poor permeability (Song et al., 2016). As a result,

curcumin can be classified as a BCS IV compound.

Curcumin exhibits a pH keto—enol tautomerism and it is depended on the
pH and polarity of the solvent. Curcumin exists in the enol form in nonpolar
solvents due to the intramolecular hydrogen bond formation, whereas in polar
solvents it exists in keto form. In an acidic or neutral solution, the keto form of
curcumin is predominant. Curcumin is most stable at this form but its aqueous
solubility is very poor. On the other hand, when in an alkaline medium, the enol
form of curcumin becomes predominant which is less stable but has higher
aqueous solubility. However, it is very prone to degradation (Figure. 1.1) (Anand
et al., 2007; Bernabé-Pineda et al., 2004; Jovanovic et al., 1999). The colour of
curcumin also changes at different pH levels. At pH < 1, curcumin displays a
red colour as it is in the protonated state. At pH 1-7, it exhibits a bright yellow
colour as it exists in the neutral state. At pH > 7, curcumin is deprotonated and
exhibits a red colour again in solution(Anand et al., 2007; Bernabé-Pineda et

al., 2004).
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Figure 1.1. Keto-Enol tautomerism of curcumin
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The two phenolic groups in curcumin act as active sites for reacting with
free radical oxidants and converting them into less reactive species. During the
reaction with free radical oxidants, curcumin undergoes oxidation by hydrogen
atom transfer (HAT) or sequential electron and proton transfer (SET) from the
phenolic OH groups (Priyadarsini, 2013). For example, the reaction of peroxy
radicals with curcumin produces curcumin phenoxy radicals that are less
reactive than peroxy radicals, thereby reducing the oxidative stress induced by
free radical oxidants. The reduction in oxidative stress is thought to be

responsible for the antioxidant effect of curcumin.(Priyadarsini, 2014).
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1.4. The safety of curcumin
The safety of curcumin was proven in several animal tests and human

studies (Lao et al., 2006b; Lao et al., 2006a; Sharma et al., 2004; Siviero et al.,
2015). An oral dose as high as 12 g per day was shown to be well tolerated in
humans (Lao et al., 2006a). However, despite its wide pharmacological
potential and high dose tolerance, curcumin is still not approved as a
therapeutic agent for oral delivery. The main reason is that curcumin has very
poor oral bioavailability so it can be barely absorbed in the human body (Anand
et al., 2007). Curcumin plasma concentration was under the detection limit at
an oral dose of 12 g in an in vivo study on healthy male human (Klickovic et al.,
2014). To overcome curcumin’s problem of bioavailability, numerous research
studies have been reported every year. In this introduction, factors that account
for the poor oral bioavailability of curcumin are first explained in detail followed

by a review of recent efforts in improving curcumin’s oral bioavailability.
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1.5. The medical potentials of curcumin
Curcumin was found to have a wide spectrum of pharmacological activities.

Several studies on curcumin showed that it has anti-inflammatory (Srimal &
Dhawan, 1973), antimicrobial (Kim et al., 2003; Kuttan et al., 1985; Prasad &
Tyagi, 2015; Reddy et al., 2005), antirheumatic (Senft et al., 2010),
immunomodulatory (Jantan et al., 2012) and anti-tumour effects (Hatcher et al.,
2008). The anti-tumour effect of curcumin is associated with the suppression of
early growth of the response-1-gene product (EGR-1), protein tyrosine kinase
cascade and mitogen-activated protein kinases (MAPK) pathway (Khan et al.,
2018). As mentioned in section 1.3, curcumin demonstrates antioxidant
properties based on its ability to scavenge free radicals due to the electron-
donating property of the phenolic group (Khopde et al., 1999; Mukundan et al.,
1993; Ruby et al., 1995; Sharma, 1976; Sugiyama et al., 1996). The anti-
inflammatory effect of curcumin is associated with its ability to inhibit NFkB
(Nuclear factor kB) to bind with DNA. The inhibition of NFKB-DNA binding led
to the suppression of pro-inflammatory molecules MMP-3 (matrix
metalloprotease 3) and MMP-9 (matrix metalloprotease 9). It also results in a
reduction in pro-inflammatory cytokines, such as TNFa (tumour necrosis factor
1a), IL1B (interleukin 1B8) and IL8 (interleukin 8) (Esatbeyoglu et al., 2012). In
addition, curcumin also exerts anti-inflammatory effects by binding to proteins
COX-2 (prostaglandin-endoperoxide synthase 2), which leads to a reduction in
COX-2 expression, prostaglandin and thromboxane synthesis. Subsequently,
curcumin inhibits the activity of 5-LOX (Arachidonate 5-lipoxygenase) and
leukotriene synthesis. The decreased expression of these compounds
attributes to the anti-inflammatory effects of curcumin (Hong et al., 2004). The
anti-bacterial effect of curcumin is believed to be associated with its ability to
inhibit the formation of the FtsZ ring (Z ring) at the site of a division of bacterial
cells, which disrupts this process (Rai et al., 2008). Curcumin also showed an
anti-viral effect on several viruses such as HIV, influenza, HSV-1,

9
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coxsackievirus and HBV. The anti-viral activities of curcumin include inhibiting
the HIV-1 LTR-directed gene expression, HIV-1/HIV-2 proteases,
haemagglutination, reducing HSV-1, coxsackievirus and HBV replication
(Zorofchian Moghadamtousi et al., 2014). The pharmacological effect of
curcumin on rheumatic diseases like osteoarthritis is based on its ability to
inhibit the expression of MMP3. MMP3 is highly expressed in synovial cells in
patients with osteoarthritis, which results in the degradation of connective tissue
components. By inhibiting the expression of MMP3, curcumin inhibits the
proliferation of osteoarthritis synovial cells, increases the cell apoptosis, and
eventually eases the inflammation and cartilage degradation of osteoarthritis
(M. Yang et al., 2019). Although the exact mechanisms are still unknown, the
immunomodulatory effects of curcumin are most likely due to its ability to inhibit
NF-kB target genes that are involved in inducing immune responses (Yadav et
al., 2005). Additionally, activity in protecting the heart and kidney against
oxidative injury was reported in several studies(Saeidinia et al., 2018;
Venkatesan, 1998; Venkatesan et al., 2000). Curcumin shows heart-protecting
effects through several mechanisms that include inhibiting cardiomyocyte
fibrosis, increasing ventricular hypertrophy and related-gene expression
(Saeidinia et al., 2018). Curcumin protects against renal injury by suppressing
oxidative pressure in the kidney. It also increases levels of natural antioxidants,
kidney glutathione content and glutathione peroxidase activity in kidney tissues,
which restores kidney functions(Venkatesan et al., 2000). Curcumin also
showed therapeutic activity in diabetes due to its effect in increasing sensitivity
to insulin and reducing blood glucose levels in humans (Parsamanesh et al.,
2018). Other studies showed that curcumin could be a promising drug
candidate for treating or preventing neurodegenerative diseases such as
Alzheimer’s disease (AD) (Mutsuga et al., 2011; Ray et al., 2011), Parkinson’s
disease (PD) and brain tumours (Hatcher et al., 2008; Mythri et al., 2011). It has

been reported that curcumin suppresses the formation of amyloid § protein
10
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aggregates in the brain. The suppression of amyloid 3 protein aggregates leads
to the reduction of reactive oxygen species (ROS) and cytochemokines, which
decreases oxidative stress-induced damage and neuroinflammation to the

brain (Mutsuga et al., 2011; Mythri et al., 2011; Ray et al., 2011).

1.6. Routes of administration reported for curcumin
The reported delivery routes of curcumin include oral administration,

intravenous (IV) injection, nasal administration, topical administration,
subcutaneous delivery and intraperitoneal (IP) administration (Prasad et al.,
2014). Among the delivery routes, oral delivery is regarded as the most
accepted route for drug administration. It is also the most preferred
administration route over other delivery routes due to its convenience, high
patient compliance, cost-effectiveness and ease of production (Gupta et al.,
2009). Besides, oral administration is the most studied delivery route for
curcumin. In most of studies, curcumin was delivered to the subjects (either
humans or animals) through oral administration (Prasad et al., 2014). Orally
delivered curcumin has exhibited various pharmacological effects such as anti-
inflammatory, anti-tumouir, antioxidant, antimicrobial, antidiabetic,
immunomodulatory, etc. For IV administration, curcumin can be formulated into
liposomes or emulsions (Li et al., 2005; Kiss et al., 2022) and saline is normally
used as the carrier solution (Anderson, 2017). IV administration (Injection or
infusion) helps curcumin bypass the physiological barriers against drug
absorption, leading to the highest bioavailability and fastest effect among all
delivery routes. However, compared with the oral route, IV administration of
curcumin has some major drawbacks such as poor patient adherence,
inconvenience, needle-associated pain, risk of unsafe needle use and the need
for trained healthcare personnel (Homayun et al., 2019). Topical delivery is the
administration of drugs directly onto the body surfaces such as skin or mucous
membranes. Compared with oral administration, curcumin delivered through

11
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the topical route showed pharmacological effects related mostly to the skin
conditions such as skin inflammation, wound healing and skin cancer among
others (Dovigo et al., 2013; Lépez-Jornet et al., 2011; LoTempio et al., 2005;
Sun et al., 2013). Nasal delivery is a drug administration route where the drug
is insufflated through the nose and absorbed via the nasal mucosa. Curcumin
was used in nasal administration for better brain targeting and it showed
pharmacological effects on neurodegenerative diseases such as Alzheimer’s
and Parkinson’s diseases (Prasad et al., 2014). Nasal delivery is an easier way
of delivering curcumin when compared with IV injection. However, it is still
relatively inconvenient when compared to the oral delivery route since there is
a possibility of nasal irritation for some patients (Turker et al., 2004).
Intraperitoneal injection is an administration route where the drug is injected
directly into the peritoneum (body cavity) and in subcutaneous injection, the
drug is injected into the tissue layer between the skin and the muscle. These
two delivery routes were reported more often and used in the administration of
curcumin to animals than to humans (Prasad et al., 2014). The routes of
administration played important roles in the therapeutic effects of a drug
substance. Among all the delivery routes of curcumin, oral administration is an
effective route to deliver curcumin with numerous advantages over other
administration routes. Therefore, it is suggested to focus more on the studies
of the oral administration of curcumin and the development of curcumin

formulation for oral delivery.
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1.7. Factors that account for curcumin’s poor oral bioavailability
Curcumin could be classified as a class IV substance since it has poor

aqueous solubility and limited permeability across the intestinal membranes
(Paolino et al., 2016; Wahlang et al., 2011). Apart from the poor solubility and
intestinal permeability, curcumin also has low serum concentration, poor pH-
dependent aqueous stability and rapid metabolism in animals and humans,
which are believed to be the main reasons that account for the poor oral
bioavailability of curcumin (Gantait et al., 2011; Holder et al., 1978; Ireson et al.,
2001; Kunnumakkara et al., 2008; Kurien et al., 2007; Modasiya & Patel, 2012;
Murugan & Pari, 2006; Perkins et al., 2002; Pfeiffer et al., 2007; Ravindranath
& Chandrasekhara, 1981; Sandur et al., 2007; Song et al., 2016; Suresh &
Nangia, 2018; Wang et al., 1997).

1.7.1. Poor aqueous and gastro-intestinal fluid solubility
Curcumin is hydrophobic with extremely poor water solubility (Lao et al.,

2006a). Its aqueous solubility is also pH dependent. At acidic or neutral pH, it
is practically insoluble. The maximum solubility of curcumin in an aqueous
solution at pH 5 was only 11 ng/ml (Gantait et al., 2011; Holder et al., 1978). It
was reported that the solubility increased to 0.1 ug/ml at pH 6.8. However, it
dropped to 0.06 ug/ml when the pH was increased to 7.4 (Song et al., 2016).
This is problematic for the absorption of curcumin since for any orally
administrated drug to be absorbed, it needs to first dissolve in the
gastrointestinal (Gl) fluids. Curcumin has a low plasma concentration even after
administering a high oral dose. In a clinical trial conducted in healthy human
males even after an oral dose of curcumin as high as 12 g the plasma curcumin
concentration was too low to be detected (Klickovic et al., 2014). In contrast,
when 1 g/kg of curcumin was delivered orally to Sprague— Dawley rats and
measuring plasma curcumin concentration showed that the amount of curcumin

present in the plasma was less than 1% of the administrated dose (Wahlstréom
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& Blennow, 1978). A similar result was also reported by Chang et al., after an
oral dose of 1 g/kg of curcumin in rodents resulted in a curcumin plasma
concentration of 15 ng/ml after 50 min. When at the same dose, humans
showed much lower curcumin plasma concentration than rats (Chang et al.,
2013). In another study, the same dose of curcumin (2 g/kg) was delivered orally
to rats and humans respectively. The maximum plasma concentration (Cmax) in
rats was found to be 1.35 + 0.23 pg/ml measured 50 min after taking the dose,
whereas the Cmax of curcumin in humans was only 0.006 + 0.005 pg/ml
measured 1 h after administration (Shoba et al., 1998). The results from these
studies further suggest that curcumin has a very poor plasma concentration
even after a high oral dose in both rodents and humans. When the same oral
dose was administered, rats were found to have higher plasma concentrations

of curcumin than humans.

1.7.2. Low permeability (absorption)
Apart from solubility, permeability is another main factor that affects oral

drug administration since the absorption of drugs depends on their permeability
across the biological membrane of the Gl tract after dissolution (Parikh et al.,
2016). Experimental results in in vivo animal models and simulated human
intestinal epithelium barrier have shown that curcumin is poorly permeable
across intestinal membranes even after dissolution (Gao et al., 2013; Righeschi
et al., 2016; Volpe et al., 2007; Wahlang et al., 2011). It was found that in the
rat small intestine, curcumin was best absorbed at the duodenal segment,
followed by the jejunum and colon. The absorption of curcumin in the ileum was

the poorest (Wang et al., 2017a).

Caco-2 cell lines (Figure. 1.2) possess the same cell polarity and compact
single-cell layer as human intestinal epithelial cells and as a result, they are

commonly used as the cell model for testing the intestinal
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permeability/absorption of drugs (Artursson & Karlsson, 1991; Parikh et al.,

2018; Sambuy et al., 2005; Xue et al., 2017).

Apical side (A side)

Cell monolayer

Filter

Basolateral side (B side)

Figure 1.2. The structure of Caco-2 cell monolayer grown at a permeable filter
support.
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The results from the permeability test for curcumin reported by Zeng et al.
(Zeng et al., 2017a) in Caco-2 cell lines exhibited that there was a decrease of
permeability from the apical side to the basolateral side (A to B direction) with
an increase in curcumin concentration. Conversely, permeability from the
basolateral side to the apical side (B to A direction) increased along with an
increase in the concentration of curcumin added. The apical and basolateral
sides represent the luminal and blood/mesenteric lymph sides of the small
intestinal tract, respectively (Artursson et al., 2001; van Breemen & Li, 2005).
When curcumin at a concentration of 5 ug/ml, the value of Papp (A-B) was
greater than Papp (B-A) which indicated an increased absorption of curcumin.
However, when the curcumin concentration was increased to 10 ug/ml and 20
pug/ml, the value of Papp (A-B) became lower than Papp (B-A), indicating that
the amount of curcumin that is being moved back into the intestinal lumen is
higher than the amount being absorbed in this concentration range. It also
showed that the intestinal permeability of curcumin does not increase in a
concentration-dependent manner for curcumin (Zeng et al., 2017a). In
transcellular studies, the apparent permeability coefficient (Papp) was used to
represent the amount of compound transported per unit of time (Wang et al.,
2017a). It was reported that the value of Papp is correlated to the extent of drug
molecules that penetrate the intestinal tract of the drugs (Artursson & Karlsson,
1991; Ozeki et al., 2015). However, in another curcumin permeability study
conducted using the Caco-2 cell line, it was reported that efflux pathways do
not play a role in curcumin intestinal permeability. This observation was based
on Papp (A-B) value (2.93 + 0.94 x 106 cm/s) was found higher than the value
of Papp (B-A) (2.55 + 0.02 x 10 cm/s) at curcumin concentration of 62.6 ug/mi
(170uM) (Wahlang et al., 2011). An efflux pump like P-glycoprotein could also
affect the permeability of curcumin. P-glycoprotein is an ATP-dependent efflux
pump that can pump drugs out of the cells thus reducing the bioavailability. In

the small intestine, the expression of P-glycoprotein is present at the ileum and
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jejunum (Canaparo et al., 2007). An in vitro study using Caco-2 cells showed
that co-administration of P-glycoprotein inhibitors such as verapamil along with
curcumin could increase the rate of absorption of curcumin (Xue et al., 2017).
This indicated that curcumin could potentially be a P-glycoprotein substrate and
blocking P-glycoprotein can help improve the permeability and drug absorption
in the intestinal tract. Wang et al. (Wang et al.,, 2017a) investigated a
concentration-dependent effect of verapamil on the absorption of curcumin in
rat intestines. No obvious change to the absorption of curcumin was observed
when verapamil concentration was increased from 0.05 mmol/l to 0.1 mmol/l.
When verapamil concentration was increased to 0.5 mmol/l, the rate of
curcumin absorption was increased by approximately 3%. This showed that a
P-glycoprotein inhibitor like verapamil is capable to improve both the rate and
the amount of curcumin absorbed in the small intestines (Wang et al., 2017a).
Overall, from these studies, it can be concluded that curcumin has poor
permeability across intestinal barriers even after dissolution, thus confirming
that curcumin can be classified as a class IV drug according to the biochemical

classification scheme (poorly soluble and poorly permeable).
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1.7.3. High metabolism rate of curcumin
Curcumin delivered orally undergoes extensive metabolic reduction and

conjugation, which result in poor bioavailability (Garcea et al., 2004). The
mechanisms of curcumin metabolism are shown in Figures 1.3 and 1.4. Phase
| metabolism includes the reduction of the four double bonds of the heptadiene-
3, 5-dione structure of curcumin. The reduced curcumin metabolites
dihydrocurcumin, tetrahydrocurcumin, and hexahydrocurcumin were detected
in plasma (rats and humans) following curcumin oral supplementation. The
reduction processes were catalysed by NADPH-dependent curcumin
reductases that exist in the liver (Hoehle et al., 2007; Ireson et al., 2001). E.
coli, the microorganism that commonly exists in the small intestine and colon,
was found to have the ability to catalyse the metabolic reduction processes of
curcumin (Hassaninasab et al, 2011). During Phase Il metabolism,
glucuronidation and sulfation of curcumin and the reduced metabolites take
place. =~ The conjugation activiies are catalysed by UDP-
glucuronosyltransferases and sulfotransferase respectively (Ireson et al., 2002).
The conjugated metabolites include curcumin sulfate, curcumin glucuronide
sulfate, curcumin glucuronide, dihydro curcumin glucuronide, tetrahydro
curcumin glucuronide and hexahydro curcumin glucuronide. In vivo studies in
rats and humans showed that the curcumin glucuronide and curcumin
glucuronide/sulfate conjugates were found in the plasma, jejunum and livers
(Asai & Miyazawa, 2000; Hoehle et al., 2007; Ireson et al., 2001; Ireson et al.,
2002).(Ireson et al., 2001; Ireson et al., 2002). An in vivo study conducted in
rats showed that the UDP-glucuronosyltransferases and sulfotransferase
enzymes activities were found in the livers, kidneys, small intestine mucosa and
colon intestinal mucosa; no conjugated enzyme activities were found in the
plasma (Asai & Miyazawa, 2000). These observations might indicate that the
conjugated curcumin metabolites are probably produced in these tissues before
presenting in the plasma circulation. The glucuronidation activity was found to
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occur more extensively in human intestines compared to rats, while it became
less extensive in human liver than in rats. The difference in metabolism extent
may be due to the differences in conjugation-hydrolysing enzymes content in
the intestines & livers of humans and rats (Garcea et al., 2004; Ireson et al.,

2001; Ireson et al., 2002).

Curcuminsulfate

OCHj, OCH,
UDP-glucuronosyltransferase

Figure 1.3. Sulphation and glucuronidation of curcumin (adapted from
Esatbeyoglu et al., 2012)
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Figure 1.4. Reduction and glucuronidation of curcumin (adapted from
Esatbeyoglu et al., 2012)
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1.7.4. Chemical stability of curcumin
Like its aqueous solubility, the chemical stability of curcumin in an aqueous

solution is affected by changes in pH. Curcumin is most stable at pH 1-6, when
in the environment of the stomach or small intestine. However, the aqueous
solubility becomes extremely poor at this pH range while the stability of
curcumin decreases significantly when the pH is above 7 (Esatbeyoglu et al.,
2012; Wang et al., 1997). In a stability test, using 5 mM curcumin solution
(dissolved in methanol and added to 0.1 M phosphate buffer at pH 7.2)
incubated at 37 °C for different lengths of time and analysed by HPLC, the
results showed that 90% of the curcumin was degraded within 30 minutes to
various degradation products including vanillin, ferulic acid and feruloyl
methane (Figure. 1.5). Vanillin was identified to be the major degradation
product in this assay, the reaction following first-order kinetics (Wang et al.,

1997).
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HO HO
CHs;

CH;
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Ferulic acid Trans-6-(4'-hydroxy-3'-
methoxyphenyl)-2,4-dioxo-5-hexenal

Figure 1.5. Degradation products of curcumin (adapted from Wang et al.,
1997)

22



Curcumin and its oral bioavailability problems
1.8. Strategies for improving curcumin’s oral bioavailability

Numerous efforts have been made to find a way to overcome the low oral
bioavailability of curcumin and a great number of novel formulations have been
developed by researchers to achieve this goal. Details of strategies for
improving the poor oral bioavailability of curcumin are discussed in the following
sections. A summary of these developments is given in Table 1.1. The effect on
the oral absorption of curcumin from the formulation is summarised and

compared in Figure 1.6.
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Subjects | Amount of Formulation Improved the | References
curcumin oral
administrated bioavailability
of curcumin
Humans 249 2 g of curcumin + 2-fold Anand et
5mg of piperine was al., 2007
delivered orally
simultaneously
Rats 200 mg/kg Pre-administration of | 97-fold Zeng et al.,
20mg/kg piperine, 2017b
then 200mg/kg
curcumin after 6
hours
Albino 50 mg/kg Curcumin loaded 55.2-fold Chaurasia
Wister phosphatidylcholine- et al.,, 2015
rats maltodextrin based
nanoparticles(C-
LPNCs)
Male SD 50 mg/kg Curcumin-loaded 3.7-fold Y. Wang et
(Sprague nanosuspension, al., 2017
Dawley) prepared by citric
rats acid and Brij78
Humans 100 mg Curcumin-loaded, 5-fold Govindaraju
Alginate and et al., 2019
polysorbate
nanoparticles
Male SD 50 mg/kg Curcumin-loaded 9.5-fold Baek and
rats solid lipid Cho, 2017

24




Curcumin and its oral bioavailability problems

nanoparticles (SLN)
with N-
carboxymethyl chito

san (NCC) coating

Caco-2 4ug/ml The curcumin- 1.256-fold Peng et al.,
cells loaded hybrid higher 4h after | 2017
liposomal incubation.
formulation consists
of chitosan and
phospholipid
Male 10 mg/kg Curcumin-loaded 55-fold Patil et al.,
wistar mixed micelle 2015
rats (consisting of
Pluronic F-127 and
Gelucire® 44/14)
Male SD 100 mg/kg Curcumin-loaded 3.6-fold Peng et al.,
rats sophorolipid-based 2018
nanomicelle
Rats 50 mg/kg Self-assembled, 2.87-fold Wang et al.,
polymeric curcumin- 2015
loaded micelles,
consisting of TPGS2
K, HS15 and
Pluronic F127
Male 8 mg/kg Thiol modified 64-fold Vecchione
Wistar chitosan coated, et al., 2016
albino curcumin-piperine
rats loaded, oil-in-water
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nanoemulsion

Male SD

rats

100 mg/kg

Curcumin-loaded
self-nano
emulsifying drug
delivery system
(SNEDDS) ,
consisting of ethyl
oleate, tween 80 and

PEG 600

1.94-fold

Wan et al.,

2016

Rats

100 mg/kg

Curcumin-
phospholipid
complex, entrapped
in a self-
nanoemulsion that
consists of caster oil,
Tween 80 and PEG
400

52.55-fold

Shukla et
al., 2016

Rats

50 mg/kg

Self-emulsifying
curcumin-loaded
microemulsion that
consists of E1E,
Solutol HS and

Transcutol HP

73-fold

Dhumal et

al.,2015

Adult
male
Wistar

rats

12.5 mg/kg

Self-
microemulsifying
curcumin (SME-Cur)
wrapped in a

hydroxyprophylmeth

5-fold

Petchsomrit

et al., 2015
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yl cellulose (HPMC)-

based sponge

Male SD 47 mg/kg Self-nanomicellizing | 117-fold higher | Parikh et
rats curcumin-loaded than that of al., 2018
Soluplus solid 150mg/kg
dispersion curcumin
suspension
Male S D 150 mg/kg Ball milled curcumin | 19-fold Zhang et
rats loaded disodium al., 2018
glycyrrhizin (Na2GA)
solid dispersion
Male SD 30 mg/kg Curcumin-loaded 65-fold higher | Song et al.,
rats ternary solid than 200mg/kg | 2016
dispersion system, oral dose of
prepared with pure curcumin
Mannitol and TPGs
Rats 500 mg/kg | Curcumin-Gelucire 5.5-fold Teixeira et
50/13 solid al., 2015
dispersion
Rats 100 mg/kg curcumin-piperine 1.92-fold Wang et al.,
solid dispersion 2019

Table 1.1. A summary of the novel formulations for improving curcumin’s oral

bioavailability
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Figure 1.6. Comparison of curcumin oral absorption results of the different
curcumin oral bioavailability enhancement strategies, at the curcumin oral
doses of: (A) 47 mg/kg for the Soluplus containing self-nanomicellising solid
dispersion (Parikh et al., 2018), (B) 50 mg/kg for the Nanosuspension prepared
by COz-assisted in situ nano-amorphisation methods (Wang et al., 2017a), (C)
8 mg/kg for curcumin+piperine loaded nanoemulsion with thiol modified
chitosan coating (Vecchione et al., 2018), (D) 100 mg/kg for the co-amorphous
curcumin-piperine solid dispersion (Wang et al., 2019) and (E) 50 mg/kg for the
self-emulsifying microemulsion(Dhumal et al., 2015)
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1.8.1. Co-administration of adjuvants
Some adjuvants can decrease the metabolism of curcumin which can help

to improve the bioavailability of curcumin. Piperine (Figure. 1.7) is an alkaloid
naturally present in black pepper (from Piper nigrum) and is the substance that

gives black pepper (Piper nigrum) its pungency.

N 0

Piperine

Figure 1.7. Chemical structure of piperine

Co- administration of piperine with curcumin was found to improve the
bioavailability of curcumin (Atal et al., 1985). Piperine inhibits the enzyme UDP-
glucuronyltransferase in the liver thereby limiting the extent of curcumin
glucuronidation. Because of this process, more curcumin is available for
absorption (Zeng et al., 2017b). An in vivo study was conducted in both rats
and humans at an oral dose of 2 g/kg of curcumin with 20 mg/kg piperine,
administered simultaneously (Shoba et al., 1998). The relative bioavailability of
curcumin in rats was increased by 1.54-fold while in the human volunteers it
increased by 20-fold. However, even though the extent of increase of
bioavailability of curcumin was higher in humans than in rats, the amount of
curcumin being absorbed was in fact higher in rats (Figure 1.8). In another
clinical trial, 2 g of curcumin and 5 mg of piperine were co-administered orally

to healthy human volunteers (Anand et al., 2007).
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Figure 1.8. Comparison of curcumin oral absorption results of the curcumin +
piperine co-administration strategy in rats and humans. (A) 2 g/kg curcumin
with 20 mg/kg piperine and (B) 2 g/kg curcumin control administered in rats; (C)
2 g/kg curcumin with 20 mg/kg piperine administered to human volunteers; *:
Pure curcumin absorption in humans was reported to be below the detection
limit (Shoba et at., 1998)
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The test results revealed that there was an increase in the absorption of
curcumin by 200%, compared with that of taking curcumin alone (Figure 1.9).
Another study by Zeng et al. (Zeng et al., 2017b) investigated the effect of the
pre-administration of piperine on the oral bioavailability of curcumin. In this
study, rats received 20 mg/kg of piperine initially followed by curcumin (200
mg/kg) at various time intervals between 0.5 and 8 hours after piperine
administration. The rats that received pre-administration of piperine before the
curcumin all showed remarkable enhancement in curcumin oral bioavailability,
especially at 6 h after taking piperine with AUCo-t increased 97-fold when
compared to curcumin alone. In contrast, rats that received the same oral dose
of piperine and curcumin at the same time exhibited much lower enhancement
in AUCo+, by a 1.67-fold relative to pure curcumin (Figure 1.10). It was also
found that piperine causes time-dependent and selective suppression of UDP-
glucuronyltransferase and sulfotransferases, which reduces curcumin

metabolism (Volak et al., 2008; Zeng et al., 2017b).
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Figure 1.9. Comparison of curcumin oral absorption results of different piperine
strategies tested in healthy human volunteers. (A) 2 g/kg curcumin with 20
mg/kg piperine and (B) 2 g/kg curcumin control administered in rats (Shoba et
at., 1998); (C) 5 mg piperine along with 2 g of curcumin and (D) 2 g curcumin
control (Anand et al., 2007)
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Figure 1.10. Comparison of curcumin oral absorption results of two different
piperine strategies tested in rats. (A) 2 g/kg curcumin with 20 mg/kg piperine
and (B) 2 g/kg curcumin control administered in rats (Shoba et at., 1998); (C)
initial dose of 20 mg/kg piperine followed by 200 mg/kg of curcumin after six
hours and (D) 200 mg/kg curcumin control (Zeng et al., 2017b)
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Apart from piperine, several other natural compounds such as silibinin and
quercetin have been shown to inhibit the effects of UDP-glucuronyltransferase
(Grancharov et al., 2001; J. A. Williams et al., 2002). Quercetin is a plant
flavonol that is present in many fruits, vegetables and grains (Lund & Pantuso,
2014). Silibinin is a flavonoid that is extracted from the medicinal plant Silybum
marianum (milk thistle). The effect of co-delivering natural curcumin metabolism
enzyme inhibitors on the oral bioavailability of curcumin was studied using a
self-emulsion formulation of curcumin. The self-emulsion formulation
(containing 100 mg/kg curcumin) was delivered orally to mice with or without
either piperine (125 mg/kg), quercetin (100 mg/kg), or silibinin (100 mg/kg). The
pharmacokinetic results showed that piperine co-administration showed the
highest Cmax of curcumin. However, curcumin concentration in the plasma was
highly variable (0—2.4 yM curcumin plasma levels), which was deemed
unacceptable. Co-administration of quercetin or silibinin showed much more
stable plasma levels of curcumin and both increased the average Cmax of
curcumin. Silibinin co-delivery resulted in higher Cmax of curcumin than
quercetin so the bioavailability study was only conducted for silibinin. The
results reported that co-administration of silibinin improved the overall
bioavailability of curcumin by approximately 3.5-fold (AUCo-6 0.2613 + 0.0368
Vs. 0.0808 = 0.0469 h ymol/l for SMEDDS without adjuvant co-delivery) (Grill
et al., 2014). An in vitro Caco-2 cell monolayer permeability study examined
how oral co-administration of piperine, quercetin or resveratrol can affect the
intestinal absorption of curcumin. Resveratrol (frans-3,5,4' - trihydroxystilbene),
is a natural plant compound that is present in grapes, berries and other plants.
All three compounds showed an increase in curcumin permeability across the
Caco-2 cell monolayers. Quercetin and resveratrol increased the curcumin
permeability by 1.46- fold and 1.25-fold, respectively. The highest effect on
curcumin permeability was from piperine, which increased the permeability by

2.33-fold. Interestingly, when quercetin and resveratrol were combined with
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curcumin, the permeability increased by 1.85-fold. This indicated that there is
an additive effect of resveratrol and quercetin on curcumin absorption (Lund &
Pantuso, 2014). Co-delivery of natural compounds like piperine, quercetin,
resveratrol and silibinin decreased the metabolism of curcumin which
eventually increased the absorption of curcumin. It is a promising and easy way
to improve the oral bioavailability of curcumin and could be investigated further

in the development of novel drug delivery systems.

1.8.2. Nanoparticles
The nanoparticle-based delivery system is another effective strategy to

improve the oral bioavailability of poorly water-soluble drugs. The nano-size of
the particle (10—1000 nm) leads to a greater surface area for the drug particles

thereby increasing the area of physical interaction with the solvent. According

to the Noyes-Whitney equation (dC/dT = kS(Cs-Ct)), the dissolution rate (dC/dT)
is directly proportional to the surface area (S). Therefore, nano-sized drug

particles with a higher surface area are likely to be dissolved more

rapidly(Jahagirdar et al., 2019; Merisko-Liversidge et al., 2003; Muller et al.,

2011).

A list of approved nanodrugs is shown in Table 1.2. In comparison with the
conventional formulations, these nanodrugs benefited from increased
dissolution rate and saturation solubility, which leads to higher bioavailability
(Junghanns & Muller, 2008). Nanoparticle technology is widely used for
delivering poorly-water soluble drugs or substances (Bisht et al., 2007; Ensign
et al., 2012; Singh & Lillard Jr, 2009; Lisha Zhang et al., 2008). Curcumin-
loaded lipopolysaccharide nanoparticles (C-LPNCs) were developed to
improve the oral bioavailability of curcumin (Chaurasia et al., 2015). Soluthin®
MD, a phosphatidylcholine-maltodextrin based hydrophilic lipopolysaccharide,
was used as the nanocarrier to load curcumin. Poloxamer 188 was added as a
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stabilizer to prevent aggregation and size growth of the C-LPNCs. A graphical

scheme of this formulation is shown in Figure 1.11.

Trade name Generic Route of | Indication
name administration
Emend® Aprepitant as | Oral Preventing nausea
nanocrystal and vomiting
Megace ES® Megestrol Oral Treating loss  of
acetate as appetite and wasting
nanocrystal syndrome in people
with acquired
immunodeficiency

syndrome (AIDS).

Rapamune® Rapamycin Oral Immunosuppressant
(sirolimus) as
nanocrystals

formulated in

tablets
Tricor® Fenofibrate Oral Treating
as hypercholesterolemia
nanocrystals and
hypertriglyceridemia
Triglide® Fenofibrate Oral Treating
as hypercholesterolemia
nanocrystals and
hypertriglyceridemia

Table 1.2. A List of FDA-approved nanodrugs (Junghanns & Muller, 2008)
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Figure 1.11. Graphic scheme of the Curcumin loaded phosphatidylcholine-
maltodextrin based lipopolysaccharide nanoparticles (C-LPNCs) formulation
(adapted from Chaurasia et al., 2015)
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Burst dissolution of the curcumin was observed in the first 30 minutes at pH
7.4 buffer solution, which was due to the amorphous distribution of the curcumin
particles in the C-LPNCs. Subsequently, the dissolution rate was reported to
gradually reduce and became relatively stable after 12 hours. After 24 hours,
80% of the curcumin in the C-LPNCs dissolved in the solution. The C-LPNCs
were evaluated in vivo to investigate their effect on the oral bioavailability. A
curcumin equivalent dose of 50 mg/kg was administrated orally to Albino Wister
rats. The Cmax and AUCo-tof curcumin were found to have increased by 104.8-
fold and 55.2-fold respectively when administrated as the C-LPNCS, compared
with the unformulated curcumin. Lymphatic transport was found to be involved
in the oral absorption of C-LPNCs, which can reduce curcumin hepatic
metabolism in the liver thus contributing to the increase in curcumin
bioavailability. In addition, maltodextrin in the formulation can protect curcumin
from degradation in the harsh environment of the gastrointestinal tract, which
could be another reason for the improvement of the oral bioavailability.
Anticancer activity of C-LPNCs against colon cancer was investigated in vivo in
colon-26 tumour-bearing rats. A curcumin equivalent dose of 50 mg/kg was
delivered orally daily to the rats for 30 days. At the end of the study, 100%
survival rate was observed in the group being treated with the C-LPNCs while
33.33% survival rate was observed in the group receiving pure curcumin
(Chaurasia et al., 2015). In another study, a simple method called CO2-assisted
in situ nano-amorphization was used to prepare curcumin-lipopolysaccharide
based oral nanosuspension to improve the bioavailability and anticancer
efficacy of curcumin (Wang et al., 2017b) In this method, curcumin, citric acid
and a stabilizer, Brij78, were first dissolved in ethanol. The solvent was then
removed via evaporation, resulting in the formation of a solid mixture.
Subsequently, a carbonated solution was added to the solid mixture to form the
curcumin-loaded nanosuspension. In an in vivo test in rats, it was reported that

the oral bioavailability of curcumin had improved by 3.70-fold from the
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CUR/Brij78 nanosuspensions compared with that of free curcumin suspension.
Another novel curcumin-loaded nanoparticle was developed by using an
ionotropic gelation method. Alginate and polysorbate combinations were used
to form the nanoparticles to entrap curcumin (Govindaraju et al., 2019). This
formulation showed a low release of curcumin in gastric and intestinal
environments and a sustained release within the colon. This phenomenon was
due to colonic microflora, which helped to digest the alginate thus allowing
curcumin to be released from the nanoparticles. In the human body, at a
curcumin dose of 100 mg, the nanoparticle formulation increased the oral
bioavailability of curcumin by 5-fold more than that of free curcumin suspension.
Since most of the curcumin was released and absorbed in the colon, this
formulation might be a promising approach for the oral delivery of curcumin for
targeting colonic diseases. Applying a coating to the surface of nanoparticles
may help to prevent agglomeration to occur. Commonly used polymers for such
coating are polyethylene glycol (PEG), poly (vinylpyrrolidone) (PVP), dextran,
chitosan, pullulan etc. Surfactants like sodium oleate and dodecylamine have
also been used for nanoparticle coating (De Jong & Borm, 2008). In another
study, a curcumin-loaded solid lipid nanoparticles (SLNs) with N-carboxymethyl
chitosan (NCC) coating were prepared through a modified hot homogenization
and sonication method (Baek & Cho, 2017). The NCC-coated SLN samples
exhibited 9.5-fold higher oral bioavailability than that of curcumin solution.
Inhibition of burst release (over-rapid release) of curcumin was observed in
NCC-coated SLNs in simulated gastric fluid (pH1.2) thus indicating that NCC
coating was able to address the burst release problem that SLNs usually have
in an acidic environment. Among the nanoparticle formulations mentioned
above, the nanosuspension prepared by CO2 assisted in situ nano-
amorphization method (Wang et al., 2017b) exhibited the highest curcumin oral
bioavailability with the AUCo-t value of 365.73 pg h/ml in rats. A comparison of

the curcumin oral absorption data between each nanoparticle formulation is
39



Strategies for improving curcumin’s oral bioavailability

shown in Figure 1.12.
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Figure 1.12. Comparison of curcumin oral absorption results of the novel
curcumin-loaded nanoparticle formulations at the curcumin equivalent oral
doses of (A) 50 mg/kg for the curcumin-loaded lipopolysaccharide
nanoparticles, curcumin control concentrations below the limit of detection in
this study (Chaurasia et al., 2015); (B) 50 mg/kg for the nanosuspension
prepared by COZ2-assisted in situ nano-amorphization methods and (C)
curcumin control (Y-H.Wang at al., 2017); (D) 100 mg for the Alginate-
polysorbate 80 nanoparticles and (E) (Govindaraju et al 2019); and (F) 50mg/kg
for the solid lipid nanoparticles (SLNs) with N-carboxymethyl chitosan (NCC)
coating, tested in rats, curcumin control concentrations were reported to be
below the limit of detection (Baek & Cho,2017)
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1.8.3. Liposomes
Liposomes are a type of drug delivery system which contain a phospholipid

bilayer structure giving them the ability to encapsulate both hydrophilic and
hydrophobic substances (Anand et al., 2007). As a drug delivery approach,
liposomes have the advantage of being biodegradable, non-toxic, and
remarkably biocompatible (Li et al., 2018). A hybrid liposomal formulation that
consisted of chitosan and soybean lecithin was developed as a drug vehicle for
curcumin (Peng et al., 2017). The bioavailability of curcumin from the liposomal
formulation was tested using caco-2 cells. The hybrid liposomes exhibited a
higher cellular uptake rate than that of phospholipid liposomes, 1.66-fold higher
at 0.5 hours after incubation and 1.256-fold higher after 4 hours of incubation.
The researchers reported a sustained release of curcumin, increased positive
charge and decreased hydrophobicity from the hybrid liposomal formulation
were the main reasons for the increased curcumin bioavailability. In another
study, a liposomal formulation coated with chitosan was tested in simulated
gastric fluid (pH between 2 and 3) and simulated intestinal fluid (pH 7). It was
reported that around 80% of the curcumin loaded in the liposome dissolved in
the simulated gastric and the simulated intestinal fluids (Cuomo et al., 2018). In
the research area of curcumin liposomal formulation, the current trend is to use
hybrid liposomal formulations to help to improve the bioavailability of curcumin.
The studies mentioned above showed that the hybrid liposomal formulations
have better performance in improving the bioavailability of curcumin than the

conventional curcumin-loaded liposomes and the unformulated curcumin.

1.8.4. Micelles and polymer micelles
Micelles are spherical aggregates of surfactants that form spontaneously

when the surfactants reach a critical micelle concentration (CMC) at a certain
temperature in an aqueous solution (Xu et al., 2013). The size of micelles

normally ranges between 20 and 80 nm. Typical micelles are comprised of an
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outer shell formed by hydrophilic head groups and a core formed by
hydrophobic tail groups. Micelles can be used as vesicles to load and deliver
poorly water-soluble drugs. The hydrophobic core can encapsulate the
lipophilic drugs and the hydrophilic outer shell to protect the drugs from being
inactivated in the gastrointestinal environment. As a result, the solubilisation
and stability of the drugs are improved (Haley & Frenkel, 2008). A novel
curcumin-loaded mixed micelle (CUR-MM) that consists of two surfactants
(Pluronic F-127 and Gelucire® 44/14) was developed (Patil et al., 2015). The
formulation showed that it can enhance the oral bioavailability of curcumin and
its anti-cancer effect. The optimised CUR-MM formulation with the size of 188
+ 3 nm and an entrapment efficiency of 76.45 £ 1.18% w/w exhibited significant
enhancement in the oral bioavailability of curcumin (by approximately 55-fold)
and cytotoxicity to human lung cancer cell line A549 (by approximately 300%),
in comparison with free curcumin. The improved oral bioavailability and anti-
cancer effects of curcumin were attributed to the controlled release of curcumin
from the CUR-MM, an increase of curcumin solubility from micellization and
inhibition of P-glycoprotein by the surfactants. In another study, a sophorolipid
nano-micelle formulation was prepared by using a ‘pH-driven method’ (Peng et
al., 2018). In vivo test results showed that it increased curcumin’s oral
bioavailability by 3.6-fold compared with the unformulated curcumin. This
proves that biosurfactants like sophorolipid, obtained from natural sources,
could be used for formulating drug delivery systems to enhance the oral
bioavailability of curcumin. The preparation method used in this study, the pH-
driven method, does not require heat and organic solvents, thus making it a
simple and cost-effective way for producing nano-sized curcumin products. A
clinical trial was conducted among 23 healthy human candidates (13 male and
10 female) to assess a micellar curcumin formulation that composed of
micronised curcumin powder and Tween-80 (Schiborr et al., 2014). The result

of pharmacokinetics studies showed that the ingestion of a single oral dose of
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500 mg micelle encapsulated curcumin (equivalent to 410 mg curcumin)
resulted in @ Cmax of 3.228 umol/l compared to 0.007 pmol/L of free curcumin
powder. Both male and female subjects have almost the same Tmax, but the
female subjects exhibited a higher Cmax of 3.701 pmol/l in comparison with
2.612 umol/l for male subjects, indicating that women might be absorbing more
curcumin than men in this study. A novel self-assembled, curcumin-loaded
polymeric micelle was developed for improving curcumin oral absorption (Wang
et al., 2015). It consisted of di-tocopherol polyethylene glycol 2000 succinate
(TPGS2 K), octadecanoic acid, Solutol HS15 and Pluronic F127. Both in vitro
and in vivo test results revealed that the micelle system provided a better
intestinal absorption of curcumin relative to free curcumin. Oral administration
of the micelle formulation in rats resulted in higher AUCo-t of curcumin (870.2 +
466.78 mg h/l) compared with curcumin alone (AUCo-t of 303.58 + 294.31 mg
h/l). Furthermore, lymphatic transport pathways were found to be involved in
the absorption of the micelle system, which helps curcumin avoid first-pass
metabolism. Overall, a major increase in the oral bioavailability of curcumin was
demonstrated in the recently developed novel micelles formulations. These
results indicate that micelles are a promising way of delivering curcumin orally
and are worthy of further studies in the future. A comparison plot to describe the
results of curcumin oral bioavailability from different micellar formulations is

shown in Figure 1.13.
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Figure 1.13. Comparison of curcumin oral absorption of curcumin loaded
micelles formulation (A) curcumin oral doses of 10 mg/kg for curcumin-loaded
mixed micelle and (B) curcumin control (Patil et al., 2015); (C) 100 mg/kg for
the curcumin loaded sophoroliplid-coated nanomicelles and (D) curcumin
control (Schiborr et al., 2014); (E) 50 mg/kg for the self-assembled curcumin-
loaded polymeric micelle, the concentration of curcumin from the control
sample was reported to be below the limit of detection (Wang et al., 2015)
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1.8.5. Curcumin-loaded nano and micro-emulsions

Nanoemulsions, also known as submicron emulsions, are another type of
nano-sized drug delivery system. They are single-phase, isotropic
thermodynamically stable systems that consist of emulsified oil, water and
amphiphilic molecules (surfactants). The size of the emulsion droplets typically
ranges between approximately 10—1000 nm (Gurpreet & Singh, 2018). A Thiol
modified chitosan-coated, curcumin-piperine loaded oil-in-water nanoemulsion
was developed (Vecchione et al., 2016). The optimised formulation has a nano-
droplet size of 110 nm, a weight ratio of curcumin: piperine in 100 to 1 and a
chitosan thiolation level of 14-15%. At an oral dose equivalent to 8 mg/kg of
curcumin, the AUCo-t value of curcumin increased by 64-fold (343.3 pg h/ml)
than standard curcumin (5.4 ug h/ml). Compared with the two piperine
strategies that were reviewed in section 1.4.1 (Shoba et al., 1998; Zeng et al.,
2017b), the optimised curcumin-piperine loaded nanoemulsion formulation is
94-fold and 1505-fold higher in terms of the AUCo-t values. This indicates that
the combination of piperine with the nanoemulsion technology is much more
effective than only using piperine alone in improving the oral bioavailability of
curcumin. In another study, a novel lipid nanoemulsion containing curcumin
(CNELNSs) was prepared and tested for changes in bioavailability in in vitro and
in vivo models (Wan et al., 2016). The mean absorption constants (Ka) and
effective permeabilities (Peff) over the whole intestine system were increased
by 2.98-fold and 6.65-fold, respectively. The relative bioavailability of CNELNs
to standard curcumin was 733.59%, which was possible due to the increase in
intestinal absorption. CNELNSs also displayed a stronger effect in suppressing
the growth of human lung cancer cell A549. In another study, a nanoemulsion
was developed by mixing a curcumin-phospholipid complex with castor oil,
Tween 80 and PEG 400 (Shukla et al.,, 2017). The curcumin-phospholipid
loaded nanoemulsion showed a significantly higher serum concentration of
curcumin than free curcumin and the curcumin-phospholipid complex not being
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loaded into the nanoemulsion. Using an oral dose of 100 mg/kg in rats, the Cmax
of curcumin from the combined formulation was 487.7 £ 53.4 ng/ml, compared
to 21.6 + 3.6 ng/ml for free curcumin and 54.6 £ 3.7 ng/ml for the curcumin-
phospholipid complex. The relative bioavailability of curcumin from the
combined formulation was 7.67-fold and 52.55-fold higher than that of
curcumin-phospholipid complex and unformulated curcumin. Several research
studies have been carried out to study the potential for using a nanoemulsion
strategy to improve the oral bioavailability of curcumin. The results of these
studies demonstrated that it is a promising strategy to fulfil the goal of improving
curcumin’s oral bioavailability. Among the nanoemulsion formulations reviewed,
piperine loaded in an oil-in-water nanoemulsion with modified chitosan coating
(Vecchione et al., 2016) showed the highest curcumin oral absorption with the
AUCo+ value of 343.8 pg h/ml. In contrast, the other two nanoemulsion
formulations (Shukla et al., 2017; Wan et al., 2016) have much poorer curcumin

bioavailability with AUCo-t value of 0.7 uyg h/ml and 2.97 ug h/ml (Figure 1.14).
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Figure 1.14. Comparison of curcumin oral absorption results of the novel
nanoemulsion formulations (A) at an oral dose of 8 mg/kg for Chitosan coated,
piperine-loaded oil in water nanoemulsion (B) curcumin control (Vecchione et
al., 2016) and (C) oral dose of 100 mg/kg of curcumin-phospholipid complex
incorporated self-nanoemulsion, curcumin control values were reported to be
below the limit of detection (Shukla et al., 2016)
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The microemulsion is an isotropic colloidal system of micron-sized droplets
that consists of water, oil, surfactant and cosurfactants. When in a
microemulsion system, drug compounds can be entrapped within the oil
droplets, which protect them from both enzymatic and chemical degradations
thus increasing the residence time and bioavailability of the drugs
(Constantinides, 1995). Interestingly, the droplet size of the microemulsion is
not in micrometers but between 10 and 100 nm. A microemulsion is fairly similar
to a nanoemulsion in terms of structure. What differentiates it from a
nanoemulsion is that a microemulsion is thermodynamically stable whereas a
nanoemulsion is not. Also, microemulsions normally have a narrow particle size
distribution compared to nanoemulsions (McClements, 2012). Microemulsion is
thermodynamically stable because it is in a state of minimum free energy. This
means that the system has reached a state where the interfacial tension
between the two immiscible liquids is minimised. The emulsifying agent in
microemulsions is typically a surfactant, which reduces the interfacial tension
between the oil and water phases, allowing them to mix more easily (Lawrence,
1994; Schulman et al.,1959). On the other hand, nanoemulsion is not
thermodynamically stable because the interfacial tension between the two
immiscible liquids is higher compared to microemulsion. This means that the
system is not at a state of minimum free energy, and there is a tendency for the
droplets to coalesce over time. Therefore, nanoemulsion requires higher
amount of emulsifiers and energy input to form and maintain their stability

(McClements & Rao, 2011; Solans et al., 2005).

A self-emulsifying microemulsion drug delivery system (SMEDDS) was
developed to improve the oral bioavailability of curcumin (Dhumal et al., 2015).
A semi-synthetic bicephalous hydrolipid known as E1E was used in this
formulation, along with Solutol HS15 (a surfactant) and Transcutol HP (a

cosurfactant) to form the microemulsion encapsulating curcumin. An optimised
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SMEDDS formulation with a drug loading efficiency of 70.52 +2.46 mg/g was
orally administrated to rats at a curcumin dose of 50 mg/kg. Plasma analysis
showed that the Cmax and AUCo-t of curcumin from the SMEDDS were 4.921 +
0.42 (ug/mL) and 17.30 £ 1.50 (pg h/ml) respectively, in comparison with free
curcumin suspension with 0.186 + 0.006 (ug/ml) and 0.234 + 0.023 (ug.h/ml)
respectively. Tmax remained unchanged in both SMEDDS and the free curcumin
suspension 60 minutes after oral administration. In another study, self-
microemulsifying curcumin (SME-Cur) entrapped in a hydroxypropylmethyl
cellulose (HPMC)-based sponge was developed to study oral absorption of
curcumin (Petchsomrit et al., 2016). The in vivo study was performed in rabbits
at a curcumin-equivalent oral dose of 12.5 mg/kg. The HPMC sponge
entrapped SME-Cur showed significantly higher Cmax and AUCo-t (1.77 £0.13
mg/ml and 2615.68 + 97.79 ng/h/ml, respectively) than unformulated curcumin
at a dose of 50 mg/kg (0.30 £0.03 mg/ml and 509.49 + 47.77 ng- h/ml,
respectively). The in vitro drug release test found that the HPMC-based
sponges entrapped SME-Cur provided a sustained release of curcumin and led
to a higher percentage release compared with the unwrapped SME-Cur and
free curcumin. The improved drug release could be attributed to the drug-
polymer interaction leads to the inhibition of precipitation and crystallization of
curcumin in solution. Compared to nanoemulsions, microemulsions have
received less attention since there were only a few studies on their use in
improving the oral bioavailability of curcumin (Figure 1.15). However, the
studies of microemulsions reviewed in this article both showed considerable
improvement in curcumin’s oral bioavailability (Dhumal et al., 2015; Petchsomrit
et al., 2016). All of these indicate that microemulsions are still a potent and
promising technology to overcome curcumin’s oral delivery problems and it is

worthy of further studies in the future.
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Figure 1.15. Comparison of curcumin oral absorption results of the novel
microemulsion formulations at the curcumin equivalent doses of (A) 50 mg/kg
for the self-emulsifying microemulsion and (B) curcumin control (Dhumal et
al.,2015) and (C) 12.5 mg/kg for the HPMC sponge entrapped self-
microemulsifying curcumin and (D) curcumin control (Petchsomrit et al., 2015)
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1.8.6. Solid dispersions
A solid dispersion is a solid product where at least one drug is dispersed in

a hydrophilic polymeric carrier and the drug(s) are molecularly dispersed in the
polymeric matrix (Chiou & Riegelman, 1971). The principle of solid dispersion
to improve the drug bioavailability was to first rapidly release the drug particles
from the polymeric carrier to create a supersaturated solution after which the
concentration is maintained long enough for the drug to be absorbed (Craig,
2002; Kumar & Gupta, 2013; Vasconcelos et al., 2007). Drugs in a
supersaturation state tend to precipitate rapidly before the absorption takes
place which results in reduced bioavailability. Polymeric matrix in solid
dispersion can inhibit crystal growth and nucleation of the drug by binding to
the drug molecules and preventing their aggregation. This can help to maintain
the drug in a solubilised state and prevent precipitation when supersaturation
is reached (Vasconcelos et al., 2007). The exact mechanism of how polymers
prevent precipitation and prolong drug supersaturation is still not fully
understood. Nevertheless, it is generally believed to be a result of hydrogen
bond formation between the polymers and the drugs, based on the observation
that polymers are effective in inhibiting the precipitation of drugs rich in
hydrogen-bond acceptors (Bevernage et al., 2011; Gao et al., 2009; Miller et al.,
2008). Solid dispersion continues to be a widely studied strategy to improve the
oral bioavailability of poorly water-soluble drug candidates (Chuah et al., 2014;
Onoue et al., 2010; Seo et al., 2012). A list of FDA-approved solid dispersion

drugs is shown in Table 1.3.
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Trading Active Carrier Preparation Dosage
name ingredient method form
Kalydeco® Ivacaftor HPMCAS Spray drying Tablet
Zelboraf® Vemurafenib | HPMCAS Coprecipitation | Tablet
Incivek® Telaprevir HPMCAS Spray drying Tablet
Intelence® Etravirine HPMC Spray drying Tablet
Novir® Ritonavir PVP/PA Melt extrusion | Tablet
Kaletra® Lopinavir PVP/PA Melt extrusion | Tablet

Table 1.3. Alist of FDA-approved solid dispersion drugs (Baghel et al.,2016)

A recent study combined a solid dispersion strategy with nanotechnology
and developed a novel self-nanomicellising solid dispersion (NCF) for
delivering curcumin orally (Parikh et al., 2018). Soluplus (polyvinyl caprolactam-
polyvinyl acetate-polyethylene glycol graft copolymer) was used as a carrier for
curcumin in the NCF formulation. NCF exhibited a significant increase in the
aqueous solubility of curcumin (over 20,000-fold higher than the curcumin
control). Considerable improvements in dissolution rate and small-intestinal
permeability of curcumin were also found with the NCF formulation.
Furthermore, improved curcumin stability in an alkaline environment was found.
As a result of the increased dissolution, solubility, permeability and alkaline
solution stability, the oral bioavailability of curcumin from the NCF was
significantly enhanced by 117-fold compared with pure curcumin. In another
study, an amorphous curcumin solid dispersion was prepared with disodium
glycyrrhizin (Na2GA) via ball milling (Q. Zhang et al., 2018). Na2GA was able
to form micelles when dissolved in water and encapsulate the amorphous
curcumin particles. In vivo evaluation showed that the self-micelle forming solid
dispersion provided a 19-fold increase in curcumin oral bioavailability over free

curcumin. In addition, the solid dispersion formulation improved curcumin
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permeability across the gastrointestinal membranes. A curcumin-loaded ternary
solid dispersion system was prepared by using mannitol as the hydrophilic
carrier and D-a-Tocopheryl polyethylene glycol 1000 succinate (Vitamin E
TPGs) as the surfactant (Song et al., 2016). TPGs was selected due to their
safety and potential to inhibit P-glycoprotein efflux. The aqueous solubility of
curcumin from the solid dispersion formulation remained stable across a pH
range from 1.2 to 7.4, which diminished the pH-dependent solubility pattern in
pure curcumin powder. Pharmacokinetics studies revealed that the Cmax and
AUCo+ of curcumin were increased by 86- and 65-fold respectively, in
comparison with pure curcumin powder. The solid dispersion formulation also
exhibited an inhibition effect on p-glycoprotein and this was believed to be the
main reason for the increased curcumin intestinal absorption observed from the
solid dispersion system. A curcumin-loaded solid dispersion formulation was
developed by using Gelucire 50/13 (a non-ionic water-dispersible surfactant) as
the carrier material (Teixeira et al., 2016). The solid dispersion formulation was
prepared by spray drying. The aqueous solubility of curcumin was significantly
increased by the solid dispersion (2700 ug/ml), which was 3600-fold higher than
the unformulated curcumin (0.75 pg/ml). The solid dispersion demonstrated
rapid release of curcumin at 10 min, with 90% and 73% of curcumin being
released at pH 1.2 and 7.4, respectively. The percentage of curcumin released
was also considerably higher than pure curcumin. Results from rat plasma
sample analysis indicated a 5.5-fold increase in curcumin plasma concentration
from the solid dispersion compared with the unformulated curcumin under the
same oral dose (500 mg/kg). Since spray drying is a technique that is suitable
for scaled-up production, the solid dispersion formulation developed in this
study could be a promising way to improve curcumin bioavailability from an
industrial perspective. In another study, an excipient-free co-amorphous
curcumin-piperine solid dispersion (co-amorphous CUR-PIP) was prepared by

melting and quench cooling method (Wang et al., 2019). This formulation has
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a combined solid dispersion effect of increasing drug dissolution along with
piperine’s effect of inhibiting the glucuronidation of curcumin in vivo. In this study,
a higher dissolution rate and longer-lasting supersaturated curcumin
concentration were observed from the co-amorphous CUR-PIP. This could be
due to piperine’s effects to suppress UDP-glucuronyltransferase and
sulfotransferases in the intestines and liver (Zeng et al., 2017b). In addition, the
permeability of curcumin across the gastrointestinal membrane was elevated
by 2.67-fold compared with pure curcumin, which was linked to piperine’s ability
to inhibit curcumin glucuronosyltransferases. As a result of faster, longer-lasting
supersaturation dissolution and higher Gl permeability, the oral bioavailability
of curcumin was enhanced by 2.16- and 1.92-fold with the co-amorphous CUR-
PIP relative to the crystalline and amorphous curcumin. Compared with the
previously mentioned strategies that used piperine for curcumin, the co-
amorphous CUR-PIP showed around 8-fold and 134-fold higher AUCo-t values
than the curcumin-piperine co-administration strategy (Shoba et al., 1998) and
the pre-treatment of piperine strategy (Zeng et al., 2017b). However, it is around
11-fold lower compared to the curcumin-piperine loaded nanoemulsion
(Vecchione et al., 2016). A comparative graph between the solid dispersion
formulation and the nanoemulsion formulation is shown in Figure 1.16. The
results from the studies mentioned above suggest that the solubility and
dissolution of curcumin can be greatly improved by solid dispersion strategies,
thus leading to an improvement in curcumin’s oral bioavailability. The selection
of carriers and surfactants also plays a vital role in the performance of solid
dispersion formulations in improving the oral bioavailability of curcumin. Among
all the solid dispersion formulations reviewed in this article, the self-
nanomicellising solid dispersion prepared using Soluplus (Parikh et al., 2018)
exhibited significantly higher curcumin oral absorption compared with the other

solid dispersion formulations. A comparative graph is shown in Figure 1.17.
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Figure 1.16. Comparison of the curcumin oral absorption results at the
curcumin equivalent oral doses of (A) 8 mg/kg for the curcumin-piperine loaded
nanoemulsion formulation (Vecchione et al., 2016) and (B) 100 mg/kg for the
curcumin-piperine loaded solid dispersion formulation (Wang et al., 2019)
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Figure 1.17. Comparative graph of curcumin oral absorption results of the novel
solid dispersion formulations at the curcumin equivalent oral doses of: (A) 47
mg/kg for Soluplus containing self-nanomicellizing solid dispersion and (B)
curcumin control (Parikh et al., 2018a); (C) 150 mg/kg for ball milled curcumin
mixed with Na2GA in a solid dispersion and (D) curcumin control (Zhang et al.,
2018) and (E) 100 mg/kg for co-amorphous curcumin-piperine solid dispersion,
curcumin levels from the control sample were below the limit of detection; The
AUCo- values of the pure curcumin(control) of this study was reported to be
below the limit of detection (Wang et al., 2019)
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1.9. Study hypothesis
For any orally administrated drug to be absorbed, it first needs to be

dissolved in the fluids of the gastrointestinal (Gl) system. As a result, the poor
aqueous solubility of curcumin makes it practically insoluble in the Gl system

which limits its oral bioavailability.

In this study, the researcher has proposed a hypothesis of using polymer
and surfactants to form a simple solid dispersion formulation for curcumin in
order to improve the poor aqueous solubility and dissolution of curcumin, which
can potentially improve the drug permeability as there is an increase of the
concentration gradient of the drug across the cell membrane, which can
enhance drug transport through passive diffusion. When a drug exhibits higher
solubility and permeability across cell membranes in the gastrointestinal tract,
it has the potential to achieve better oral bioavailability as a greater proportion

of the drug can enter the systemic circulation.

Polymers have been used for formulation development in the
pharmaceutical industry for decades and a wide range of them showed
remarkable performance in improving the solubility of poorly soluble drugs
(Gullapalli & Mazzitelli, 2015; Linn et al.,, 2012). They are often used in
combination with non-ionic surfactants to promote the absorption of sparingly
soluble substances. It has been reported that the incubation of surfactants can
further improve the drug solubility of polymer-containing formulations and
reduce the risk of drug precipitation (Lee et al., 2015; Nandi et al., 2003;
Tensberg et al., 2010; Tgnsberg et al., 2011).

The rationale of solid dispersion to improve bioavailability is that within a
solid dispersion system, the drug can be molecularly distributed in the carrier

as solid solution or randomly distributed in the carrier as the amorphous form.

57



Study hypothesis

When a hydrophilic drug carrier is dissolved in the aqueous medium, the
amorphous drug can be easier to dissolve due to the higher surface area and
no crystal lattice interactions or bonds that need to be broken during the
dissolution process (Solanki et al., 2019). The addition of surfactant to the solid
dispersion formulation could further improve the solubility and dissolution of
curcumin by facilitating the drug release process at the solid/liquid interface and

micelle solubilisation in the bulk (Rahman et al., 2009).
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1.10. Aims
The main aim of this study is to develop a novel polymeric-surfactant based

solid dispersion formulation for curcumin to improve its aqueous solubility and
bioavailability. It will also study the formulation’s potential to be applied to other
poorly soluble drugs. To achieve these, the following aims will be targeted:
To select the appropriate ingredients and techniques for preparing the
novel curcumin solid dispersion formulation via literature review
screening and solubility study.
To assess whether the novel formulation improves the solubility,
dissolution, intestinal permeation and cellular uptake of curcumin and
compare these aspects with other curcumin formulations and curcumin
supplement products available in the market.
To characterise the novel solid dispersion formulation for its thermal
property, particle size, crystallinity and chemical composition.
To determine the stability change of the novel formulation under different
storage conditions.
To assess the effect of the novel solid dispersion formulation on drugs
other than curcumin, which include terbinafine, niclosamide,
nitrofurantoin, omeprazole, quinine, quercetin and rutin. They are

selected based on their poor aqueous solubility.
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Chapter 2. Screening of the excipients and preparation
methods for the novel curcumin solid dispersion

formulation

2.1. Introduction
Chapter 2 consists of two parts. Firstly, it will start with a detailed

introduction to solid dispersions, providing more information about what solid
dispersions are, what types of solid dispersions are available and how they can
improve the solubility and oral bioavailability of poorly soluble drugs. Different
preparation methods for curcumin and their advantages & disadvantages will
also be discussed. Furthermore, it will provide a brief introduction of the

excipients candidates (Soluplus, HPMCS and Vitamin E TPGs).

The second part will discuss the process of screening the excipients for
preparing the novel solid dispersion formulation of curcumin in details. The
screening process consists of two parts: the preliminary screening study and
the secondary screening study. In the preliminary screening, a literature review
of solid dispersion curcumin was carried out to select the excipients candidates.
During the secondary screening study, curcumin solid dispersion samples were
prepared using the excipient candidates and then underwent a solubility test.
The results of the solubility test were used to determine the final excipient,
preparation method and the drug: excipients ratio for the novel curcumin

formulation.
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2.1.1. A detailed introduction to solid dispersion
As described in section 1.8.6, a solid dispersion is a solid product where at

least one drug is dispersed in a solid matrix which can either be a polymer or a
small molecule (Chiou & Riegelman, 1971). When the drug and matrix are in
intimate contact then the drug occupies void spaces between the matrix
constituents. When the solid dispersion is exposed to an aqueous medium, the
hydrophilic matrix is dissolved and the drug is released as fine colloidal particles.
Solid dispersions were first studied in 1961 where they were found to
significantly improve the dissolution and absorption of sulfathiazole (Sekiguchi
& Obi, 1961). Subsequently, solid dispersion technology was used as a
promising approach for improving the bioavailability of poorly soluble drugs.
When solid dispersions are made as pharmaceutical formulations, the active
ingredients are mostly poorly water-soluble drugs (Kim et al.,, 2011). The
purpose of this is to disperse the drug into a hydrophilic matrix which can
dissolve before the drug particles contact the gastrointestinal fluid when the
solid dispersion formulation is taken orally. The dispersed drug particles can
then rapidly dissolve and reach supersaturation (having more dissolved solute
in a solution than that is required for saturation) in the gastrointestinal fluid,
which improves the efficiency of drug absorption through the membranes of the

gastrointestinal tract(Kim et al., 2011).

There are 4 possible ways for the drug to be distributed within a solid
dispersion and they are shown in Figure 2.1(a,b,c and d). In these figures, the
oval symbols represent the drug molecules and the curves represent the matrix

in solid dispersions.
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Figure 2.1. The structure of a solid dispersion that contains: (a) The “perfect
structure “for a solid dispersion is where all the drug molecules are
homogenously and molecularly dispersed in a hydrophilic matrix (b) a
dispersion of crystalline drug particles in a hydrophilic matrix (c) a dispersion of
crystalline drug particles in a hydrophilic matrix and (d) both amorphous drug
clusters and crystalline drugs dispersed in a hydrophilic matrix
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It is worth mentioning that the ‘perfect structure’ for a solid dispersion
showed in Figure 2.1(a) is very rare to happen in real life. This is because such
dispersion of the drug molecules only occurs when there is a very low drug
loading with a high temperature when the solid dispersion was prepared (Huang
& Dai, 2014). Furthermore, even if such a structure is formed, when the
temperature drops, the molecularly dispersed drug in the matrix will convert into
crystalline drug particles (Huang & Dai, 2014). As a result, the drugs in solid
dispersions are mostly either dispersed in crystalline form, amorphous form or
a mixture of both (Vo et al., 2013). The matrix can also be in a crystalline or

amorphous state (Kim et al., 2011).

2.1.1.1. Classification of solid dispersion
Solid dispersion can be classified into four generations based on their

physical states and the excipients used.

2.1.1.1.1. First generation of solid dispersion
The first generation of solid dispersions is crystalline solid dispersions

prepared using crystalline carriers (Kim et al., 2011), typically sugar or urea
(Bindhani & Mohapatra, 2018). A eutectic mixture is formed when the drug and
carrier both in the melted state are mixed to produce a homogenous mass. (Kim
et al., 2011). It is worth noting that eutectic mixture should not be confused with
cocrystal. Both are solid state mixtures with two or more components, but there
are distinct differences. As shown in Figure 2.2, eutectic mixture is formed by
the melting of two or more components and mixing them in specific proportions.
A new solid phase is formed after cooling down at a certain temperature. The
components of a eutectic mixture are typically fully soluble in each other in the
liquid state. The resulting solid phase is a homogeneous mixture of the
components in a specific ratio, with no fixed crystalline structure. In other words,

the individual components in a eutectic mixture do not form a defined crystal
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lattice structure, but rather a disordered structure (Balakrishnan et al., 2020;
Cherukuvada & Guru Row, 2014). In contrast, a cocrystal is a solid form that is
formed by the combination of two or more components in a crystalline lattice
structure, held together by non-covalent interactions such as hydrogen bonds.
The components in a cocrystal form a well-defined, ordered crystalline structure,
where each molecule is held in a specific position relative to the other molecules.
Cocrystal is typically formed by a slow, controlled crystallisation process from a
solution containing the components in specific ratios. Unlike a eutectic mixture,
the components of a cocrystal are not necessarily fully soluble in each other in

the liquid state (Vishweshwar et al., 2006).
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These become crystallised simultaneously when cooled and it then consists
of fine crystals of the drug and the carrier material with a larger surface area
than their original forms (Tekade & Yadav, 2020). This leads to better wettability,
more rapid drug dissolution and more efficient drug absorption in the

gastrointestinal tract (Chiou & Riegelman, 1971).

The first reported the first generation of solid dispersion was a eutectic
mixture of sulfathiazole and urea made by Sekiguchi et al. in 1961 (Sekiguchi
& Obi, 1961). Since that eutectic mixture was further applied in formulation
development. In 2012, Goud et al. developed a series of eutectic mixture
formulations for curcumin including binary eutectic mixtures of curcumin :
nicotinamide (1:2), curcumin: ferulic acid (1:1), curcumin: hydroquinone (1:1),
curcumin: p-hydroxybenzoic acid (1:1), and curcumin: L-tartaric acid (1:1). In
an in vitro dissolution test conducted in paddle dissolution apparatus, the
powders of the binary eutectic mixtures were directly poured into the dissolution
medium (40% ethanol: water, 37°C). The dissolution experiments were
continued for 4 hours and all the eutectic mixture samples showed a higher
concentration of curcumin dissolution than the curcumin control at every time
point. All the samples reached the peak curcumin dissolution at 120 minutes
and they were ranked from high to low as followed: curcumin: ferulic acid (244
mg/l) > curcumin: L-tartaric acid (226 mg/l) > curcumin: hydroquinone (219
mg/l) > curcumin: p-hydroxybenzoic acid (214 mg/l) > curcumin:nicotinamide

(197 mg/l) > curcumin control (99 mg/l) (Goud et al., 2012).

Due to their crystalline structure, the first-generation solid dispersions have
the advantage of being thermodynamically stable. However, this also leads to

a slower release of the drug than amorphous forms of solid
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dispersions(Vasconcelos et al., 2007).

2.1.1.1.2. Second generation of solid dispersion
For the second generation of solid dispersions, they are prepared using

amorphous carriers instead of crystalline ones. Using amorphous carriers
increase the wettability and dispersibility of the drug. These properties, together
with the low thermodynamic stability of the amorphous carrier, are contributed

to the enhancement of the drug solubility and dissolution rate (Vo et al., 2013).

Amorphous carriers are mostly polymers and they are characterised based
on their origin. One type of polymeric carrier is fully synthetic polymers that
include povidone (PVP), polyethyleneglycols (PEG) and polymethacrylates
(Saffoon et al., 2011). The other ones are natural product-based polymers, such
as cellulose derivatives, (such as hydroxypropylmethylicellulose (HPMC) and
ethylcellulose) and cyclodextrins (Saffoon et al., 2011). Sugar glasses such as
trehalose and sucrose are also used to prepare solid dispersions due to their

extremely fast dissolution rates (Vo et al., 2013).

Drugs can be dispersed in second-generation solid dispersions in the
crystalline form, amorphous form or a mixture of both. Depending on the
molecular interaction of the drug and the carrier, the amorphous solid
dispersions can be classified into three types: amorphous solid solutions,
amorphous solid suspensions and mixtures of both (Bindhani & Mohapatra,
2018; Kim et al.,, 2011). In an amorphous solid solution, the drug is fully
dissolved and molecularly dispersed in an amorphous polymeric carrier,
forming a homogeneous mixture. In this type of solid dispersion, only one phase
is present and only one glass transition point (Tg) will be observed (Van Drooge
et al., 2006). Amorphous solid suspensions are usually made when the drug
has very low solubility in the carrier material or it has a very high melting point
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(Chiou & Riegelman, 1971). It consists of an amorphous carrier in which the
drug is wusually dispersed as amorphous clusters. It does not form
homogeneous structures and thus has two phases and two glass transition
points (Tgdrug and Tg carrier).(Van Drooge et al., 2006). As for the mixture of both
amorphous solid solution and solid suspension, it contains two phases: one
consists of the drug which is molecularly dispersed in the carrier while the other
consists of the drug dispersed as amorphous clusters (Van Drooge et al., 2006).
Which one of the three types of second-generation amorphous solid dispersion
is obtained depends on the miscibility of the drug and carrier and the

preparation method(Breitenbach et al., 1999).

Although the second generation solid dispersions can increase drug
solubility and dissolution rate, the subsequent supersaturation of the drug may
lead to drug precipitation and recrystallisation especially in amorphous solid
dispersions thus decreasing the solubility and bioavailability of the drug. This is
particularly common among sugar glass-based solid dispersions (Vo et al.,
2013). Furthermore, the amorphous drug may recrystallise into the crystalline
form during preparation (cooling or solvent removal) or storage. Prevention of
recrystallisation of drugs in the preparation, storage and dissolution process
can be achieved by using polymers with high viscosity. However, they tend to
hinder the dispersion of drugs in carriers and delay the dissolution of the drugs
in an aqueous medium (Tekade & Yadav, 2020). Therefore, an ideal polymeric
carrier or second-generation solid dispersion should be able to keep a good

balance between the anti-recrystallisation effect and drug dissolution.

2.1.1.1.3. Third generation of solid dispersion
The third generation of solid dispersions either uses a surfactant as the

carrier, or a mixture of amorphous polymer and surfactant as carrier. The
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introduction of surfactants in solid dispersions has shown a significant effect in
overcoming the drug precipitation and recrystallisation problems that occur in

second-generation solid dispersions (Vo et al., 2013).

Surfactants with amphiphilic structures can improve the miscibility of drugs
and carriers thus reducing the rate of drug recrystallisation. In addition,
surfactants can prevent the drug precipitation from supersaturation by either
adsorbing the outer layer of drug particles or forming micelles to entrap the drug
(Tekade & Yadav, 2020; Vo et al., 2013). Commonly used surfactants include
poloxamer 407(Kim et al., 2011), poloxamer 188, gelucire 44/14 (Saffoon et al.,
2011), HPMC poloxamer and HPMC-polyoxyethylene hydrogenated castor oil
(Won et al., 2005), PEG and polysorbate 80 mixtures (Dannenfelser et al.,
2004), polyethylene glycol-HPMC (Janssens et al., 2008).

The third generation solid dispersions are intended to achieve the highest
degree of bioavailability and stability (Vasconcelos et al., 2007). However, the
addition of surfactants can sometimes have a negative influence on the stability
of solid dispersions. It was reported that some surfactants such as polysorbate
80, poloxamer 188 and sodium dodecyl sulfate accelerate the nucleation of
celecoxib from an amorphous solid dispersion during the dissolution process (J.
Chen et al., 2015) Therefore, when selecting a surfactant as the carrier, careful
consideration needs to be given to its effect on the stability of solid dispersion

formulations.

2.1.1.1.4. Fourth generation solid dispersions
The fourth generation solid dispersions can be referred to as controlled-

release solid dispersions (CRSD). This formulation was developed for poorly
water-soluble drugs with a short biological half-life, aiming to improve the
solubility and provide extended release in a controlled manner. In CRSD, drugs
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are dispersed in either a hydrophilic carrier or hydrophobic carrier (Huang et al.,
2006). The carriers for CRSD need to be able to delay the drug release in the
dissolution medium so that an adequate amount of drug can be delivered for
an extended period of time (Vo et al., 2013). The extended drug release
properties of CRSD provide several advantages such as improved patient
compliance due to reduced dosing frequency, decreased side effects, more
consistent or prolonged therapeutic effect (Desai et al., 2006; Igbal et al., 2002).
Commonly used carriers for extended release of poorly water-soluble drugs in
CRSD include ethyl cellulose (EC) (Desai et al., 2006), HPC (Tanaka et al.,
2006), Eudragit® RS, RL (Cui et al., 2003; Huang et al., 2006), poly(ethylene
oxide) (PEO) and carboxyvinylpolymer (Carbopol®) (Ozeki et al., 2000). These
materials are polymers that do not dissolve in water or dissolve very slowly, so

they can maintain a constant release of drugs.

2.1.1.2. Preparation methods for solid dispersions
There are four major methods for preparing solid dispersions: the melting

method, solvent method, melting solvent method and mechanochemical

activation method. A branch tree of each method is shown in Figure 2.3.
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Figure 2.3. A branch tree of solid dispersion preparation methods
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2.1.1.2.1. Melting method
The melting method for preparing solid dispersions include melting and

mixing, hot melt extrusion and melt agglomeration. A major advantage of the
melting method is that no solvents are required during preparation, thus

avoiding any residual solvent in the final product.

The first solid dispersion is a eutectic mixture prepared by a melting and
mixing method (Sekiguchi & Obi, 1961). Here, the drug and the carrier are
melted and mixed at a specific ratio to form a homogenous mixture. The mixture
is subsequently cooled to form a solid product (Chiou & Riegelman, 1971). Slow
cooling the mixture often produces drugs in crystalline state, while fast cooling
may yield drugs in amorphous state(Vo et al., 2013). An important prerequisite
for the use of the melting and mixing method for preparing solid dispersion is
that the drug and the carrier must be miscible in the molten state so that a
homogeneous mixture can be obtained. Therefore, only carrier and drug with
similar physicochemical properties can be used in this method, otherwise it will
result in inhomogeneous solid dispersions (Vo et al.,, 2013). PEG and
poloxamer are two materials that are commonly used as carriers to prepare
solid dispersions by this method due to their relatively low melting points

(Barmpalexis et al., 2011; Damian et al., 2000; KolaSinac et al., 2012).

Hot melt extrusion is an established process which was originally used in
the plastics and food industries since the 1930s. Now this method has become
one of the most common methods for solid dispersion preparation with many
such products available in the market, such as Cesamet®, Rezulin®, Kaletra®,
Novir® and Isotip® (Chokshi & Zia, 2004; Maniruzzaman et al., 2012). In the
hot melt extrusion method, APIs and polymers are fed into an extruder which

consists of one or two rotating screws (either corotating or counter rotating)
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inside a stationary cylindrical barrel. Intense mixing and agitation forced by the
rotating screw causes the drug particles to break down and dissolve in the
molten polymers at a controlled temperature, resulting in a homogeneous
dispersion. Then the dispersion flow through a die and extruded into a product
with uniform density and shape (Crowley et al., 2007). It is worth noting that the
contact parts of the extruders used in pharmaceuticals must not be reactive nor
may they release components into the product(Maniruzzaman et al., 2012; Vo
et al., 2013). Hot melt extrusion of miscible drugs and polymers have a high
probability of forming amorphous solid dispersions (Vo et al., 2013). When
selecting the appropriate polymer for hot melt extrusion method, the Hansen
solubility parameter can be used to predict the miscibility of the drug with the
polymer (Moes et al., 2013). Hot melt extrusion is an efficient and easy scale-
up method to produce highly thermodynamic stable solid dispersions. However,
like other melting methods, it has some common problems such as the high
requirement for the miscibility of drugs and carriers as well as needing high

temperatures in the preparation process(Saerens et al., 2011).

Amorphous solid dispersions prepared by the hot melt method are usually
viscous like, with poor flowability and poor compressibility, which hinders their
use in making tablets (Vo et al., 2013). Melt agglomeration is a melting method
that can counter these problems. It uses the carriers as a meltable binder to
hold drugs and other excipients together, making sure the tablets remain intact
after compression (Gupta et al., 2002; Seo et al., 2003). In this method, a
mixture of drug-carrier-other excipients is processed in a high shear mixer or
rotary processor. The mixture can be prepared by three different ways(Gupta
et al., 2002; Passerini et al., 2002; Seo et al., 2003): 1) the molten carrier is
added to a heated mixture of the drug and excipients. 2) the molten carrier is
mixed with the drug and then added to the heated excipients. 3) A mixture of

the drug-carrier-excipients is heated at a temperature with or above the melting
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point of the carrier. Several researchers have used melting agglomeration
method to prepare agglomerates containing solid dispersions (Gupta et al.,
2002; Passerini et al., 2002; Seo et al., 2003; Vilhelmsen et al., 2005). These
studies showed a significant increase in the dissolution rate of drugs due to a

high degree of dispersion.

2.1.1.2.2. Solvent method
In the solvent method, as the name implies, solid dispersions are obtained

after the removal of solvent from the solution containing a drug and carrier
(Chiou & Riegelman, 1971). An important prerequisite for this method is that
both the drug and carrier need to be fully soluble in the solvent selected(Leuner
& Dressman, 2000).Commonly used solvents include acetone, ethanol, ethyl
acetate, methanol, methylene chloride and water. Sometimes a mixture of two
or more solvents are used in solvent evaporation method (Vo et al., 2013). The
solvents used to dissolve the drug and the excipients could significantly affect
the stability and dissolution rate of the solid dispersions prepared. The impacts
were believed to be due to the interactions between the drug molecule or carrier
with the solvent (Bikiaris, 2011). Similar to the melting method, the solidification
rate in the solvent method determines the physical state of the drug in the solid
dispersion. To ensure the amorphous state of the drug, a rapid solidification is

always preferred (Vo et al., 2013).

Unlike melting methods, the solvent method can be carried out at relatively
low temperatures without heating, thus avoiding the decomposition of the drug
and the carrier at higher temperatures. This allows some polymers that are
rarely chosen as carriers for preparing solid dispersions in the melting method
due to their high melting points to be used in solvent method. However, there
is a disadvantage to this method, there can be residual solvent remaining after
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the removal process and it may lead to toxicity. In addition, the solvent method
has environmental concerns because of the large quantity of solvent needed in

large scale production which can be a threat to the environment.

The solvent method can be sub-classified as follows: rotary solvent
evaporation (Ceballos et al., 2005; Wang et al., 2005), spray drying (Li et al.,
2011), freeze drying (lyophilisation) (Garcia-Rodriguez et al., 2011), spray
freeze drying (Lim et al., 2010), ultra-rapid freezing (Overhoff, Engstrom, et al.,
2007) and supercritical anti-solvent (SAS) (Won et al., 2005).

Rotary solvent evaporation is a solvent removal technique using a rotary
evaporator (sometimes known as a rotovap). In this method, the drug-carrier
solution is loaded in a vessel (Usually a round-bottomed flask with a volume at
least twice the volume of the solution), then the solution-containing vessel is
rotated under vacuum while being heated by a water bath. This step continues
until the solvent has evaporated and the solid product has been produced.
Rotary solvent evaporation increases the rate of evaporation of the solvent in
three ways (1) reducing the pressure exerted on the surface of the solvent, the
energy needed to break the intermolecular bonds decreases, which facilitates
the transition of the molecules into the gas phase (2) rotating the solution to
increase the surface area for evaporation (3) heating the solution with the water
bath (Bhujbal et al., 2021). Rotary solvent evaporation is easy to perform and
can be carried out at a low to moderate temperature so that the degradation of
drugs and carriers at high temperatures can be avoid (Vo et al., 2013). After the
solvent evaporation process, the resultant solid dispersions can be stored in a
vacuum desiccator for complete removal of the residual solvent (Kim et al.,

2011).

Spray drying is a well-established technique for preparing solid dispersions
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as it allows extremely rapid evaporation of the solvent (Paudel et al., 2013). In
this technique, the drug-carrier solution or suspension is loaded from a
container into the nozzle inlet via a pump system and atomised into fine droplets
with a large surface area. The fine droplets lead to rapid evaporation of the
solvent and formation of solid particles. The size of these particles can be
customised by adjusting the droplet size via the nozzle to meet the formulation
requirements (Vo et al., 2013). Typically, spray-dried solid dispersions are
amorphous due to their rapid solidification (Bikiaris, 2011). Spray drying has the
advantages of being easy to produce continuously and on a large scale, while
providing good uniformity of molecular dispersion (Bikiaris, 2011; Vo et al.,
2013). Some solid dispersion products prepared by spray drying are
commercially available in the market such as Intelence®, which is an
amorphous solid dispersion of Etravirine using (Hypromellose) HPMC as the

carrier (Litou et al., 2020).

Different solvents used in spray drying can result in a different stability and
dissolution rate of the solid dispersions (Al-Obaidi et al., 2009). In addition, the
concentration of the drug and the polymers dissolved in the solvent can affect
the crystallinity of the solid dispersions prepared by spray drying. Less
concentrated drug-carrier solutions, while maintaining constant ratio of
drug:carrier, tend to form smaller sized solid dispersions with slower structural
relaxation rates. Compounds that do not show rapid relaxation tend not to
crystallise from the amorphous form (Hasegawa et al., 2009). This indicates the
importance of controlling spray drying conditions when preparing solid

dispersions in order to obtain more stable and faster dissolving products.

Freeze drying is another technique for preparing solid dispersion via solvent
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removal. It was generally used for removal of aqueous solutions like water.
Theoretically, organic solvents could also be removed by freeze drying, but in
reality, it is much more changeling than the removal of water. The low freezing
temperature and triple points of many organic solvents so the freeze driers must
be able to maintain a low enough temperature and pressure to avoid the organic
solvents from melting. In addition, many laboratory freeze dryers are equipped
with acrylic drying chamber. The presence of organic solvents in the vapour
stream or in the condensate can cause damage to acrylic and eventually cause

leakage issues (MillrockTechnology, 2020).

Freeze drying includes three stages: freezing, primary drying and
secondary drying (Jakubowska & Lulek, 2021). The resulting freeze dried
product is commonly known as a freeze dried ‘cake’ (Hottot et al., 2007). During
the freezing stage, the drug-carrier solution is frozen at a temperature below
the freezing point of the solvent. The drug and carrier are concentrated, while
the solvent is crystallised and the phases are separated (Jakubowska & Lulek,
2021). At the primary drying stage, the frozen sample is loaded into the freeze
dryer. During the drying process, the pressure is reduced by a vacuum which
causes sublimation of the frozen solvent. To increase the rate of sublimation,
the temperature in the freeze dryer can be increased. The sublimation of the
frozen solvent is responsible for the porous structure of the dried product. It was
noted that when increasing the temperature, care must be taken to avoid
temperatures increased too much and quickly so that the ‘cake’ can undergo
collapse: this can cause detrimental defects such as physical collapse or micro
collapse within the product, loss of activity and a high moisture content (Siow
et al., 2016). Finally, at the secondary drying stage, in which the temperature of
the freeze-dried cake is increasing slowly to remove the unfrozen solvent
remained. Once again, the temperature must not be raised too quickly

otherwise the cake collapse can occur (Tang & Pikal, 2004). The advantage of
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freeze drying is that it minimises the risk of phase separation. However, it has
the disadvantage that most organic solvents have a very low freezing
temperature and will not remain frozen during sublimation. Therefore, if
samples need to be lyophilised at low temperatures, the process will take longer

(Vo et al., 2013).

With the development of technology, enhanced methods for freeze drying
have been applied to the preparation of solid dispersions. These methods are
spray freeze drying (SFD) and ultra-rapid freezing (URF) which have faster
freezing rate compared to the conventional freeze drying method (Vo et al.,
2013). This makes them more efficient in terms of processing times when

preparing solid dispersions.

SFD is a combination of spray drying and freeze drying methods where a
feed solution that contain the poorly water soluble drug and hydrophilic
excipients is sprayed into liquid nitrogen or low temperature dry air to form
frozen droplets which are then lyophilised to form solid products (Hu et al.,
2002). The solvent for preparing feed solution is normally a mixture of a water
miscible organic solvent and water, such as tetrahydrofuran—water which can
dissolved both hydrophobic drugs/compounds and hydrophilic excipients (Hu
et al., 2002). Like spray drying, SFD produces fine droplets with a large surface
area. In addition, the direct contact with the cooling agents results in rapid
vitrification (transformation of liquid into an amorphous glass), thus reducing the
risk of phase separation to a minimum. It also able to customise the particle
size by adjusting the droplet size via the nozzle. Since no elevated
temperatures are required in SFD, this technique is suitable for thermolabile

drugs/compounds. SFD normally produces solid dispersions in an amorphous
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state because the rapid freezing rate can prevent molecular arrangement into
crystalline domains (Hu et al., 2003; Tong et al., 2011). In addition, drug stability
in SFD solid dispersions is considerably better compared to solid dispersions
prepared by conventional freeze-drying methods. This is due to the higher
cooling rate of SFD, resulting in more drug incorporation into the matrix,

especially at high drug loads (van Drooge et al., 2005).

During URF, the poorly water soluble drug and the hydrophilic carrier are
first fully dissolved in either an organic solvent (such as tert-butanol and
acetonitrile) or a solvent consists of a water miscible organic solvent and water.
Then the solution contains the drug and excipients is spread on a cold solid
surface to form a thin film that freezes in less than 1 second and the solvent is
removed by lyophilisation (Overhoff, Moreno, et al., 2007) . As the freezing
process in URF is extremely fast, the risk of nucleation of the drug particles is
minimised, making them stay in the amorphous form after lyophilisation (Yu,

2001).

Supercritical anti-solvent (SAS) is a unique solvent method because it uses
supercritical carbon dioxide (COz2) as an anti-solvent. Supercritical carbon
dioxide is a fluid form of carbon dioxide where it is held at or above its critical
temperature (31.0 °C) and critical pressure (7.377 MPa)(Xu & Liu, 2013). In this
method, the drug and carrier are dissolved in a minimal volume of solvent and
the solution is sprayed into a vessel containing supercritical carbon dioxide.
When the solution encounters the supercritical carbon dioxide, the solvent is
rapidly extracted which resulting in the precipitation of solid dispersed particles
(Sethia & Squillante, 2004). Compared to traditional anti-solvent precipitation
methods, SAS requires less organic solvent and it is more environment friendly
(Karanth et al., 2006). In addition, supercritical carbon dioxide can be easily

and completely removed from the final product by pressure reduction, in
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contrast to the complex purification methods often required when using organic

anti-solvents (Mezzomo et al., 2012).

Co-precipitation is a solvent method in preparing solid dispersions for drugs
and carrier with poor aqueous solubility (Shah et al., 2013). In this method, the
drug and carrier are completely dissolved in an organic solvent and the solution
is then added to an anti-solvent (usually water). Due to the poor water solubility
of the drugs and carriers, they can be simultaneously precipitated in water. The
resulting suspension is filtered, washed to remove residual solvent and dried
under vacuum. The co-precipitated material obtained after filtration and drying
is known as microprecipitated bulk powder (MPD) which is a solid dispersion of
the drug and carrier (Vo et al., 2013). The advantage of this method is that it
does not require elevated temperatures which reduce the risk of degradation of
the drug or carrier (Sertsou et al., 2002). In addition, the solvent can be removed
by washing so it may have less equipment and energy requirements. It is worth
noting that the solvent and anti-solvent used in co-precipitation can sometimes
act as plasticizers which result in high molecular mobility and molecular
rearrangement including crystallisation (Sertsou et al., 2002). Therefore, careful
consideration must be taken for the selection of the solvent and anti-solvent

used in co-precipitation, as they are vital for the success of the final products.

2.1.1.2.3. Melting solvent method
Melting solvent method is, as the name suggests, a combination of melting

and solvent methods. When preparing solid dispersions by this method, the
drug is first dissolved in a suitable solvent while the carrier is molten. Then the
drug solution is mixed with the molten carrier, followed by solvent removal and
solidification to form solid dispersions (Sareen et al., 2012). Since drugs do not

need to be melted in this method, it protects them from thermal degradation. In
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addition, the melting solvent method requires lower temperature and mixing
times than other melting methods. All these make this method particularly
suitable for drugs that are thermolabile or have high melting points such as
etravirine (it degrades upon melting at 246 °C) (Huang et al., 2019). Another
advantage is that the molten form of the carrier is better dispersed in the solvent
than the solid form, making the dissolution process easier and faster (Vo et al.,
2013). However, since this method is a combination of melting and solvent
methods, more equipment and energy may need to be used. Also, costs may

be higher because of the need for heating and the use of solvents.

2.1.1.2.4. Mechanochemical activation method

Mechanochemical activation, also known as milling, is a solid-state method
that is commonly used for preparing solid dispersions. The milling process can
be carried out in either a dry or wet environment, depending on the nature of
the material and the desired product characteristics. This method involves
subjecting the drug and excipients to high-energy mechanical forces, such as
grinding, milling, or ball-milling, which cause the drug molecules to be trapped
within the polymer matrix, leading to the formation of a solid dispersion. The
high-energy mechanical forces generated during milling can promote the
formation of amorphous solid dispersions by disrupting the crystal lattice of the

drug (Loh et al., 2015; Mai et al., 2020).

The mechanochemical activation method offers several advantages over
traditional solvent-based methods of preparing solid dispersions. It is a solvent-
free process, which eliminates the need for costly and time-consuming solvent
evaporation steps and reduces the risk of residual solvent contamination (Jug
& Mura, 2018). Furthermore, the method can be easily scaled up for industrial
production (Loh et al., 2015). However, the mechanochemical activation

method also has some limitations and challenges. One major challenge is the
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potential for degradation or decomposition of the drug and excipients due to the
heat generated by the high-energy mechanical forces during the milling process
(Bikiaris, 2011). Additionally, the method requires careful optimisation of milling
parameters, such as milling time, speed, and milling media, to achieve uniform
and stable solid formulations with improved drug solubility and dissolution

(Karakucuk & Celebi, 2020).

2.1.1.2.5. Advantages of solid dispersions
Solid dispersions show many important advantages over other techniques

for improving the solubility and bioavailability of poorly water-soluble drugs,
such as particle size reduction (milling or micronisation), salt formation, and
solubilisation (co-solvents, micelles, emulsions), making it a very promising
strategy. In addition, solid dispersions can be formulated in solid oral dosage
forms which are more favoured for patients than liquid products produced by

methods like emulsion and co-solvent (Karavas et al., 2006; Serajuddin, 1999).

Comparing with conventional particle size reduction methods like
micronisation where the particle size is limited to around 2-5 ym, it is possible
for solid dispersion to reduce the size of drug particles to the molecular level
(Vo et al., 2013). It is true that nanosizing techniques can produce extremely
small, nano-sized drug particles in solid form, but the preparation process may
be long and complicated. In addition, nanoparticles require stabilizers to inhibit
the over-growth of the nanoparticles and prevent them from
aggregation/coagulation (Tuomela et al., 2016). Sometimes special equipment
is required to produce nano-sized particles like high-speed homogenisation or
ultrasonication while solid dispersions can be produced by relatively easy and

commonly available equipment such as rotary evaporators, freeze driers or
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spray driers. In solid dispersions, the interaction between the drug and carrier
can prevent the precipitation/re-crystallisation of drug particles that may occur
during the dissolution process or storage. The drug in solid dispersion can be
released in supersaturation state which is favoured for rapid absorption (Leuner
& Dressman, 2000). Even precipitation does occur during the dissolution
process, the precipitated drugs are likely to exist in amorphous or metastable
crystalline forms which have lower thermodynamic stability (higher energy state)
than the original crystalline formed drug particles, which still result in faster and

better drug dissolution (Vo et al., 2013).

Salt formation is a method of increasing the solubility of a drug by forming
an ionic compound as a result of an acid-base reaction. In general, the salt form
of drugs has higher solubilities than their corresponding acid or base forms
(Serajuddin, 2007). When compared to the formation of salt formation, solid
dispersion methods have the advantage that they can be applied for a wider
range of ionisable drugs since salt formation is not feasible for neutral
compounds. In addition, the improvement in dissolution rate and oral
bioavailability may not be achieved by salt formation because the drug salts
can precipitate out in the Gl fluid into their respective acid or base form of the

drugs (Serajuddin, 1999).

In addition to reducing particle size, maintaining supersaturation during
dissolution and the ability to prevent drug precipitation, solid dispersions can
also improve drug dissolution and bioavailability by improving wettability and
porosity and causing polymorphic changes of the drugs. In first, second and
third generation solid dispersions, the hydrophilic carrier molecules form a
matrix that surround the drug particles. The matrix can dissolve rapidly when
they encounter dissolution medium which improves the wettability of the drug,

especially when a surfactant or emulsifier is used in the solid dispersion. This
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reduces the risk of agglomeration of the drug particles in the dissolution medium
and improves the dissolution rate of the drug (Vo et al., 2013). Solid dispersions
also have a highly porous structure, especially those prepared by a solvent
method. The fast solvent removal could leave some channels in the solid
dispersion structure, thus increasing the porosity and surface area of the drug
which contribute to the improvement in dissolution rate (Zhang et al., 2012). It
was suggested that solid dispersions using linear polymers as carriers often
have a higher porosity than those prepared using reticular polymers (Vo et al.,
2013). As for the ability to change polymorphic state of drugs, second, third and
fourth generation solid dispersions are able to transform drugs from their
crystalline form to amorphous form. The reduction of the crystallinity makes the
drugs easier and faster to dissolve because less energy is required to break the

lattice structure during the dissolution process (Taylor & Zografi, 1997).

In conclusion, the numerous advantages of solid dispersion technology
make it one of the most promising strategies for improving the oral

bioavailability of poorly water-soluble drugs.

2.1.1.2.6. Disadvantages of solid dispersion
Despite the numerous advantages of solid dispersions in improving the

bioavailability of poorly water-soluble drugs, it still has several problems. The
use of different methods of solid dispersion preparation can lead to various
problems such as thermal degradation/instability of the drugs and carriers when
using melting methods, environmental and safety issues with the use of organic
solvents in solvent methods, inhomogeneity of drug dispersion during
solidification process and the cost in terms of energy and processing times.
Another major problem is that it is possible for amorphous state drugs in solid

dispersions to convert to the crystalline form during storage, which results in a
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shorter shelf-life (Baird & Taylor, 2012).The recrystallisation of amorphous
drugs is related to the glass transition point (Tg) and the molecular mobility of
the drug. During storage, moisture in the air can act as a plasticiser and usually
decreases the T4 of amorphous drugs, resulting in increased molecular mobility
which leads to an increased tendency for amorphous drugs to crystallise
(Duddu & Sokoloski, 1995; Hancock & Zografi, 1994). An increase in
temperature can also enhance the molecular mobility of the amorphous drugs
which leads to recrystallisation. Therefore, moisture level and temperature
during storage are main factors that influence the physical stability of

amorphous drugs in a solid dispersion system (Vasconcelos et al., 2007).

To overcome this problem, carriers with higher T4 than the drug can be used
in solid dispersion preparation because they can decrease the molecular
mobility of drug by increasing the Tg of the solid dispersion. The formation of
hydrogen bonding between the drug and carrier can also help to hinder the drug
recystalisation by increasing the miscibility between the drug and carrier (Taylor
& Zografi, 1997). Furthermore, the addition of surfactants and emulsifiers to
solid dispersion systems helps to improve drug-polymer miscibility because of
their amphiphilic structure, thus reducing the tendency for drug recrystallisation
(Vo et al., 2013). It is worth noting that some carrier materials, especially
polymers, are hygroscopic and the water absorbed by the carriers can cause
increases in molecular mobility (Vo et al., 2013). Therefore, an ideal carrier
should have high Tg, able to form strong hydrogen bonding interaction with the
drug and low hygroscopicity in order to produce stable solid dispersions. In
conclusion, solid dispersions do have some drawbacks, but these may be
avoided or mitigated if careful consideration is given to the choice of excipients,

preparation method and storage conditions.
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2.1.2. A brief introduction of the excipient candidates

2.1.2.1. Soluplus
Soluplus is an amorphous, amphiphilic polyvinyl caprolactampolyvinyl

acetate-polyethylene glycol graft copolymer developed by BASF, a German
multinational chemical company. It is branded as “polymeric solubilizer and
matrix forming polymer” (Alopaeus et al., 2019; BASF, 2019; Caron et al., 2013;
Linn et al.,, 2012) . The molecular weight of Soluplus ranges from 90,000—
140,000 g/mol and the hydrophilic/lipophilic balance value is approximately 14,
indicating its hydrophilic nature (BASF, 2019). Soluplus is also a surface active
agent with critical micelle concentration (CMC) of 0.82 mg/ml (Tanida et al.,
2016). This polymer has a hydrophilic polyethylene glycol (PEG) backbone with
one or two lipophilic sidechains consisting of vinyl acetate randomly co-

polymerised with vinyl caprolactam (Alopaeus et al., 2019).

It was originally developed as an excipient for hot-melt extrusion due to its
glass transition temperature of around 70°C and no chemical degradation even
after extrusion at 220°C (BASF, 2019). Based on a toxicological assessment
conducted by BASF, doses of up to 8000 mg Soluplus per healthy human
volunteer were regarded as safe. For a subject of 70 kg body weight, this

translates into an oral Soluplus dose of 114 mg/kg (BASF, 2019).
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n=13, m=30, [=57

Figure 2.4. Chemical structure of Soluplus
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2.1.2.2. HPMCAS
HPMCAS (hypromellose acetate succinate) is an amorphous synthetic

polymer derived from cellulose which appears as a fine white powder (Friesen
et al., 2008). It has three different grades (L, M and H), based on the % of the
hydrophobic acetyl group(-COCH3) and the hydrophilic succinyl group (-
COCH2CH2COOH) in the molecule. L grade having the highest succinyl (14-
18%) and lowest acetyl groups (5-9%) while. H grade possesses the lowest
succinyl (4-8%) and highest acetyl groups (10-14%). M grade groups of
succinyl and acetyl are intermediate (10-14% and 7-11% respectively) (Adhikari
& Polli, 2020). The molecular weight of HPMCAS ranged from 17,000 to 20,000
g/mol (Fukasawa & Obara, 2004). All three grades of HPMCAS have a glass
transition point at around 120°C (Ashland, 2019).

HPMCAS is an approved pharmaceutical excipient for oral dosage forms.
No adverse effects were found in several toxicological studies in mice, rats,

guinea pigs, rabbits, dogs and frogs (Cappon et al., 2003).

RO
ROH,C OR

~ R=-COCH,CH,COOH,
-COCHS,, -H, -CH5, -CH,CH(CH5)OH,

Figure 2.5. Chemical structure of HPMCAS (hypromellose acetate succinate)
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2.1.2.3. Vitamin E TPGs
Vitamin E TPGs or tocophersolan (D-a-Tocopheryl polyethylene glycol

1000 succinate) is a water-soluble derivative of natural Vitamin E that is formed
by esterification of Vitamin E succinate with polyethylene glycol (PEG)1000. It
consists of a hydrophilic head (PEG1000) and a hydrophobic tail (Vitamin E)
and they are linked by succinic acid. Vitamin E TPGs is a nonionic surfactant
with an average molecular weight of 1513 g/mol. It is a waxy solid at room
temperature (Melting points ranged from 37 to 41 °C) (Guo et al., 2013) The
hydrophilic/lipophilic balance value is 13.2 which means it is more hydrophilic.
It has a low critical micelle concentration (CMC) of 0.2mg/ml (Kumbhar et al.,
2022). Vitamin E TPGs remains stable at pH 4.5-7.5, only 10% was hydrolysed
when kept for 3 months in neutral aqueous buffer It is also a FDA approved safe
pharmaceutical adjuvant(FDA, 2019). Vitamin E TPGs is very versatile and can
be used as an absorption enhancer, emulsifier, solubiliser, penetration
enhancer and stabiliser. (Kumbhar et al., 2022). The maximum doses of Vitamin
E TPGs approved by FDA is shown in Table 2.1. From toxicology studies in
animals (rats and rabbits), the European Food Safety Authority concluded that
an overall no-observed-adverse-effect level (NOAEL) of 1g/kg body weight per

day was reported (Krasavage & Terhaar, 1977).

90



Screening of the excipients and preparation methods for the novel curcumin solid dispersion
formulation

Dosage form Maximum amount of Vitamin E
TPGs included per unit dose

Tablet 42.5 mg

Solution 300 mg/ml

Capsule 300 mg

Film coated tablet 28.33 mg

Table 2.1. The maximum amount of Vitamin E TPGs used per unit dose in FDA
approved drug products (FDA, 2019)

n= 22 (averagely)

Figure 2.6. Vitamin E TPGs chemical structure
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2.2. Aims
To carry out a preliminary screening study (Literature review) to select

the candidate excipients.

To prepare binary solid dispersion samples for solubility studies
(Secondary screening study).

To prepare ternary solid dispersion samples for solubility studies
(Secondary screening study).

To confirm the excipients, ratio of drug: excipients and preparation
method for making the novel solid dispersion of curcumin formulation,

based on the secondary screening study results.
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2.3. Materials and method

2.3.1. Materials
Commercial grade curcumin powders (Curcuma Longa) were obtained

from Techbifarm (Hanoi,Vietnam). Soluplus was provided by BASF SE
(Ludwigshafen, Germany). Vitamin E TPGs was purchased from Sigma-Aldrich
company Ltd (Gillingham, Dorset, UK). M, H and L grades of HPMCAS were
purchased from Ashland (Wilmington, US). HPLC grade acetone was acquired
from Fisher Scientific Ltd. (Loughborough, UK). Sodium chloride, hydrochloride
acid, potassium phosphate monobasic and sodium hydroxide were all obtained

from Fisher Scientific Ltd. (Loughborough, UK).

2.3.2. Method

2.3.2.1. Preliminary screening study
A literature review of polymers and surfactants was conducted to

investigate and compare their performance in improving the aqueous solubility
and in vivo bioavailability of curcumin when used as excipients in solid
dispersion formulations. Polymers and surfactants that showed considerable
improvement effect were selected as the excipient candidates for the secondary

screening study, which was a solubility study.

2.3.2.2. Solid dispersion preparation methods
Two solid dispersion preparation methods:1) solvent evaporation combined

with freeze drying and 2) hot melt extrusion were used for preparing the
curcumin solid dispersion samples for the secondary screening study. It was
worth noted that since 100% pure curcumin was extremely rare and expensive
in the market, in this study, commercial grade curcumin powder containing

mainly curcumin (= 80%) and a small proportion of other curcuminoids
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(demethoxycurcumin and bis-demethoxycurcumin) was used to prepare

samples of curcumin solid dispersions.

For solvent evaporation+freeze drying method, solid dispersion samples
were prepared in a two-step procedure, consisting of solvent evaporation and
freeze-drying. Amixture of curcumin and the excipients were dissolved in 100ml
acetone in a round bottom flask. The ratios of the drug:excipients are shown in
Table 2.2. The reason for using acetone is that curcumin, Soluplus, HPMCAS
(L, M and H grades) and Vitamin E TPGs can all dissolve in this solvent. The
solvent was then removed from the solution by rotary evaporation at (40°C, 250
mbar, 200 rpm) using the rotary evaporator (IKA Rotary evaporator RV 3 V-C,
Germany). A thin waxy film was then formed, water was sprayed onto the film
and sonicated for 10 minutes in an ultrasonic bath (Fisherbrand™ S-Series
Heated Ultrasonic Bath) to allow the thin film to detach from the inner wall of
the flask. The separated thin film was transferred into a 200 ml beaker and
placed at -80°C in an ultra-low temperature freezer (Haier Biomedical -86°C
ultra-low temperature Freezer) until the liquid was fully frozen. It was then
placed in a freeze-drier (Christ Alpha 2-4, Germany) at -70°C and 0.2 mbar. The
process of lyophilisation lasted 24 hours to remove remaining moisture. After
lyophilisation, a dry, brittle yellowish freeze-dried cake was formed. It was then
crushed into powders by mortar and pestle, covered with aluminium foil to

protect and stored in a desiccator at room temperature until further use.

More than 10 parts of Soluplus with 1 part of curcumin was not considered
in this study because it has been observed that when above this ratio, Soluplus
starts to form a gel network in aqueous solution. Shi et al. reported that the
formation of the gel network can increase the viscosity of the solution and it
increased the diffusion layer thickness surrounding the drug particles thus

delaying the dissolution of the drug (Shi et al., 2018).
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According to a study performed by Song et.al., the maximum ratio of
curcumin to Vitamin E TPGs was suggested to be 1: 10 (w/w) in solid dispersion
formulations (Song et al., 2016). As a result, the maximum ratio of curcumin to

Vitamin E TPGs in this study was selected as 1 to 10.

As for hot melt extrusion method, when preparing solid dispersion samples
containing only Vitamin E TPGs, Vitamin E TPGs was first melted at 60°C and
then mixed with curcumin and either Soluplus or HPMCAS (M, L or H) to
generate a blend. The blend was further mixed using Turbula® Shaker-Mixer
for 15 minutes. The ratios for the APl and excipients were the same as the
solvent evaporation + freeze drying method. The blended powders were fed
into a 10mm twin-screw hot-melt extruder equipped with a 2mm round-shaped
die (Twintech, UK). The hot-melt extruder consisted of 5 heating zones and the
temperatures at each zone were maintained as shown in Figure 2.7. The speed
of the screw was set at 150 rpm. Extrudates that were generated were allowed
to cool to room temperature and then crushed into powders using a blender

(Haden Chester 1.5 L Turbo Table Blender).

For preparing the solid dispersion samples without Vitamin E TPGs,
curcumin and Soluplus or HPMCAS powders were blended for 15 minutes in a
Turbula® Shaker-Mixer and then follow the same steps as above. The ratios of
the drug:excipients for HME samples were the same as those used in the

solvent evaporation + freeze drying method.

The HME process temperature was selected at 150°C. In general, the
temperature of the melting zone is normally set at least 15-60°C above the

melting point or the glass transition temperature of polymeric excipients, in
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order to attain suitable plasticity and hence enable melt flow within the extruder
barrel(Crowley et al., 2007). The HME process temperature is also
recommended to be set 20-30 °C lower than the melting point of the drug to
make sure the drug is being thermally stable at the processing
temperature(Alshetaili et al., 2020; Djuris et al., 2013). It was reported that when
the HME process temperature below 120° C, the machine would stop working
due to the high viscosity of Soluplus (torque overload, over 100%)(Gupta et al.,
2016). As a result, the HME process temperature was set to be 150°C. It was
much higher than the glass transition point of Soluplus (70°C)(Alshahrani et al.,
2015) and melting points of Vitamin E TPGs (37 to 41°C) (Guo et al., 2013) and
at least 20°C lower than the melting point of curcumin (170-175°C)(Esatbeyoglu
et al., 2012).
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Curcumin Carrier Surfactant
(Soluplus or (Vitamin E
HPMCAS) TPGs)
1 3
1 5
1 10
1 1
1 5
1 10
1 10 1
1 10 5
1 10 10

Table 2.2. Curcumin to excipient(s) weight ratios in each solid dispersion
samples

Zone 1, 150°C Zone 2, 150°C

Zone 3,150°C Zone 5, 150°C

Figure 2.7. HME process temperature at each heating zone of the hot melt
extruder
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2.3.2.3. Preparation of pH1.2 and pH6.8 buffer
Buffer of pH1.2 and pH6.8 were prepared to mimic the pH environment of

stomach and small intestine during the drug dissolution process after oral
administration. The preparation method for pH1.2 adopted from Pan et al. (Pan
et al., 2015) while pH 6.8 buffer was adopted from Stippler et al. (Stippler et al.,
2004).

The pH1.2 buffer (35mM) was prepared by dissolving NaCl (3 g) in 1450 ml
of ultra-pure water and then adjusted pH to 1.2 + 0.1 with 0.1M HCI solution.
The pH6.8 buffer (50mM) was prepared by adding potassium phosphate
monobasic (6.805 g) and sodium hydroxide (0.896 g) in 1000 ml of ultra-pure
water and adjusted the pH to 6.8 £ 0.1, with 1 M NaOH solution. In the end, the

volume of each buffer was adjusted to 1500 ml using ultra-pure water.

2.3.2.4. Determination of the wavelength of maximum absorbance (Amax)
of curcumin

A 10 pg/ml standard solution of commercial curcumin was prepared by
using acetone. Wavelength of maximum absorption (Amax) of curcumin was
determined by scanning the standard solution of curcumin using UV-visible
spectrophotometer (Lambda 265 UV/Vis Spectrophotometer, Perkin Elmer)
between 400-600 nm.

2.3.2.5. Secondary screening study (Solubility study)
Binary solid dispersion samples, ternary solid dispersion samples and the

curcumin control containing equivalent curcumin dose of 10mg were added to
glass vials containing 10ml of pH1.2 buffer respectively then left on an orbital
shaker at 37°C for 24 hours. 4ml of suspension sample was collected and
fitered by 0.45 um syringe filter (Fisherbrand™, Non-sterile PTFE 0.45 pm
Syringe Filter). The filtered liquid was analysed in the UV spectrophotometer

(Lambda 265 UV/Vis Spectrophotometer, Perkin Elmer) to determine the drug
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concentration. The concentration of drug detected was considered as the
saturation solubility of the drug from each formulation sample. The same
procedure was followed for solubility study in pH 6.8 buffer. 3 replicates were
made for each test samples and each experiment was repeated on three
different days. The solubility test results presented were the average of three
individual experiments and expressed as mean * standard deviation (n=9). A
new calibration curve for curcumin with concentration ranged from 0.01 to 10
Mg/ml was plotted each time the UV spectrophotometer was switched off and
on. All the curves showed a linear relationship with a correlation coefficient of
R? > 0.995. An example of the calibration curve for curcumin is shown in Figure

2.8 for exhibition purpose.

1.2

y = 0.1022x + 0.0049 .
1 R2=09975 ..-"'®

08 e

0.6

UV absorance

0.4

0.2

O
0 o*°
0 2 4 6 8 10 12
curcumin concentration(ug/ml)

Figure 2.8. Curcumin calibration curve with concentrations from 0.01 to 10
pug/mi
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2.3.2.6. Statistical analysis
One-Way analysis of variance tests (ANOVA) was performed for statistical

analysis. Post hoc test (Tukey test) was carried out after the ANOVA analysis
for analysing the solubility test results. The observations would be considered
as significantly different with p-value < 0.05. ANOVA and Tukey test were
performed using IBM SPSS Statistics software (Version 24.0; IBM Corp,
Armonk, NY, USA).
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2.4. Results

2.4.1. Preliminary screening study
There are many research studies on using solid dispersions for improving

the oral bioavailability of curcumin. However, most of the studies only conduct
in vitro assays and did not perform in vivo pharmacokinetic studies on the solid
dispersion formulations developed. In vitro assays do not always correlate with
in vivo pharmacokinetic results or give a correct indication of the bioavailability
of the formulation (Vo et al., 2013). Therefore, only studies that performed in
vivo pharmacokinetic studies were reviewed and compared in preliminary
screening study because they provided a more reliable indication of the actual
oral bioavailability. Among the numerous research studies on solid dispersion
formulations of curcumin, 10 studies have performed in vivo pharmacokinetics
studies in animal models via oral drug administration. A summary of these
curcumin solid dispersion formulations is shown in Table 2.3. Comparison the
oral bioavailability of each curcumin solid dispersion formulation in animal

models was shown in Figure 2.9.

101



Results

Formulation | Amount of | AUC. Cmax Increase Subjects | Reference
curcumin in
solubility
Curcumin- 40 mg/kg 457 99.98 | 200-fold Male (Gao et al.,
PVP(1:3) * * increase  in | Sprague- | 2019)
solid 27.4 68.09 | water Dawley
dispersion Mg h/mi pg/l solubility  for | rat
prepared by curcumin
solvent
evaporation
Curcumin- 20 mg/kg 5.06 86.6 13,000-fold Male (Kadota et
PVP k 30-a- Mg min/ml | ng/ml | higher than | Sprague- | al., 2016)
glucosyl native cur | Dawley
stevia equilibrium rat
(1:5:10) solid solubility
dispersion
prepared by
freeze drying
Curcumin: 2g/kg 5765.73 0.91 4000-fold Albino (Kumavat et
PEG t t increase  in | wistarrats | al., 2014)
4000:PVP 441.94 0.031 | curcumin
K30 solid ng h/ml pg/ml | solubility  at
dispersions pH1.2
(1:7:3)
prepared by
solvent
evaporation
Hot melt | 20 mg 20470 184 Over 1000- | Male (Chuah et
extrusion curcumin/rat | + * fold increase | Sprague— | al., 2014)
solid 834 14 in water | Dawley
dispersion ng min/ml | ng/ml | solubility rats
consists  of
curcumin
(10%), HPMC
(75%),
lecithin (10%)
and isomalt
(5%)
Curcumin 20 mg | 27.1 147 No solubility | Male (Onoue et
(200 mg) and | curcumin/kg | + test Sprague- | al., 2010)
HPMC-AS 6.7 53 Dawley
(800 mg) solid Mg  min | ng/ml rats
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dispersion
prepared by
freeze drying

/ml

Curcumin-
cellulose
acetate-
manitol
(1:10:10)
sustained
release solid
dispersion
prepared by
solvent
evaporation

50 mg/kg

1,094.79

+

195.02 ng
h/m/

187.03

34.59
ng/ml

4.2-fold
increase  in
curcumin
water
solubility

Male
Wistar
rats

(Wan et al.,
2012)

Curcumin-
soluplus (1:3)
self-micelling
solid
dispersion
prepared by
solvent
evaporation

47 mg/kg

33,310.05
+ 6025.34
ng min/mi

523.64

123.53
ng/ml

20,000-fold
higher  than
the curcumin
control

Male
Sprague-
Dawley
rats

(Parikh et
al., 2018)

Solid
dispersion of
curcumin, D-
a-tocopheryl
polyethylene
glycol 1000
succinate
(Vitamin E
TPGs) and
mannitol at a
ratio of
1:10:15,
prepared by
solvent
evaporation
method

30 mg/kg

240

30.2
ng-h/mi

233

62.4
ng/ml

Over 40,000-
fold higher
than curcumin
control at pH
ranged from
1.2t07.2

Sprague
Dawley
rats

(Song et al.,
2016)

Curcumin-
Solutol ®
HS15 (1:10)

50 mg/kg

72.84

36.4

95.60

53.8

Approximately
2.5-fold higher
curcumin

Male
Sprague—
Dawley

(Seo et al.,
2012)
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solid ng h/ml ng/ml | solubility in pH | rats

dispersion 1.2, 6.8 and

prepared by 7.4 buffer

solvent respectively

evaporation

Curcumin and | 150 mg/kg 81.9 4.7 20,000-fold BALB/C (Kumar et
Eudragit® * * higher  than | mice al., 2016)
EPO solid 11.47 yug | 217 the curcumin

dispersion h/ml pg/ml | control

prepared by

co-

precipitation

Table 2.3. A summary of the curcumin solid dispersion formulations reviewed
in initial screening study

104




Screening of the excipients and preparation methods for the novel curcumin solid dispersion
formulation

2500

2000

1500

1000

AUCO-t(ug h/ml)
'_'

500

0 I i =

A B C D E F G H J

Figure 2.9. Comparison of in vivo curcumin oral bioavailability results of the
different curcumin solid dispersion formulations, at the curcumin oral doses of:
(A) 47 mg/kg for curcumin-soluplus (1:3) self-nanomicellising solid dispersion
prepared by solvent evaporation (Parikh et al., 2018) (B) 20 mg/kg for curcumin-
HPMCAS(1:4) solid dispersion prepared by freeze drying (Onoue et al., 2010)
(C) 20 mg /rat for Hot melt extrusion solid dispersion consists of curcumin (10%),
HPMC (75%), lecithin (10%) and isomalt (5%) (Chuah et al., 2014) (D)
20 mg/kg for curcumin-PVP k 30-a-glucosyl stevia (1:5:10) solid dispersion
prepared by freeze drying (Kadota et al., 2016) (E) 150 mg/kg for Curcumin and
Eudragit® EPO solid dispersion prepared by co-precipitation (Kumar et al.,
2016) (F) 40 mg/kg for curcumin-PVP(1:3) solid dispersion prepared by solvent
evaporation (Gao et al., 2019) (G) 2g/kg for curcumin: PEG 4000:PVP K30 solid
dispersions (1:7:3) prepared by solvent evaporation (Kumavat et al., 2014) (H)
50 mg/kg for curcumin-cellulose acetate-manitol (1:10:10) sustained release
solid dispersion prepared by solvent evaporation (Wan et al., 2012) (1) 30 mg/kg
for solid dispersion of curcumin, D-a-tocopheryl polyethylene glycol 1000
succinate (Vitamin E TPGs) and mannitol at a ratio of 1:10:15, prepared by
solvent evaporation (Song et al., 2016).(J) 50 mg/kg for curcumin-Solutol ®
HS15 (1:10) solid dispersion prepared by solvent evaporation (Seo et al.,
2012)
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In in vivo pharmacokinetics studies, bioavailability usually refers to the
fraction of a drug that is absorbed into the system and therefore available for
biological effect. This is usually measured by quantifying the "area under the
curve (AUCo-t), which indicates the concentration of the drug in plasma across
an interval of definite time (Hung et al., 2018). As shown in Figure 2.8, based
on the value of AUCo-+, the curcumin solid dispersion formulations were ranked
as follows: Parikh et al's formulation > Onoue et al ‘s formulation > Chuah et
al.’s formulation > Kadota et al. ‘s formulation > Kumar et al. ‘s formulation >
Gao et al's formulation > Kumavat et al’s formulation > Wan et al’s formulation >

Song et al's formulation > Seo et al's formulation.

By comparing the curcumin solid dispersion formulations, it was found that
Soluplus and HPMCAS are the polymeric carriers that demonstrated the
strongest effect in enhancing the oral bioavailability of curcumin. As a result,
they were selected as the candidate carriers to be assessed in the secondary
screening study. As for the surfactant candidate, Vitamin E TPGs or
tocophersolan (D-a-Tocopheryl polyethylene glycol 1000 succinate) was
selected. The reason for choosing it is because it has demonstrated
considerable effect in improving the solubility of curcumin. Also, it was the only

excipient used as a surfactant among the ten studies reviewed.

2.4.2. Appearance and texture of the solid dispersion samples

In this study, solvent evaporation was combined with freeze drying method.
The reason for combining the two techniques together is that samples stayed
attached to the inner walls of the glass round-bottom flask after solvent
evaporation and they were very difficult to collect. It was found that a
subsequent freeze-drying step allowed the samples to be collected without
adhering to the inner walls of the container and so was easy to collect. With the
exception of the curcumin: Vitamin E TPGs samples, all solid dispersion
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samples prepared by solvent evaporation + freeze-drying method were in a
powder form with a bright yellow colour. An example is shown in Figure 2.10b.
For the curcumin-Vitamin E TPGs samples prepared by solvent evaporation
freeze drying, they all expressed a waxy-like appearance with a sticky texture

as shown in Figure 2.10a. Such texture presented a problem in handling.

Curcumin solid dispersion samples were also prepared by HME method.
For the HME solid dispersion samples without Vitamin E TPGs also existed in
powdered form, but the colours were dark orange. An example is shown in
Figure 2.11a. Unfortunately, the combination of curcumin with Vitamin E TPGs
was not able to form a proper solid form product using the HME method. After
adding the blend consisting of curcumin and melted Vitamin E TPGs into the
HME machine, it resulted in a thick, sticky gel with a deep-red colour as shown
in Figure 2.11b. The texture of the products makes them difficult to handle. In
addition, the yield was extremely low, with an average of only 0.38 mg of HME
curcumin: Vitamin E TPGs product produced from 11 g of the blend mixture.
Due to the extremely poor yield, not enough HME curcumin-Vitamin E TPGs

samples can be produced for the solubility test in the secondary screening study.
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(a) (b)

Figure 2.10. Appearance and texture of (a) Curcumin + Vitamin E TPGs 1:10
sample prepared by solvent evaporation + freeze drying (b) Curcumin +
Soluplus + Vitamin E TPGs 1:10:10 sample prepared by solvent evaporation +
freeze drying

(a) (b)

Figure 2.11. Appearance and texture of (a) Curcumin + Soluplus+Vitamin E
TPGs 1:10:10 sample prepared by HME (b) Curcumin + Vitamin E TPGs 1:10
sample prepared by solvent HME
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2.4.3. Determination of the wavelength of maximum absorbance (Amax) of
curcumin

As shown in Figure 2.12, the UV spectrophotometry test result of the
commercial curcumin powder showed a characteristic peak at the wavelength
of 424.3 nm. This UV wavelength value, 424.3 nm, was used for evaluating the

commercial curcumin content of the samples.

Absorbance (AU)

0

w0 300 400 500 600 700 800
Wavelength (nm)

Name = No. Peakinm) Peak{AU) No. Valley(nm) Valley(AU)
Sample1 1 424300 108875

Figure 2.12. UV spectrum of commercial curcumin (no interference in
spectrum)
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2.4.4. Secondary screening study (Solubility study)

A summary of solubility test results of binary and ternary solid dispersion
samples prepared by solvent evaporation + freeze drying and HME methods is
shown in Table 2.4. A binary solid dispersion consists of one APl and one
excipients (carrier or surfactant) while a ternary solid dispersion consists of one
APl and two excipients (carrier and surfactant). According to ANOVA and the
Post hoc test (Tukey test), all solid dispersion samples have shown significantly
higher solubilities for curcumin at pH1.2 and pHG6.8 relative to the curcumin only

control (p< 0.05).

110



Screening of the excipients and preparation methods for the novel curcumin solid dispersion

formulation
Ratio Curcumin concentration (pg/ml)
Soluplus Vitamin E
Sample Curcumin pH1.2 pH6.8
or TPGs
HPMCAS
Commercial
1 * * 0.032 £ 0.004 0.075 £+ 0.005
curcumin (control)
1 3 * 0.105 + 0.003* 0.161 £ 0.015*
Curcumin+HPMCAS
1 5 * 0.188 £ 0.014* 0.653 + 0.093*
(M), SF
1 10 * 0.208 + 0.034* 0.949 £ 0.161*
1 3 * 0.10140.032* 0.128 £ 0.018*
Curcumin+HPMCAS
1 5 * 0.14840.028* 0.407 £ 0.018
(L),SF
1 10 * 0.160+0.013* 0.789 £ 0.103*
1 3 * 0.106 + 0.018* 0.141 £ 0.125*
Curcumin+tHPMCAS
1 5 * 0.161 £ 0.025* 0.546 £ 0.133*
(H),SF
1 10 * 0.185 + 0.026* 0.907 £ 0.101*
1 3 * 0.373 + 0.049* 0.818 £ 0.088*
Curcumin+Soluplus,
1 5 * 0.668 + 0.048* 1.589 + 0.109*
SF
1 10 * 0.884 + 0.068* 3.761 £ 0.867*
1 * 3 0.292 + 0.047* 1.395 +0.153*
Curcumin+Vitamin E * 5 1.443 + 0.443* 6.454 + 1.242*
TPGs, SF 3.214 ¢
* 10 14.443 £ 4.443%**
1.040%**
1 3 * 0.128 £ 0.021* 0.488 + 0.004*
Curcumin+HPMCAS
1 5 * 0.111 £ 0.025* 0.512 + 0.006*
(M), HME
1 10 * 0.138 £ 0.016* 0.617 £0.113*
1 3 * 0.076+0.004* 0.145 £ 0.038*
Curcumin+tHPMCAS
1 5 * 0.07940.009* 0.398 + 0.025*
(L),HME
1 10 * 0.107+0.013* 0.413 £ 0.031*
1 3 * 0.093 £ 0.014* 0.388 + 0.034*
Curcumin+tHPMCAS
1 5 * 0.095 + 0.014* 0.431 £ 0.046*
(H),HME
1 10 * 0.106 + 0.024* 0.467 £ 0.123*
1 3 * 0.134 £ 0.013* 0.435 + 0.038*
Curcumin+Soluplus,
1 5 * 0.215 + 0.058* 0.845 + 0.085*
HME
1 10 * 0.286 + 0.081* 1.346 + 0.321*
Curcumin+HPMCAS 1 10 1 0.238 + 0.065* 0.864+ 0.065*
(M)+Vitamin E 1 10 5 2.405 + 0.421* 6.405 + 2.543*
TPGs, SF 1 10 10 4.305 + 1.436* 10.305 + 4.266*
1 10 1 0.188 + 0.046* 0.676+ 0.088*
1 10 5 1.105 + 0.075* 3.581 £ 0.710*
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Curcumin+HPMCAS
(L)+Vitamin E TPGs, 10 10 2.183 + 0.562* 6.405 + 2.321*
SF
Curcumin+HPMCAS 10 1 0.434 £ 0.102* 3.692+ 0.231*
(H)+Vitamin E 10 5 2.066 + 1.463* 7.724 £ 0.132*
TPGs, SF 10 10 3.218+ 1.327* 11.405 £ 2.321*
10 1 1.146+0.642* 5.343 + 1.464*
Curcumin+Soluplus+ 10 5 8.381+2.353* 24.185 + 6.941*
Vitamin E TPGs,SF 18.631+2.421*
1 10 10 . 70.325 + 10.255**
Curcumin+HPMCAS 1 10 1 0.185+0.032* 0.632+0.211*
(M)+Vitamin E 1 10 5 1.532+0.464* 3.852+0.986*
TPGs, HME 1 10 10 2.045+0.853* 7.245+2 583"
Curcumin+HPMCAS 1 10 1 0.236+0.042* 0.845+0.183*
(L)+Vitamin E TPGs, 1 10 5 1.462+0.873* 5.842+2.631*
HME 1 10 10 3.952+1.635* 8.752+2.331*
Curcumin+HPMCAS 1 10 1 0.346+0.056* 1.853+0.745*
(H)+Vitamin E 1 10 5 1.754+0.673* 3.852+1.832*
TPGs, HME 1 10 10 3.514+1.325* 7.623+2.593*
1 10 1 0.656 + 0.121* 3.573 + 1.783*
Curcumin+Soluplus+
1 10 5 4.823+1.335* 16.358 + 6.335*
Vitamin E
10.343
TPGs,HME 1 10 10 37.643 £+ 9.911*
4.464*

Table 2.4. A summary of solubility test results of binary and ternary solid
dispersion samples (n=9, mean * SD). * denotes statistically significant
difference of solid dispersion samples and the curcumin control (p< 0.05).**
denotes statistically significant difference of curcumin + Vitamin E TPGs, SF,
(1:10) and other binary solid dispersion samples (p< 0.05). # denotes
statistically significant difference of Curcumin+Soluplus+Vitamin E TPGs, SF,
(1:10:10) and all other solid dispersion samples (p< 0.05)

SF=Solvent evaporation+ freeze drying method

HME=Hot melt extrusion method
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2.4.41. Comparison of binary solid dispersion samples prepared by
solvent evaporation + freeze drying method

All binary solid dispersion samples prepared by SF (solvent evaporation +
freeze drying) method were compared with each other in terms of the solubility

of curcumin at pH1.2 and pH6.8.

Within this group, the effect of the excipients to increase solubility at both
the pH level was ranked from highest to lowest as follows: Vitamin E TPGs >
Soluplus > HPMCAS (M) > HPMCAS (H) > HPMCAS (L). In addition, it was
observed that the solubility of curcumin of the SF solid dispersion samples
increased in an excipient dose dependent manner. Among the all the binary
samples prepared by SF method listed in Table 8, curcumin + Vitamin E TPGs,
SF, (1:10) has the highest solubility of curcumin, with 3.214 + 1.040 yg/ml and
14.443 + 4.443 ug/ml at pH1.2 and 6.8 respectively, which were 100-fold and

193-fold higher than commercial curcumin powder.

2.4.4.2. Comparison of binary solid dispersion samples prepared by hot
melt extrusion method

All the binary solid dispersion samples prepared by HME method were
compared for the solubility of curcumin at pH1.2 and pH6.8. Curcumin + Vitamin
E TPGs solid dispersion sample prepared by HME were not included in the
solubility study since there was not sufficient product produced due to the
extremely low yield. This is similar to the samples prepared by SF method, the
solubility of curcumin in the HME solid dispersion samples also increased along
the increase in the drug-excipient ratio. As a result, the optimal ratio of curcumin
to excipient was determined to be 1:10 (w/w) since this is the ratio that

maximises the solubility of curcumin.

In this group, the ranking for the ability of the excipients to increase solubility
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was shown from highest to lowest as follows: Soluplus > HPMCAS(M) >
HPMCAS(H) > HPMCAS(L). Among the binary HME samples shown in Table
8, the one with the highest curcumin solubility was curcumin + Soluplus, HME,
(1:10), with 0.286 + 0.08 yg/ml and1.346 + 0.321 pg/ml at pH1.2 and pH 6.8
respectively, which were 9-fold and 18-fold higher than commercial curcumin

powder.

2.4.4.3. Comparison of binary solid dispersion samples with APl:Excipient
ratio of 1:10

All the binary solid dispersion samples with API: Excipient ratio of 1:10 were
compared in terms of the solubility of curcumin at pH1.2 and pH6.8. By
comparison, samples prepared by SF method all showed significantly higher
solubility of commercial curcumin than those prepared by HME method, at both
pH1.2 and pH6.8. Among all the binary solid dispersion samples, curcumin +
Vitamin E TPGs, SF, (1:10) showed significantly higher solubility of curcumin
than others, based on Post hoc Tukey test result (p < 0.05). However, its sticky
and waxy texture makes it difficult to handle and it cannot be ground to a fine
powder. The textural problem may be the reason why Vitamin E TPGs have
never been used as the sole excipient for the preparation of solid dispersions
of insoluble drugs. Despite its significant solubility enhancing effect, Vitamin E
TPGs is not suitable for use as the sole excipient for the preparation of solid

dispersions.

In section 2.4.4.4 and 2.4.4.5, curcumin + Soluplus+ Vitamin E TPGs and
curcumin + HPMCAS (M, H or L) + Vitamin E TPGs solid dispersion samples
were prepared and assessed by the solubility study to see if the combination of
vitamin E TPGs with another polymer can produce a solid dispersion product
without texture problems and with higher drug solubility than binary solid

dispersion samples.
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2.4.4.4. Comparison of ternary solid dispersion samples prepared by
solvent evaporation + freeze drying method

The proportion of Vitamin E TPGs content in the ternary solid dispersion
samples showed a positive relationship with the solubility of curcumin at both
pH1.2 and pH 6.8. The drug: excipients ratio of 1:10:10 (w/w) is the ratio that
maximises the curcumin solubility. Among all the ternary SF samples, curcumin
+ Soluplus + Vitamin E TPGs, SF, (1:10:10) showed the highest curcumin
solubility of 18.631 £ 2.421 ug/ml and 70.325 + 10.255 pg/ml at pH1.2 and
pH6.8 respectively, which were 582-fold and 937-fold higher than that of

commercial curcumin powder.

2.4.4.5. Comparison of ternary solid dispersion samples prepared by hot
melt extrusion method

The same trend was found here, where solubility of commercial curcumin
increased in a Vitamin E TPGs concentration dependent manner. Based on the
results, the optimal drug: excipients ratio for ternary solid dispersions is 1:10:10
(w/w) since this ratio maximises the solubility of curcumin. Among all the ternary
HME samples, curcumin + Soluplus + Vitamin E TPGs, HME (1:10:10) showed
the highest solubility of 10.343 + 4.464 pg/ml and 37.643 + 9.911 yg/ml at pH1.2
and pH6.8 respectively, which were 323-fold and 502-fold higher than

commercial curcumin powder.
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2.4.4.6. Comparison of Curcumin+Soluplus(1:10), Curcumin+Vitamin E

TPGs (1:10) and Curcumin+Soluplus+Vitamin E TPGS (1:10:10)
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curcumin solubility(ug/ml)
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0 —
Curcumin+Vitamin E TPGs, Curcumin+Soluplus,HME,1:10 Curcumin+Soluplus+Vitamin Curcumin+Soluplus+Vitamin
SF,1:10 E TPGs,SF,1:10:10 E TPGs,HME, 1:10:10

B Curcumin solubility at pH1.2 M Curcumin solubility at pH6.8

Figure 2.13. Comparison of binary and ternary solid dispersion samples
prepared by SF (solvent evaporation + freeze drying) and HME (hot melt
extrusion) methods (n=9, Mean + SD)
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The binary solid dispersion samples and the ternary solid dispersion
samples with the highest solubility of curcumin were shown and compared in
Figure 2.13, to find out which sample was the one with the highest solubility of

curcumin among all the samples tested in the solubility study.

Curcumin + Soluplus + Vitamin E TPGs, SF, (1:10:10) was the sample with
the highest solubility of curcumin at both pH1.2 and pH6.8, which were
significantly higher than any other samples. As a result, it was named as
“Solucumin”, implicating that it is a highly soluble curcumin product. The
solubility of curcumin at pH 6.8 was significantly higher than at pH 1.2, based
on Post Hoc Tukey test (p < 0.05). This suggests that Solucumin would be more

suitable for absorption in the small intestinal fraction than stomach.
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2.5. Discussion

2.5.1. Excipients selected from preliminary screening study

From the literature review conducted in preliminary screening study,
Soluplus and HPMCAS (M, L and H grades) were selected as the candidate
carriers while Vitamin E TPGs was chosen as the surfactant to be assessed in

the secondary screening study.

The solid dispersion formulation developed by Parikh et al. have shown that
Soluplus as the carrier, was able to lead to considerable increase in both
aqueous solubility and oral bioavailability of curcumin, as a result of
amorphisation of curcumin, drug-polymer hydrogen bonding interaction, and
micellisation (Parikh et al., 2018). In addition to curcumin, Soluplus-based solid
dispersions have also shown effect in improving the aqueous solubility and
bioavailability of other poorly water-soluble drugs such as atorvastatin,
alprazolam, carvedilol, efavirenz and valsartan (Ha et al., 2014; Lavra et al.,
2017; Lee et al., 2015; Liu et al., 2015; Parikh et al., 2018; Shamma & Basha,
2013). Soluplus has low hygroscopicity, which means it is less likely to absorb
moisture from the air and cause recrystallisation of the amorphous drugs. This
property enables it to stabilise amorphous solid dispersions during storage
(Alshahrani et al., 2015). Furthermore, it was reported that Soluplus has a
strong inhibition effect of the precipitation and crystallisation of solid dispersions
that can occur in supersaturation. This is due to its ability to form strong

hydrogen bonding interactions with drugs (Liu et al., 2020; Rahman et al., 2020).

HPMCAS was originally developed as an aqueous enteric coating material
(Tanno et al., 2004). but it has now been successfully used as a carrier to make
solid dispersions of poorly water-soluble drugs such as itraconazole and

paclitaxel (DiNunzio et al., 2010; Miao et al., 2019; Onoue et al., 2010; Qian et
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al.,, 2012). The ability to formulate an amorphous solid dispersion and
significantly improve the oral bioavailability of curcumin has been well
demonstrated by Onoue et al. (Onoue et al., 2010). Like Soluplus, it is also an
effective precipitation and recrystallisation inhibitor in amorphous solid
dispersions of the poorly soluble drug (Pinto et al., 2018; Tanno et al., 2004).
However, HPMCAS is hygroscopic which can hydrolyse into acetic acid and
succinic acid over time during storage. This property of HPMCAS is likely to be

detrimental to the stability of the solid dispersions made from it.

In Song et al.’s study for developing a solid dispersion of curcumin, mannitol
was used as the hydrophilic carrier and Vitamin E TPGs was used as the
surfactant. It was found that the solubility of curcumin increased dramatically by
Vitamin E TPGs and it was associated with the formulation of micelles. On the
other hand, mannitol did not show any effect on the increase of solubility of
curcumin as the curcumin-mannitol-Vitamin E TPGs solid dispersion did not
show higher solubility than the curcumin-Vitamin E TPGs solid (Song et al.,
2016). Apart from curcumin, Vitamin E TPGs can also be used as a surfactant
in the polymer-surfactant solid dispersions to improve the solubility and
bioavailability of other poorly soluble drugs such as eprosartan and valsartan
(Ahnetal., 2011; Lee et al., 2015; Song et al., 2016). In addition, it was reported
that Vitamin E TPGs has an inhibitory effect of P-glycoprotein (P-gp) which can

contribute to an increase in the oral absorption of drugs (Guo et al., 2013).

2.5.2. Secondary screening study (Solubility study)

By definition, drug solubility is the maximum concentration of a substance
that can be completely dissolved in a given solvent at a certain temperature
and pressure level (Coltescu et al., 2020). For orally administered drugs, they

must be dissolved in the gastrointestinal tract before it can be absorbed and
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circulated in the bloodstream.(Salehi et al., 2021). Solubility is a critical factor
that determines the oral bioavailability of drugs. In fact, poor drug solubility is
one of the most frequent causes for low oral bioavailability (Savjani et al., 2012).
Due to the significance of drug solubility on the bioavailability of orally
administered drugs, the solubility of the drug for the solid dispersion formulation

samples was chosen as the criterion in the secondary screening study.

In this study, the curcumin solubilty was determined by UV
spectrophotometry. It was worth noting that UV spectrometry does not
differentiate curcumin, demethoxycurcumin and bisdemethoxycurcumin in the
commercial curcumin. Nevertheless, as curcumin makes up the maijority of
commercial curcumin (= 80%), the results measured by UV spectrometry were

considered to reflect the solubility of curcumin.

All samples, including commercial curcumin powder, showed higher
solubility in pH 6.8 than when in pH1.2, which is consistent with previous studies
(Song et al., 2016). This suggests that orally administered curcumin is likely to
be more soluble in the small intestine than stomach. Among all the samples
tested in the secondary screening study, Curcumin + Soluplus + Vitamin E
TPGs (1:10:10) prepared by solvent evaporation + freeze drying showed the
highest solubility of curcumin in both pH1.2 and pH6.8. It is possible that the
combination of Soluplus and Vitamin E VTPGs created a matrix that allows
curcumin to disperse and exist in an amorphous state This capability was
demonstrated in another formulation of Soluplus-Vitamin E TPGs solid
dispersion of valsartan (Lee et al., 2015). Amorphous drugs generally possess
higher dissolution rates than their crystalline counterparts due to the lack of
uniformed molecular arrangement which provides them with higher molecular
mobility and free energy (Vo et al., 2013). Vitamin E TPGs also has a lower

CMC than Soluplus, which means that it can form micelles more readily in
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aqueous media and this can help to solubilise poorly soluble drugs in the
micellar core thus improving drug solubility (Rangel-Yagui et al., 2005). In
addition, the combination of Soluplus and Vitamin E TPGs might increase the
formulation of hydrogen bonding between the drug and carrier as there are
more hydrogen bond forming functional groups involved in the solid dispersion
system. This is because both Soluplus and Vitamin E TPGs contain functional
groups that can form hydrogen bonds with the drug molecule. Soluplus contains
hydroxyl and amide groups, while Vitamin E TPGs contains hydroxyl and
carbonyl groups. The hydroxyl and carbonyl groups contain oxygen atoms with
lone pair of electrons, that can form hydrogen bonding with hydrogen atoms in
curcumin molecule. The nitrogen atom in amide group has a lone pair of
electrons, which can form a hydrogen bond with the oxygen atoms in curcumin
molecule. The hydrogen bonding interaction can help to hinder the drug
recrystallisation/precipitation by increasing the miscibility between the drug and
carrier This reduces the risk of a subsequent decrease in the solubility of the
drug. (Taylor & Zografi, 1997). Finally, including surfactants to solid dispersion
system helps to lower surface tension and improve drug wettability thus further
increasing the dissolution of poorly water-soluble drugs (Saharan et al., 2009)
The addition of surfactants also helps to improve drug-polymer miscibility
because of their amphiphilic structure, thus reducing the tendency for drug

recrystallisation (Vo et al., 2013).

HPMCAS (L, M and H grades) has shown a weaker solubility enhancement
effect than Soluplus and Vitamin E TPGs. Among the three grades of HPMCAS,
the M grade is the one with the best solubility improvement ability when forming
solid dispersions for curcumin. It was reported that succinyl groups (hydrophilic

region) of HPMCAS can facilitate aqueous solvation while the acetyl groups
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(hydrophobic regions) can interact with the drug which prevent precipitation of
the drug to occur (Sarabu et al., 2020). This could be the reason why M grade
of HPMCAS has better solubility improvement ability than the other two grades,
since it has a more balanced ratio of the hydrophilic succinyl groups and the
hydrophobic acetyl groups. HPMCAS is practically insoluble in gastric fluid, but
can swell and dissolve in the environment of small intestine. This explained the
very poor curcumin solubility from HPMCAS solid dispersion samples at pH1.2

(Ashland, 2019).

As for the solid dispersion preparation methods, hot melt extrusion has the
advantage of being easy to produce in scale and saving production time. But
the solid dispersion samples prepared by solvent evaporation + freeze drying
method have shown much higher drug solubilities than those prepared by HME.
Since the screening criterion in the secondary screening study is the solubility
of curcumin, the solvent evaporation + freeze drying method was chosen as the

method for the preparation of the novel curcumin solid dispersion formulation.

It was worth noting that HME solid dispersions of curcumin and Vitamin E
TPGs showed dark-red colour and remained in molten form at room
temperature. This could be due to the formation of a eutectic mixture of
curcumin and Vitamin E TPGs. The eutectic mixture can lower the melting point
of curcumin because it disrupts the intermolecular forces between curcumin
molecules and Vitamin E TPGS molecules. The new solid phase formed by the
eutectic mixture should have a lower melting point than either of the two
components alone (Liu et al.,, 2018). Vitamin E TPGs has melting point of
ranged from 37 to 41 °C (Guo et al., 2013). It was reasonable for its eutectic
mixture with curcumin to remain melted at room temperature. The formation of
a eutectic mixture can also change the colour of APl due to changes in its

molecular structure (Figueirédo et al., 2017). In the case of curcumin, its yellow
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colour is due to the presence of double bonds conjugated with the carbonyl
moiety (Adriani et al., 2020). Changes in structure by eutectic mixture might
alter the length of the conjugated part of the molecule, in turn shifting the
wavelengths of light that it absorbs, causing the colour change from yellow to

red.

No cryoprotectant was added to the curcumin formulation in this study and
the resulted freeze-dried product was a yellowish, brittle cake which needed to
be crushed into powders by mortar and pestle. In order to get fluffy powder
instead of a compact cake as the freeze-dried product, cryoprotectants could
be added to the formulation. It was reported that the addition of cryoprotectants
such as such as mannitol, lactose and trehalose provided protection from the
stress during freezing and drying steps which resulted in fluffy dry powders at
the end of the lypholisation (Patil et al., 2010). The optimisation of the curcumin

formulation by adding cryoprotectants could be studied in the future.

Based on the screening results, curcumin + Soluplus + Vitamin E TPGs
(1:10:10) prepared by solvent evaporation + freeze drying method, now known
as Solucumin, was selected as the novel curcumin solid dispersion formulation
for further studies. In this formulation, Soluplus was used as the primary carrier
to make an amorphous solid product without textural issues, while Vitamin E
VTPGs was used as a secondary carrier/surfactant to further enhance the

solubility and oral bioavailability of curcumin.
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2.6. Conclusion

Overall, through the preliminary and secondary screening studies, a solid
dispersion formulation consisted of curcumin + Soluplus + Vitamin E TPGs
(1:10:10) prepared by solvent evaporation + freeze-drying was selected as the
novel curcumin solid dispersion formulation due to its significant improvement
on the solubility of curcumin at pH1.2 and pH6.8. The formulation was named
Solucumin, which implied its ability to improve the solubility of curcumin. It
showed a higher solubility of curcumin at pH 6.8 than at pH 1.2, suggesting that
the curcumin it contains might be more soluble in small intestinal fluids than in

gastric fluids.

The increased solubility of curcumin in Solucumin was possibly caused by
several factors, including the conversion of crystalline curcumin to amorphous
form, the formation of micelles by Vitamin E TPGs and potential drug-excipient
hydrogen bonding interactions. The novel curcumin solid dispersion formulation,
now known as Solucumin, will be further studies in the following chapters to
investigate its effect on curcumin dissolution, intestinal curcumin permeability,

drug crystallinity, particle sizes and drug stability.
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Chapter 3: In vitro dissolution study of Solucumin and

the comparators

3.1. Introduction

In the previous chapter, excipients screening studies were carried out and
a solid dispersion formulation of curcumin + Soluplus + Vitamin E TPGs
(1:10:10) prepared by solvent evaporation+freeze drying method, named as
‘Solucumin’, was chosen as the novel curcumin solid dispersion formulation. In
this chapter, an in vitro dissolution test was carried out to determine the
dissolution profiles of curcumin, demethoxycurcumin and
bisdemethoxycurcumin from Solucumin. Two marketed curcumin products
(Longvida® and Nacumin®) and a polymeric-surfactant based curcumin solid
formulation known as Mexcumin were used as the comparators in the

dissolution test. Commercial curcumin was used as the control.

311. A  brief introduction of demethoxycurcumin and
bisdemethoxycurcumin

Obtaining curcumin in the pure form is very rare and expensive. As a result,
commercially available curcumin powder is not 100% pure curcumin but a
mixture of curcuminoids containing approximately 77% curcumin, 17%
demethoxycurcumin and 3% bisdemethoxycurcumin (Esatbeyoglu et al., 2012).
Demethoxycurcumin and bisdemethoxycurcumin are some of the curcuminoids
present in turmeric. The molecular weight of demethoxycurcumin (C20H18Os)
and bis-demethoxycurcumin (C19H1604) is 338.359 g mol-' and 308.333 g mol
', respectively. Like curcumin, they are practically insoluble in water and readily
soluble in organic solvents like DMSO, ethanol and acetone (Kurien et al.,
2017).

Curcumin is the major curcuminoid that occurs naturally in turmeric and has
been shown to be responsible for its wide spectrum of health benefits such as

anti-inflammatory (Srimal & Dhawan, 1973), anticancer, antimicrobial (Kim et
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al., 2003), antirheumatic (Senft et al., 2010) and anti-tumour effects (Hatcher et
al., 2008). However, some studies have shown that demethoxycurcumin and
bisdemethoxycurcumin can be more effective than curcumin when used as
anticholinesterases, antidiabetics (Kalaycioglu et al., 2017), anti-inflammatory,
anti-proliferative agents (Sandur et al., 2007) and gastro protective agents
(Orona-Ortiz et al., 2021).

The chemical structures of curcumin, demethoxycurcumin and
bisdemethoxycurcumin (bis(4-hydroxycinnamoyl)methane) are illustrated in
Figure 3.1. The three curcuminoids have similar chemical structures and the
only difference is that curcumin has two methoxyphenol groups while
demethoxycurcumin has one and bisdemethoxycurcumin has none. Studies
have shown that the phenolic methoxy groups exert antioxidant effect and this
is why curcumin has stronger antioxidant effect than demethoxycurcumin and
bisdemethoxycurcumin (Ahsan et al., 1999; Youssef et al., 2004). However,
bisdemethoxycurcumin was reported having higher resistance to degradation
in an alkaline environment than curcumin and demethoxycurcumin and this was
linked to the absence of the two methoxy groups. Owing to its strong
degradation resistance in alkaline environments, bisdemethoxycurcumin is

often added to foods to improve colour stability (Esatbeyoglu et al., 2012).

00 0O O
H4CO @ N y O OCH; @ N 4 O OCH;
HO oy HO OH
Curcumin Demethoxycurcumin
0O O
¢
HO OH
Bisdemethoxycurcumin

Figure 3.1. Chemical structures of curcumin, demethoxycurcumin and
bisdemethoxycurcumin
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3.1.2.A brief introduction of Longvida®, Nacumin® and Mexcumin

Two commercially available over-the-counter curcumin supplement
products (Longvida® and Nacumin®) and a polymer-based curcumin
formulation developed in a previous study (named as Mexcumin) were selected
for comparison against Solucumin in terms of solubility and the in vitro release

of curcumin.

Longvida® is a solid lipid curcumin particle (SLCP) based formulation
developed by Verdure Sciences (Noblesville, USA) in collaboration with
scientists from University of California (Los Angeles, USA) (Gupte et al., 2019;
vs-corp, 2020). The curcumin percentage in Longvida® was reported to be 20%
to 30% (Jamwal, 2018). Longvida® is currently marketed as 400 mg and 500
mg capsules and is promoted as a "highly stable and highly soluble product,
optimised to deliver free curcumin®. (vs-corp, 2020). The SLCP complex
reduces the particle size of curcumin, making it easier to dissolve and pass
through the intestinal cell membrane (Stohs et al., 2020). It also protects
curcumin from rapid degradation and excretion thus improving the curcumin
absorption and half-life (Jamwal, 2018) It was reported that Longvida® has over
100-fold higher oral bioavailability when compared to unformulated curcumin in
human volunteers during a single-dose, crossover, double-blind, comparative

pharmacokinetic study (Gota et al., 2010).

Nacumin® is a novel nano-curcumin formulation developed by
TECHBIFARM, in collaboration with scientists from Vietham and the UK. It is
marketed as a product “containing super-soluble nano-size natural curcumin”
and is sold as capsules, tablets and water-soluble powders in the market
(Techbifarm, 2020). There is not much detailed information about Nacumin®
since currently there is no published study or report regarding the curcumin
content, solubility, dissolution, physical and chemical properties, bioavailability

and efficacy of this product.

Mexcumin is a polymer-based solid formulation of curcumin, developed in
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previous project by the research group. This formulation was designed to

improve the drug dissolution and oral bioavailability of curcumin. It is in
powdered form and it is prepared using polyethylene glycol 400 (PEG400) and
Poloxamer 407 and a melting and mixing method. lts name “Mexcumin” implies
that it is a curcumin formulation prepared by melt and mixing method. Since
Mexcumin is a curcumin formulation consisting of a polymer and a surfactant,
it was added as another comparator to compare with Solucumin in the in vitro
dissolution test. PEG 400 and poloxamer 407 are commonly used materials in
melting and mixing methods due to their relatively low melting points
(Barmpalexis et al., 2011; Damian et al., 2000; Kolasinac et al., 2012). PEG 400
and Poloxamer 407 are GRAS (generally recognised as safe) excipients widely
used in the pharmaceutical industry (FDA, 2022a; Giuliano et al., 2018).
According to FDA inactive ingredient database, the maximum daily oral dose of
PEG 400 and Poloxamer 407 were reported to be 2813 mg and 495 mg,
respectively (FDA, 2022b). PEGs are widely used in pharmaceutical products
as water soluble bases, solvents, and vehicles. They are miscible with aqueous
fluids at all proportions and can be used as a solvent for dissolving a wide range
of sparingly aqueous soluble compounds. These features make PEG an ideal
delivery vehicle for poorly water-soluble compounds (Gullapalli & Mazzitelli,
2015). In addition, it was reported that the inclusion of surfactants could help to
further improve the drug solubility in PEG containing formulations and reduce
the risk of drug precipitation (Nandi et al., 2003; Tensberg et al., 2010;
Tensberg et al., 2011). As an amphophilic non-ionic copolymer, poloxamer 407
is often used as a surfactant and combined with other polymers in formulations
to enhance solubilisation and prolonged drug release of poorly water-soluble
drugs such as nifedipine, etoricoxib, nimesulide, cilostazol and danazol
(Chowdary & Prakasarao, 2011; Chutimaworapan et al., 2000; Dimitrova et al.,
2000; Jin et al., 2021; Rogers et al., 2003). However, it was reported to be less
effective when used alone (Dumortier et al., 2006).

3.1.3. Models of drug dissolution and in vitro dissolution test
When a solid drug is administered orally it needs to undergo dissolution in

the stomach and/or small intestine before it can pass across the gastrointestinal
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(Gl) membrane and reaches the systemic circulation. If the rate of drug
dissolution is slower than the drug permeability rate, it will become the rate

limiting step for the drug absorption and oral bioavailability (Lee et al., 2008).

Dissolution is the process in which a substance enters a solvent and
transfers from solid state to solution. The process is fundamentally controlled
by the affinity between the solid material and the solvent. It consists of two

successive steps:

1) Molecules of the solute liberated from the solid phase and move into
the liquid layer near the solid surface (solid-liquid interface). In other words, this
is an interfacial reaction between the solid surface and the solvent.

2) Then the solutes are transported from the solid-liquid interface into the

bulk solution.

The dissolution process of drugs is a complex phenomenon that involves
several factors. One of the most important factors is the rate of the drug
dissolves in the solvent, which is governed by two fundamental theories: Noyes-

Whitney equation and Fick’s law of diffusion.

The Noyes-Whitney equation suggests that the dissolution rate of a solute
is directly proportional to the solute’s surface area and the concentration
gradient, and inversely proportional to the thickness of the diffusion layer. The

equation is expressed below:

dC/dt=(DA(Cs-C))/h
Equation 3.1
dC/dt = The rate of dissolution
D = The diffusion coefficient
A = The surface area of the solute
Cs = The saturation solubility of the solute
C = The concentration of the drug in the solvent

H = The thickness of the diffusion layer
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Fick’s law of diffusion describes the rate of diffusion of solutes move from
an area of high concentration to an area of low concentration. In the context of
drug dissolution, it explains how the drug molecules move from the solid state
to the solution state by diffusion through the solvent. The law states that the
rate of diffusion is directly proportional to the concentration gradient, the
diffusion coefficient and the surface area, and inversely proportional to the

thickness of the diffusion layer. The law is expressed below:

J =- D(dc/dx)
Equation 3.2

J = The rate of diffusion

D = The diffusion coefficient

¢ = The concentration of the solute

x = The distance travelled by the solute

The impact of diffusion on the dissolution process is critical, as it determines
the rate of the drug molecules move from the solid-state to the solution phase.
The process of dissolution involves the diffusion of the drug molecules through
the diffusion layer and then into the bulk of the solvent. The rate of diffusion
depends on the thickness of the diffusion layer, which is governed by the

agitation of the solvent and the properties of the drug (Gao et al., 2021).

Dissolution models for solid substances are usually based on these two
transport steps. There are three models to describe the process of dissolution:
diffusion layer model, interfacial barrier model and the Danckwerts model (Lee
et al., 2008).

The diffusion layer model proposed originally by Nernst and Brunner in
1904 to describe the dissolution of pure solid substances. In this model, it

assumes the dissolution process consists of two steps:
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1) A thin stagnant film or diffusion layer surrounds the surface of a solute
particle. The interfacial reaction between the solid surface and the
solvent is assumed to be instantaneous. There is an equilibrium that
exists at the interface so the solute concentration at the particle surface
(Cs) is the saturated solubility of the solute

2) Once the solute molecules diffuse through the diffusion layer and reach
the liquid film—solvent interface, rapid mixing will take place and lead to
a uniform bulk concentration of solute (Ct). This step is slower, and it is

the rate determining step for the drug dissolution.

As shown in Fig. 3.2, dissolution rate is determined entirely by the thickness
of the diffusion layer and the solute concentration gradient within the diffusion

layer.

Diffusion layer
-—>

h
Cs

Particle
surface

\\ Bulk solution

\ Ct

Figure 3.2. Schematic of diffusion layer model for solid drug dissolution
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The interfacial barrier model was developed by Higuchi in 1961. Like the

diffusion layer model, it assumes there is a diffusion layer surrounding the
surface of a solute particle. However, the interfacial barrier model believed that
there is no equilibrium at the solid-liquid interface and the liberation of solutes
at the solid-liquid interface controls the overall rate of the solute transport

process. The schematic of interfacial barrier model is shown in Figure 3.3.

Diffusion layer

h
Cs

Particle |
surface \

\ Bulk solution

| Ct

Figure 3.3. Schematic of interfacial barrier model for solid drug dissolution
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Danckwerts model was developed by Danckwerts in 1951. Unlike the
diffusion layer model and the interfacial barrier model, it does not include a
diffusion layer surrounding a solute particle. Instead, it assumes that there are
several macroscopic packets of solvent present in the agitated liquid. They
reach the solid surface, absorb the solute by diffusion and transport it into the
bulk of solution. These packets get continuously replaced by new ones and
attach to new solid surface each time and dissolution rate is correlated to the
rate of surface renewal. As a result, this model is also known as surface renewal

model. This transport phenomenon is shown in Figure 3.4.

Fresh packet of solvent approaching the
particle surface

Cs C\
Particle
surface /‘/ d
Bulk solution

C\ - Ct

Packet of solvent saturated with solute,
moving towards the bulk solution

Figure 3.4. Schematic of Danckwerts model for solid drug dissolution
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These three dissolution models can be used alone or in combination to

describe the mechanism of dissolution of a solid substance. Among them, the
diffusion layer model is the simplest and most commonly used model to
describe the dissolution process of a pure substance (Lee et al., 2008). Sink
condition, a situation when the volume of dissolution medium is at least three
times the saturation volume. In other words, if the maximum concentration of
the drug in the dissolution medium is less than 1/3 of the saturation solubility, it
is in sink conditions. This is important in dissolution studies because it helps to
prevent saturation of the dissolution medium and ensure the concentration
gradient remains constant during the dissolution, which helps to maintain a
steady state of drug dissolution (Liu et al., 2013). The impact of sink conditions
on drug dissolution kinetics depends on the order of the kinetics. In zero-order
kinetics, the rate of dissolution is constant and independent of the concentration
gradient. As a result, sink conditions would have no impact on the rate of
dissolution in this case. In contrast, first-order kinetics are concentration-
dependent and the rate of dissolution is proportional to the concentration
gradient (Paarakh et al., 2018). Therefore, sink conditions can help to maintain
a constant concentration gradient and rate of dissolution in first order kinetics.
In vitro dissolution test measures the rate of dissolution under controlled
laboratory conditions. Dissolution rate of drugs can be used as a parameter to
forecast the in vivo performance. When developing the method for an in vitro
dissolution test, careful consideration must be taken in selecting the appropriate
equipment, techniques, dissolution medium and the stirring speed. For solid
dosage forms, the industry standard dissolution test methods are the United
States Pharmacopoeia (USP) Apparatus 1 (basket) and the USP Apparatus 2
(paddle). Floating capsules and tablets are generally used with the USP
Apparatus 1 basket while immediate release tablets, modified release tablets
and extended-release tablets are typically tested using the USP Apparatus 2
paddle. When Apparatus 1 or 2 is not suitable for the dissolution test, other
dissolution equipment includes USP 3 (reciprocating cylinder), USP 4 (flow-
through-cell), USP 5 (paddle- over-tray), USP 6 (cylinder) and USP 7
(reciprocating disk) can be considered (USP, 2011, 2013). More details of the

USP dissolution apparatus are listed in Table 3.1 below:
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Name Type of | Dosage form that can be | Stirring
apparatus | applied speed
USP Basket Capsules, beads, delayed | 50-120 rpm
Apparatus 1 release / enteric coated
formulations, floating
formulations
USP Paddle Tablets, capsules, beads, | 25-50 rpm
Apparatus 2 delayed release formulations,
enteric coated formulations
USP Reciprocati | Tablets, beads, controlled | 6-35 rpm
Apparatus 3 | ng cylinder | release dosage forms
USP Flow Powders, implants, | N/A
Apparatus 4 | through cell | suppositories, controlled
release formulations
USP Paddle over | Transdermal drug delivery | 25-50 rpm
Apparatus 5 | disk system (TDDS) and ointments
USP Cylinder Transdermal drug delivery | N/A
Apparatus 6 system (TDDS)
USP Reciprocati | Extended-release formulations | 30 rpm
Apparatus 7 | ng disk

Table 3.1. List of UPS dissolution apparatus for testing the dissolution rate of
solid dosage forms. The temperature of the dissolution medium should be
maintained at 37°C + 0.5°C
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If possible, in vitro dissolution test should be performed at the temperature
of 37 + 0.5°C using simulated gastric or intestinal fluids as the dissolution
medium to mimic the physiological conditions in human gastrointestinal tract.
Maintaining a sink condition is desirable but not mandatory (FDA, 1997; WHO,
2020). A dissolution medium of pH 6.8 should be used to simulate intestinal
fluid (SIF) while a dissolution medium of pH 1.2 should be used to simulate
gastric fluid (SGF). Enzymes are not normally added to SIF or SGF unless there
is a valid reason to do so. When using water as the dissolution medium, some
test conditions like pH level and surface tension may vary depending on the
water source. As a result, water is not encouraged to be used as the dissolution
medium for in vitro dissolution test (FDA, 1997). During an in vitro dissolution
test, samples are collected from the apparatus at set time points. The samples
are then filtered and analysed for drug concentration by HPLC to a UV-visible
detector or by UV-visible spectrophotometry. When designing the method for a
dissolution test, a decision must be made whether to replace the dissolution
medium after sampling at each time point. According to USP guidelines,
medium replacement is not recommended because the dose units may be
disturbed during the replacement of the medium. However, if maintaining of sink
condition is required but it is difficult to do so, replacement of medium may be
necessary (USP, 2013). Dissolution results can be evaluated as either
cumulative dissolution rate or fractional dissolution rate. Cumulative dissolution
rate represents the sum of all drug dissolution occurring within a time interval
while fractional dissolution rate represents the drug dissolution at a specific time
point or during a portion of the total test time. Typically, the profile of drug
dissolution will be expressed as mass or percentage of dissolved drug (up to
100%) vs time (USP, 2013).
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3.2. Aims
To prepare Solcumin and Mexcumin samples.
To determine curcumin, demethoxycurcumin and
bisdemethoxycurcumin concentration in commercial curcumin powder.
To determine curcumin, demethoxycurcumin and
bisdemethoxycurcumin  concentration in  Solcumin, Mexcumin,
Longvida® and Nacumin ®.
To conduct in vitro dissolution tests at pH1.2 and 6.8 to determine the
dissolution  profiles of curcumin, demethoxycurcumin  and
bisdemethoxycurcumin from Solcumin, Mexcumin, Longvida®,

Nacumin® and commercial curcumin powder (the control).
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3.3. Materials and method

3.3.1. Materials

Commercial curcumin powder was obtained from Techbifarm (Hanoi,
Vietnam). Curcumin and demethoxycurcumin (purity = 98%) were purchased
from Sigma-Aldrich Ltd. (Gillingham, Dorset, UK). Bisdemethoxycurcumin
(purity =2 98%) was purchased from TCI (Tokyo, Japan). Soluplus was provided
by BASF SE (Ludwigshafen, Germany). Polyethylene glycol (PEG) 400,
Poloxamer 407, Vitamin E TPGs, and Microcrystalline cellulose (MCC) were
obtained from Sigma-Aldrich Ltd. (Gillingham, Dorset, UK). Magnesium
stearate was purchased from Merck (Dorset, UK) and Aerosil from Evonik
(Essen, Germany). Longvida® Optimised Curcumin 500 mg capsules were
purchased from Igennus Healthcare Nutrition (Cambridge, UK). Nacumin®
capsules with average weight 420 mg per capsule was a gift from Techbifarm

(Hanoi, Vietnam).

HPLC grade acetone, ethanol, acetonitrile and orthophosphoric acid

solution were acquired from Fisher Scientific Ltd. (Loughborough, UK).

3.3.2. Method

3.3.2.1. Preparation of Solcumin
Solucumin was prepared by the same method that covered in section
2.3.2.2.

3.3.2.2. Preparation of Mexcumin

Mexcumin was prepared in a two-step procedure involving melting and
mixing. 2 g of commercial curcumin powder, 1 g PEG 400 (used as water
miscible solvent) and 1.8g Poloxamer 407 (used as surfactant) were weighed
into a beaker. The beaker was placed on top of a stainless-steel steam water
bath and slowly melted by the heat produced with the steam. The mixture was
continuously stirred until it resulted in the formation of a thick golden coloured

mixture. The curcumin-PEG400-Poloxamer 407 mixture was then cooled to
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room temperature followed by the addition of 11.2 g of microcrystalline cellulose
(MCC), included to give the formulation a more solid-like texture, and mixed
vigorously with a spatula. To this mixture, 0.2 g of magnesium stearate and 0.2
g of aerosil (colloidal silicon dioxide) were added to promote granule flow. The
mixture was transferred into a mortar and mixed thoroughly using a pestle,

which resulted in the formation of granules.

3.3.2.3. HPLC analysis method

Samples were analysed using a SphereClone™ C-18 reverse phase silica
column (SphereClone™ 150 x 4.6 mm, 5 ym particle size) on an Algient 1100
HPLC system (Agilent Technologies, US) with a solvent cabinet, pump system,
UV-visible detector and manual injection valve. 20 pl of each sample was
injected manually onto the HPLC system using a manual syringe (Agilent,
needle length 50 mm, volume 100 pl, Agilent Technologies, US). The mobile
phase consisted of a 55:45 mixture of 0.1% v/v orthophosphoric acid and
acetonitrile solutions, with an isocratic flow rate of 0.8 ml/min and a run time of
15 minutes for each sample. The separated curcuminoids were detected at 430

nm using a UV-visible detector.

3.3.2.4. Determining the curcuminoids content in commercial curcumin
To determine curcuminoid content, 5 mg of commercial curcumin powders
were dissolved in 50 ml ethanol resulting in a 0.1 mg/ml stock solution. It was
then diluted using a 50:50 mixture of 0.1% v/v orthophosphoric acid and
acetonitrile to obtain a 0.05 mg/ml standard commercial curcumin solution. The
standard solution was then analysed by HPLC to determine the content of
curcumin, demethoxycurcumin and bisdemethoxycurcumin in the commercial
curcumin powders (n=3). Standard solutions of curcumin, demethoxycurcumin
and bisdemethoxycurcumin over a concentration range of 1 to 100 ug/ml were
prepared in ethanol and analysed by HPLC. Calibration curves showed a linear
relationship with a correlation coefficient of R2 > 0.995 over the entire range for
all three compounds. Examples of the calibration curves of the curcuminoids

were shown in Figures 3.5,3.6 and 3.7.
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Figure 3.5. Calibration curve of curcumin used for the curcuminoids content
determining test
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Figure 3.6. Calibration curve of demethoxycurcumin used for the curcuminoids
content determining test
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Figure 3.7. Calibration curve of bisdemethoxycurcumin used for the
curcuminoids content determining test
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3.3.2.5. Determining curcuminoid content in Solucumin, Mexcumin,
Longvida® and Nacumin®

5 mg each of Solucumin and Mexcumin were weighed and placed into a 50
ml conical flask, separately. To obtain the powder from Longvida® and
Nacumin® capsules, the capsules were opened, and 5 mg powders of each
product were collected from the inside and transferred into a 50 ml conical flask
separately. 50 ml of ethanol was added to each conical flask, resulting in 0.1
mg/ml stock solutions. The stock solutions were then diluted using 50:50
mixture of 0.1% v/v orthophosphoric acid and acetonitrile solutions to form 0.05
mg/ml standard solutions of Solucumin, Mexcumin, Longvida® and Nacumin®.
The standard solutions were analysed by HPLC to determine the concentration
of curcumin, demethoxycurcumin and bisdemethoxycurcumin contained in
these preparations (n=3). The same curcuminoid calibration curves (Figure 3.5,
3.6 and 3.7) were used for determining curcuminoid content in commercial

curcumin were used for Solcumin, Mexcumin , Longvida® and Nacumin®.

3.3.2.6. In vitro dissolution study

The dissolution profiles of Solucumin, Mexcumin , Longvida®, Nacumin®
and commercial curcumin powder were determined by using the USP
dissolution basket apparatus. Solucumin, Mexcumin and commercial curcumin
powders alone were weighed to provide the equivalent to 40 mg of curcumin
and were filled in size 0 gelatine capsules. Longvida® and Nacumin® capsules
were used directly for the dissolution test. Each capsule was placed into a
dissolution mesh basket. The baskets were attached to the basket shifts of the
dissolution apparatus. During the dissolution test, the capsule-loaded baskets
were immersed in 900 ml of 0.1M HCI dissolution medium (pH1.2, to mimic
stomach pH) and phosphate buffer dissolution medium (pH6.8, to mimic small
intestine pH), separately, at 37°C and 100 rpm rotation. The same method
mentioned in section 2.3.2.3 was used to prepare pH6.8 phosphate buffer
dissolution medium. Sample solutions (2 ml) were collected using a 2 ml syringe
at each time point (10, 30, 60, 120, 180, 240 and 360 minutes) and filtered
through 0.45 ym PTFE syringe filters (Fisherbrand™, Non-sterile PTFE 0.45

pMm Syringe Filter). The dissolution medium was not replaced during the test.
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20 ul of each filtered sample solution was injected directly on to the HPLC to

determine the concentrations of curcumin, demethoxycurcumin and
bisdemethoxycurcumin (n=6). The results were expressed as the % drug
release of the total content of the curcuminoid in the formulation.

Calibration curves were plotted for curcumin with the concentration range
from 0.05 to 5 pg/ml. For demethoxycurcumin and bisdemethoxycurcumin,
calibration curves were plotted with the concentration range from 0.05 to 1
pg/ml. All calibration curves showed a linear relationship with a correlation
coefficient of R > 0.990. The calibration curves of the curcuminoids are shown
in Figure 3.8. 3.9 and 3.10.
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Figure 3.8. Calibration curve of curcumin used in the in vitro dissolution test
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Figure 3.9. Calibration curve of demethoxycurcumin used in the in vitro
dissolution test
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Figure 3.10. Calibration curve of bisdemthoxycurcumin used in the in vitro
dissolution test
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3.3.2.7. Statistical analysis

To compare the dissolution profiles of the test samples, one-way analysis
of variance tests (ANOVA) was performed to compare the dissolution of the
curcuminoids of each sample at each time point. Post hoc (Tukey) tests were
carried out after the ANOVA analysis. Tukey’s method was selected since it is
the most common for comparing all possible group pairings (Day & Quinn,
1989). The observations would be considered as significantly different with p-
value £ 0.05. ANOVA and Tukey test were performed using IBM SPSS Statistics
software (Version 24.0; IBM Corp, Armonk, NY, USA).
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3.4. Results

3.4.1. Determining curcuminoids content in commercial curcumin

In this study, commercial curcumin powder was used for the formulation
preparation and dissolution studies. It contains three notable curcuminoids:
curcumin, demethoxycurcumin and bisdemethoxycurcumin. Since it is not 100%
pure curcumin, it is important to know the actual content of curcumin, as well
as the other two curcuminoids, in the commercial curcumin powder before

further studies.

The HPLC chromatogram of commercial curcumin powder is shown in
Figure 3.11a. Three peaks were observed, which represented curcumin,
demethoxycurcumin and bisdemethoxycurcumin. The retention times of the
three peaks were compared with the retention time of the representative peaks
of demethoxycurcumin (Figure 3.11c) and bisdemethoxycurcumin (Figure
3.11d). It was worth noting that the characteristic peaks for demethoxycurcumin
and bisdemethoxycurcumin can still be observed in the HPLC chromatogram
of curcumin (2 98% purity) (Figure 3.11Db).
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Figure 3.11. HPLC chromatogram of (a) commercial curcumin powder, which
showed three peaks at 10.25, 10.92 and 11.69 minutes corresponding to
bisdemethoxycurcumin, demethoxycurcumin and curcumin, respectively (b)
curcumin(z 98% purity), which showed three peaks at 10.26, 10.93 and 11.69
minutes, corresponding to bisdemethoxycurcumin, demethoxycurcumin and
curcumin, respectively (c) demethoxycurcumin(= 98% purity), which showed a
peak at 10.93 minutes corresponding to demethoxycurcumin and (d)
bisdemethoxycurcumin(298% purity) showed a peak 10.38 minutes
corresponding bisdemethoxycurcumin. The identity of the small peak showed
at 9.90 minutes was unknown, but it was likely caused by the impurity in the
bisdemethoxycurcumin powder
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As shown in Figure 3.11(a), the peaks with average retention time of 11.73
1+ 0.04 minutes represented curcumin, 10.97 £ 0.03 minutes and 10.31 + 0.34
minutes represented demethoxycurcumin and bisdemethoxycurcumin,
respectively. With the peak area the average percentages of each curcuminoid

in commercial curcumin powder can be calculated by Equation 3.3.

. . Peak area of curcuminoid
% Curcuminoid content = —— X 100
Sum of peak areas of all curcuminoids

Equation 3.3
The percentages of curcumin, demethoxycurcumin and
bisdemethoxycurcumin in commercial curcumin powder and the formulations

are shown at Table 3.2 in section 3.4.2.

3.4.2. Determining curcuminoids content in Solucumin, Mexcumin,
Longvida® and Nacumin®

The actual curcuminoids content in Solucumin, Mexcumin, Longvida® and
Nacumin® was measured before the in vitro dissolution study. Average weight
(n=3) of ingredients per capsule was found to be 480 mg for Longvida® and
420 mg for Nacumin®. With the peak areas of each curcuminoid obtained from
HPLC, the ©percentage of curcumin, demethoxycurcumin and
bisdemethoxycurcumin contained in commercial curcumin powder, Solucumin,
Mexcumin , Longvida® and Nacumin® was calculated. As shown in Table 3.2,
of all the curcuminoids contained in the formulations and commercial curcumin
powder, curcumin has the highest percentage, followed by demethoxycurcumin
and finally bisdemethoxycurcumin. Longvida® has the highest curcuminoids
content among all the formulation samples with 30.67 + 1.33% of curcumin,
1571 £ 053 % of demethoxycurcumin and 1.02 * 0.04 %
bisdemethoxycurcumin. It was followed by Mexcumin with 8.91 + 0.85 % of
curcumin, 2.98 + 0.35 % of demethoxycurcumin and 0.31 + 0.07 % of
bisdemethoxycurcumin, Nacumin® with 7.15 £ 0.15 % of curcumin, 2.81 + 0.18
% of demethoxycurcumin and 0.24 + 0.01 % of bisdemethoxycurcumin and
finally Solucumin with 6.74 + 0.45 % of curcumin, 2.02 £+ 0.05 % of
demethoxycurcumin and 0.21+0.09 % of bisdemethoxycurcumin.
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Curcumin (%) | Demethoxycurcumin | Bisdemethoxycurcumin
(%0) (%0)

Commercial 81.46+2.19 16.37+£0.74 2.15+0.23
curcumin
Longvida® 30.67+1.33 15.71+0.53 1.02+0.04
Nacumin® 7.15+0.15 2.81+0.18 0.24+0.01
Solucumin 6.744+0.45 2.02+0.05 0.21+0.09
Mexcumin 8.91+0.85 2.98+0.35 0.31+0.07
Table 3.2. Percentage of curcumin, demethoxycurcumin and

bisdemethoxycurcumin in commercial curcumin, Solucumin, Mexcumin ,
Longvida® and Nacumin® (n=6, mean x SD)
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3.4.3. In vitro dissolution study

Curcuminoid release and dissolution profile from all the formulations at pH
6.8, with the exception of commercial curcumin powder, can be observed in
Figure 3.13, 3.14 and 3.15. The amount of each formulation sample added for
the dissolution study was shown in Table 3.3. Dissolution of curcumin,
demethoxycurcumin or bisdemethoxycurcumin was not observed from any of
the samples at any time point at pH 1.2. This observation showed that pH of
the dissolution medium can affect the dissolution of the curcuminoids from the

formulations.
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Figure 3.12. Dissolution profile of curcumin release in pH 6.8 from Nacumin®
(@), Longvida® (A), Solucumin (¢) and Mexcumin () (n=6, mean + SD)
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Figure 3.13. Dissolution profile of demethoxycurcumin release in pH6.8 from

Nacumin® (@), Longvida® (A ), Solucumin (¢) and Mexcumin () (n=6, mean
+ SD)
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Figure 3.14. Dissolution profile of bisdemethoxycurcumin release in pH6.8 from
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curcumin(mg)

Actual amount of Amount of the formulation(mg)

Solucumin 40 593.47
Mexcumin 40 448.93
Longvida® 40 130.42
Nacumin® 40 559.44

Table 3.3. The amount of curcumin contained in each formulation and the
actual amount of each formulation added in the dissolution study

Among all the samples tested, Solucumin showed the highest percentage
of dissolution of curcumin. As shown in Figure 3.12, no dissolution of curcumin
was detected from Solucumin at 10 minutes. Then it showed significantly higher
percentage of curcumin dissolution than other tested samples at every
subsequent time point (p < 0.05). The dissolution of curcumin increased steadily
from 0% t0 9.81 £ 1.16% from time points 0 to 180 minutes. Then the dissolution
rate slowed down, with 10.50 + 1.37% curcumin dissolved at 360 minutes. As
shown in Figure 3.13, no demethoxycurcumin dissolution was detected at 10
minutes from Solucumin. At 30 minutes, it showed 0.95 = 0.18% of
demethoxycurcumin dissolution, which was significantly higher than Longvida®
and Nacumin® (p< 0.05). Subsequently, the percentage dissolution of
demethoxycurcumin from Solucumin increased steadily and reached to 4.37 +
0.43% at 180 minutes. The dissolution rate then slowed down and eventually
4.62 £ 1.18% of demethoxycurcumin was dissolved at 360 minutes. Solucumin
showed significantly higher percentage of bisdemethoxycurcumin dissolution
than Longvida® and Nacumin® from 30 to 360 minutes (p < 0.05). As shown in
Figure 3.14, no bisdemethoxycurcumin dissolution was detected from
Solucumin from 10 to 60 minutes. It reached to 5.47 £ 0.09% at time point 120
minutes and eventually increased to 7.37 £ 1.08% at 360 minutes. There were
no significant differences between Solucumin and Nacumin® from 180 to 360
minutes (p > 0.05). Overall, in contrast to curcumin dissolution, dissolution of
demethoxycurcumin and bisdemethoxycurcumin from Solucumin was much

lower.
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Mexcumin exhibited the highest release of demethoxycurcumin and
bisdemethoxycurcumin among all the samples tested. In contrast, curcumin
had much lower percentage dissolution from Mexcumin. As shown in Figure
3.12, Mexcumin showed 0.11 £ 0.07% of dissolution of curcumin at 10 minutes,
which was significantly higher than all other tested samples (p< 0.05). It showed
much lower dissolution of curcumin than Solucumin at the following time points
and only 1.01 £ 0.08 % of curcumin was dissolved at the end of the in vitro
dissolution test. No significant differences were found between Mexcumin,
Longvida® and Nacumin® in terms of the percentage of curcumin dissolution
at 240 minutes and 360 minutes (p> 0.05). In contrast to curcumin,
demethoxycurcumin and bisdemethoxycurcumin were much more readily
dissolved from Mexcumin. As shown in Figure 3.13 and 3.14, Mexcumin
showed demethoxycurcumin dissolution of 1.69 + 0.89% at 10 minutes while
no bisdemethoxycurcumin dissolution was detected. At 30 minutes,
bisdemethoxycurcumin dissolution from Mexcumin has increased to 14.91 +
0.64%, which was significantly higher than other tested samples (p< 0.05). In
the following time points, demethoxycurcumin and bisdemethoxycurcumin were
rapidly released and eventually reached to 9.13 £ 0.52% and 18.61 + 1.45%
respectively at 60 minutes. Then the percentage of the curcuminoids dissolution
slowed down and finally reached to 11.05 + 1.32 % and 20.87 + 2.19%
respectively, at the end of 360 minutes. Mexcumin showed significantly higher
percentage of demethoxycurcumin dissolution than all other tested samples at
every time point throughout the in vitro dissolution test (p< 0.05). It also showed
significantly higher percentage of bisdemethoxycurcumin dissolution than other
tested samples from 30 to 360 minutes (p< 0.05).

For Longvida® and Nacumin®, curcumin dissolution was not detected from
before 120 minutes. At 120 minutes, percentage curcumin dissolution from
Longvida® and Nacumin® increased to 0.02 + 0.00% and 0.06 + 0.02%,
respectively. They exerted very poor dissolution of curcumin in the following
time points with only 0.07 £ 0.01% and 0.10 £ 0.02% of curcumin dissolved at
the end of the in vitro dissolution test. No significant differences were found

between Longvida® and Nacumin® in terms of the percentage of curcumin
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dissolution from 120 to 360 minutes (p> 0.05). Likewise, demethoxycurcumin
dissolution was not detected from Longvida® and Nacumin® from 10 to 30
minutes and 10 to 60 minutes, respectively. Demethoxycurcumin dissolution
was detected from Longvida® at 60 minutes and Nacumin® at 120 minutes,
with 0.13 £ 0.03% and 0.40 + 0.37%, respectively. During the remaining time
points, the dissolution of demethoxycurcumin and bisdemethoxycurcumin was
slow, with only 0.98 £ 0.16% and 1.69 + 0.82 % being dissolved at the end of
the in vitro dissolution test. There were no significant differences between
Longvida® and Nacumin® in terms the percentage of demethoxycurcumin
dissolution from 120 to 360 minutes (p> 0.05). As for bisdemethoxycurcumin
dissolution, it was neither detected from Longvida® from 10 to 30 minutes nor
from Nacumin® from 10 to 60 minutes. Bisdemethoxycurcumin dissolution was
detected from Longvida® at 60 minutes and Nacumin® at 120 minutes, with
0.95 £ 0.09 % and 4.68 + 0.51%, respectively. After 120 minutes, the curve of
the percentage of bisdemethoxycurcumin release became stable and
eventually reached to 2.83 + 0.39% from Longvida® and 6.20 + 0.35% from
Nacumin® at the end of the in vitro dissolution test. From 120 to 360 minutes,
Longvida® showed significantly lower percentage of bisdemethoxycurcumin

dissolution than all other samples (p> 0.05).
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Figure 3.15. Cumulative amount of curcuminoids dissolved from each
formulation at the end of the in vitro dissolution test (n=6, mean + SD)
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As shown in Table 3.2, the curcumin content was higher than the other two
curcuminoids in each tested sample. This means that the measured percentage
of demethoxycurcumin or bis-demethoxycurcumin dissolved from a tested
sample might be higher than that of curcumin but does not necessarily mean
they were dissolved in higher amounts than curcumin. As result, the amount of
curcuminoids dissolved at the end of the in vitro dissolution was calculated for
each sample.

As shown in Figure 3.15, Solucumin showed the significantly higher
cumulative amount of dissolved curcumin (4.20 + 0.55 mg) than all other
samples (p < 0.05). In contrast, Mexcumin showed significantly higher
cumulative amount of dissolved demethoxycurcumin (1.48 + 0.18 mg) and
bisdemethoxycurcumin (0.29 £+ 0.03 mg) than all other samples (p < 0.05). The
amount of dissolved bisdemethoxycurcumin from Mexcumin was significantly
lower than curcumin (0.40+£0.03 mg) (p < 0.05). This was expected as
Mexcumin contained much higher amount of curcumin than

bisdemethoxycurcumin, as shown in Table 3.2.

Despite having the highest curcumin content among all the tested samples,
Longvida® showed significantly lower amount of dissolved curcumin than
Solucumin and Mexcumin (p< 0.05). On the other hand, it exhibited significantly
higher amount of dissolved demethoxycurcumin and bisdemethoxycurcumin
than Solucumin (p < 0.05). As for Nacumin®, it exhibited the lowest dissolution

amount of all the curcuminoids.
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3.5. Discussion

3.5.1. In vitro dissolution study

In this study, the in vitro dissolution tests with dissolution media to mimic
gastrointestinal fluids provided insight of how the curcumin formulations would
dissolve when administered orally into the human body. No dissolution of
curcumin, demethoxycurcumin and bisdemethoxycurcumin were detected from
all the samples at pH 1.2 dissolution medium while all the samples (except
commercial curcumin powder) have released the three curcuminoids when at
pH 6.8 dissolution medium. These results suggest that the aqueous solubility
of curcumin, demethoxycurcumin and bisdemethoxycurcumin is affected by pH
level. A study conducted by Song et al. showed that the aqueous solubility of
curcumin is pH dependent. Between pH 1.2 and 4.5, the solubility of curcumin
was less than 0.01 pg/ml. As the pH exceeded 4.5, it began to increase rapidly,
eventually reaching approximately 0.10 ug/ml between pH 6.8 and 7.4 (Song
et al., 2016). The increase in curcumin aqueous solubility is associated with
deprotonation of the phenolic groups of curcumin, which occurs when the pH
reaches neutral-alkaline levels (Jagannathan et al., 2012; Treesinchai &
Pitaksuteepong, 2020). The resulting anionic curcumin is more soluble in water
than the neutral form (Priyadarsini, 2014). It is currently unknown whether the
phenolic groups in demethoxycurcumin and bis-demethoxycurcumin are
deprotonated at neutral or basic pH. However, it has been reported that
demethoxycurcumin and bisdemethoxycurcumin have higher aqueous
solubility at neutral pH than at acidic pH. An in vitro dissolution study on the
curcuminoids by Ferreira et al. showed that the percentage of dissolved
curcumin, demethoxycurcumin and bis-demethoxycurcumin in pH6.8
phosphate buffer was nearly two-fold than in pH1.2 HCL buffer, after 90 minutes
dissolution (Ferreira et al., 2019).

Solucumin has showed highest percentage of cumulative curcumin
dissolution and the second highest demethoxycurcumin  and
bisdemethoxycurcumin cumulative dissolution among all the tested samples. In

addition, the percentage of dissolution of curcumin from Solucumin was higher
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than other samples at every sampling time point. This shows that the
combination of Soluplus and Vitamin E TPGs has not only increased the

solubility of curcumin, but also the dissolution rate.

It was worth noting that sink condition was not maintained during the in vitro
dissolution tests. As shown in Figures 3.12 and 3.13, the curves of curcumin
and demethoxycurcumin dissolved from Solucumin have become stable at 180
minutes and there were no statistically significant differences among the drug
dissolution at 180, 240 and 360 minutes (p> 0.05). In Figure 3.13, the curve of
bisdemethoxycurcumin has become stable at 120 minutes and no statistically
significant differences were found among the drug dissolution at 120, 180, 240
and 360 minutes (p> 0.05). It was possible that the dissolution of the
curcuminoids from Solucumin have reached saturation during the dissolution
tests which might explain the relatively low percentage dissolution of the
curcuminoids measured. Nevertheless, the data from the dissolution tests was
still valuable as it proved that Solucumin has significantly improved the drug

dissolution of curcumin, demethoxycurcumin and bisdemethoxycurcumin.

Lee et al.,, developed an amorphous solid formulation prepared by
Soluplus/Vitamin E TPGs and it has demonstrated considerable improvement
on the solubility of poorly water soluble valsartan due to the conversion of
crystalline valsartan into an amorphous form (Lee et al., 2015). The increase in
the dissolution rate of curcumin observed from Solucumin was possibly due to
the conversion of crystalline curcumin into an amorphous form in the solid
dispersion system (Gui et al., 2021; Moneghini et al., 2010; Paul et al., 2019;
Qian et al., 2021). Amorphous drugs generally possess higher dissolution than
their crystalline counterparts due to the lack of long-order molecular
arrangement which provides them higher molecular mobility and free energy
(Yu, 2001). A decrease in drug solubility can usually occur in amorphous drugs
dissolution due to recrystallisation/precipitation. However, such phenomenon
did not occur since a decrease in the percentage of cumulative drug release
was not observed during the dissolution test. This suggests that Soluplus was

able to maintain the already increased solubility of curcumin over a period of
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time. Polymers can interact with amorphous drug in solid dispersion systems.
This can limit the mobility of drug molecules and prevent them from recombining
into the long-order molecular arrangement of the crystal lattice, thus preventing
a reduction in the solubility of the drug due to recrystallisation (Sahoo et al.,
2020). An illustration of how polymer inhibit recrystallisation of amorphous drug
was shown in Figure 3.16. Combining surfactants with polymers in the
formulations might also have contributed to the drug release. Surfactants can
lower surface tension, improve drug wettability and form micelles thus further
increasing the dissolution of poorly water-soluble drugs (Heng et al., 1990;
Schott et al., 1982).
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Mexcumin was prepared by a melting and mixing method, which is a classic
way to prepare amorphous solid dispersion (Chiou & Riegelman, 1971;
Sekiguchi & Obi, 1961). However, it was unlikely that Mexcumin formed an
amorphous solid dispersion system due to the long cooling time. Although the
dissolution of curcumin from Mexcumin was relatively low, it has exhibited the
highest cumulative dissolution of demethoxycurcumin and
bisdemethoxycurcumin among all the tested samples. As shown in Figures 3.13
and 3.14, the dissolution of demethoxycurcumin and bisdemethoxycurcumin
might have reached saturation since 180 minutes as there were no significant
differences between the drug dissolution at 180, 240 and 360 minutes (p>0.05).
Nevertheless, the data obtained from the dissolution tests was still valuable as
it showed that Mexcumin has higher percentage of dissolution of
demethoxycurcumin and bisdemethoxycurcumin than other samples at every
sampling time points. This indicates that Mexcumin has much higher dissolution
rate for these two curcuminoids when compared to other formulations. This
interesting phenomenon might be related to the chemical structures of the
curcuminoids and drug-polymer interactions. It was reported that curcumin is
capable of forming hydrogen bonding with PEG400 (Sharma & Pathak, 2016).
The methoxy groups in curcumin act as an acceptor of proton, which can form
hydrogen bonding with hydroxyl groups (—OH) and hydrogen (—H) atoms
contained in PEG400 molecules (Palusiak & Grabowski, 2002). A comparative
study has reported that solid products with drug-polymer hydrogen bonding
interaction exhibited poorer drug dissolution than those without (Saboo et al.,
2020). Therefore, the lack of methoxy groups in demethoxycurcumin and
bisdemethoxycurcumin might account for the higher drug dissolution than
curcumin, as they are less likely to form hydrogen bonds with PEG400. Further
studies could be carried out to investigate the reasons for the considerable
increase in demethoxycurcumin and bisdemethoxycurcumin dissolution from

Mexcumin.

The release of curcumin, demethoxycurcumin and bisdemethoxycurcumin
varied between the tested samples, which can lead to different absorption of

the curcuminoids and may result in different therapeutic effects for different
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health conditions. A clinical trial on Longvida® has found that 800 mg of
Longvida® per day was effective and safe in pain relief in patients suffering
from knee osteoarthritis when administered for 90 days. Besides, the result was
comparable to 400 mg ibuprofen per day for the same duration of 90 days
(Gupte et al., 2019).This study has shown that demethoxycurcumin was the
most abundant curcuminoid dissolved from Longvida®. These observations

suggest that pain relief effect was most likely from demethoxycurcumin.

Curcuminoids exert their therapeutic effect on Alzheimers disease by
acting as an inhibitor of acetylcholinesterase and butyrylcholinesterase, which
lead to an increase in acetylcholine concentrations and restoring
communication between nerve cells (Ahmed & Gilani, 2009; Kalaycioglu et al.,
2017). A comparative study conducted by Kalaycioglu et al. has showed that
the acetylcholinesterase inhibition activity of curcuminoids ranked from
bisdemethoxycurcumin, followed by demethoxycurcumin, whereas curcumin
showed very little effect on acetylcholine inhibition. As for the
butyrylcholinesterase inhibition activity, bisdemethoxycurcumin showed
inhibition effect against butyrylcholinesterase while curcumin and
demethoxycurcumin exhibited no inhibitory activity (Kalaycioglu et al., 2017).
As the formulation with the highest amount of dissolved bisdemethoxycurcumin,
Mexcumin might have the potential to be used for treatment of Alzheimer’s
disease as it has been reported that increased bisdemethoxycurcumin solubility
lead to improved effect in reducing neuroinflammation in patients with

Alzheimer’s disease (Gagliardi et al., 2022).

The antioxidant and anti-inflammatory activities of the curcuminoids were
ranked from high to low as follows: curcumin > demethoxycurcumin > bis-
demethoxycurcumin (Jayaprakasha et al., 2006; Kalaycioglu et al., 2017;
Sandur et al., 2007). The phenolic methoxy groups in the curcuminoids are
responsible for the antioxidant and anti-inflammatory effects. They are essential
for the free radical scavenging activity of curcuminoids as antioxidants (Menon
& Sudheer, 2007). For the anti-inflammatory activities, the phenolic methoxy

groups are responsible for inhibiting TNF-a induced NF-kB activation, thereby
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suppressing the production of inflammatory cytokines such as interleukin 1 (IL-

1) and interleukin 6 (IL-6) (Liu et al., 2017; Sandur et al., 2007). Therefore, this

could probably be the reason why curcumin (two phenol methoxy groups) has

stronger antioxidant and anti-inflammation effects than demethoxycurcumin
(one phenol methoxy group) and bisdemethoxycurcumin (no phenol methoxy
group). As the formulation with the highest dissolution of curcumin, Solucumin
might allow more curcumin to be absorbed and exhibit higher antioxidant
activity and anti-inflammatory effect than other tested samples. It has the
potential to be an anti-inflammatory agent for patients with pro-inflammatory
diseases such as osteoarthritis, cancer or obesity (Hewlings & Kalman, 2017)
and antioxidant agent for lower risk of chronic oxidative stress related diseases

like cardiovascular diseases and Alzheimer disease (Menon & Sudheer, 2007).

Huang et al., have investigated the anti-proliferation effects of curcumin,
demethoxycurcumin and bisdemethoxycurcumin on osteosarcoma (HOS and
U20S), breast (MDA-MB-231) and melanoma (A2058) cancer cells. It was
found that bisdemethoxycurcumin exhibited much poorer anti-proliferation
potency than curcumin and demethoxycurcumin have shown much in MDA-
MB-231 and A2058 cancer cells (Huang et al., 2020). This was due to the lack
of phenyl methoxy groups in bisdemethoxycurcumin. It was reported that the
phenyl methoxy groups in curcuminoids are responsible for inhibiting TNF-a
induced NF-kB activation in cancer cells. By suppressing NF-kB pathway, it
reduces tumor cell proliferation and promotes apoptosis. Curcumin and
demethoxycurcumin contain either two or one phenyl methoxy groups thereby
showing stronger inhibition effect on TNF-a induced NF-kB activation than
bisdemethoxycurcumin (Sandur et al., 2007). Solucumin and Mexcumin are the
formulations with highest dissolution of curcumin and demethoxycurcumin,
respectively. The release of curcumin and demethoxycurcumin from these two
formulations were also high than bisdemethoxycurcumin. This suggests that
Solucumin and Mexcumin might exert better anti-tumor effect than other tested
samples for breast and melanoma cancers. However, curcumin,
demethoxycurcumin and bisdemethoxycurcumin have shown the same

potency in inhibiting the growth of other cancer cells which include U937
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(histiocytic myeloid lymphoma), KBM-5 (chronic myeloid leukemia), Jurkat (T

cell leukemia), H1299 (lung adenocarcinoma), Calu-6 (non-small cell lung
carcinoma), A549 (lung adenocarcinoma), SCC-4 (squamous cell carcinoma),
Panc-1 (pancreatic duct cell carcinoma), MCF-7 (breast adenocarcinoma),
DU145 (prostate carcinoma) and A293 (embryonic kidney carcinoma) and HOS
and U20S cells (osteosarcoma carcinoma) (Huang et al., 2020; Sandur et al.,
2007). This suggests that the NF-kB-suppressive effect of the curcuminoids
was not correlated to their anti-proliferative effect to these cancer cells. It was
still unclear why the proliferative effects of the curcuminoids differ in different
cancer cells. Overall, one thing that is now certain is that small differences in
chemical structure can strongly influence the biological activities of the
curcuminoids, which could result in different therapeutic effects for different
health conditions.

3.6. Conclusion

In conclusion, Solucumin has exhibited significantly higher dissolution of
curcumin in pH 6.8 dissolution medium than two marketed curcumin products
and another polymer-surfactant based curcumin formulation. This suggests that
it is a formulation that can both enhance the solubility and dissolution rate of
curcumin, making it a promising formulation for improving the oral bioavailability.
Curcumin presented in an amorphous state was suspected to be the reason for
the increased dissolution of curcumin. To determine whether curcumin did
actually present in an amorphous state in Solucumin, characterisation studies
including Fourier transform infrared spectroscopy (FTIR), differential scanning
calorimetry (DSC), X-ray powder diffraction (XRD) are carried out and

discussed in Chapter 4.
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Chapter 4. Characterisation studies on different
physicochemical properties of Solucumin and the

comparators

4.1. Introduction
In this chapter, several characterisation studies were carried out to assess

the physical and chemical properties of Solucumin and its comparators. Some
properties measured from the characterisation studies can help to explain the
effect on the drug solubility and dissolution of the formulations. The
characterisation studies that have been conducted in this study include FTIR,

DSC, XRD, DLS, Zeta-potential and a short-term stability test.

4.1.1. Fourier transform infrared spectroscopy (FTIR)
Fourier transform infrared spectroscopy (FTIR) is an analytical technique

using infrared (IR) light. It works by detecting the absorption of infrared light
caused by vibrational transitions. A beam of IR (infrared) light is generated by
a fitting light source and passes through a beam splitter. The light is split into
two separate beams that direct into a fixed mirror and a movable mirror
respectively. Then the two light beams travel back to the splitter, re-combine
into one and direct towards a sample. When the IR light is passed through the
sample, some light is absorbed by the sample (absorption) while some passes
through (transmittance). The absorption of IR light with specific wavelengths
leads to the vibration of specific molecular bonds (stretching or bending). The
transmitted IR light finally reaches the detector, generating a spectrum of the
sample. Since different bonds and functional groups vibrate at different
frequencies, the FTIR spectrum is different for different molecules. As a result,
the FTIR spectrum represents a molecular ‘fingerprint’ of the sample (Alawam,
2014; Song et al., 2020). In this study, FTIR was used for determining any
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potential interactions between the APl and excipients in Solucumin and
Mexcumin. This was done by comparing the changes in intensity and position
of the functional group peaks representing the APl and excipients. Longivdia

and Nacumin were not tested by FTIR because their excipients is not known.

4.1.2. Differential scanning calorimetry (DSC)
Differential scanning calorimeter (DSC) is a major technique used for

thermal analysis. It measures the change in physical properties of a sample
because of a change in temperature. In DSC, a sample in a pan is either heated
or cooled and the heat flow is measured as a function of time and temperature.
An empty pan is used as a reference to counteract any heat absorbed by the
pan material. Both the sample and the reference pans are heated in the same
oven, so the heat flow reflects the thermal properties of the sample (Gill et al.,
2010). When a sample undergoes a physical transformation such as phase
transition or glass transition, more heat will need to flow to it than to the
reference to maintain both at the same temperature. Whether more of less heat
must flow to the sample depends on whether the process is exothermic or
endothermic. By recording the amount of energy (heat) absorbed or released
during the physical transformation, DSC can measure the heat flow into and out
of the sample over a temperature range. The results of a DSC test are typically

expressed as a curve of heat flow against temperature.

The heat flow is calculated by the thermal equivalent of Ohms law:

qg=AT/R Equation 4.1
q = Sample heat flow
AT= Temperature difference between the sample and reference

R = Resistance of thermoelectric disk
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In this study, DSC was used for thermal analysis of Solucumin and
Mexcumin. This was to investigate how the change in temperature can lead to

changes in the physical nature of the formulations.

4.1.3. X-ray powder diffraction (XRD)
X-ray powder diffraction (XRD) is a powerful non-destructive technique

which is primarily used for phase identification of crystalline materials. In an X-
ray diffraction experiment, a sample is placed into the center of the instrument
and illuminated with a beam of X-rays. The X-ray tube and detector move in a
synchronised motion. The signal coming from the sample is recorded, where
peaks are observed related to the atomic structure of the sample (Warren,

2003).

The fundamental principle of X-ray diffraction is that when an X-ray
encounters an atom, its energy is absorbed by the electrons. Electrons occupy
special energy states around an atom since this is not enough energy for the
electron to be released. The energy must be re-emitted in the form of a new X-
ray, with the same energy as the original. This process is called elastic
scattering. In a crystal, the repeating arrangement of atoms form distinct planes
with well-defined distances. When the atomic planes are exposed to an X-ray
beam, the X-rays are scattered by the regularly space atoms as shown in Figure
4.1. Strong amplification of the emitted signal occurs at very specific angles
where the scattered X-ray waves constructively interfere. The effect is called

diffraction (Bunaciu et al., 2015).
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Figure 4.1. Scattering of x-rays from two planes of atoms in a crystal
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When constructive interference occurs, the diffraction pattern will be
detected and shows a peak, however if the scattered X-ray waves are out of
phase, destructive interference will occur and there will be no peak. Diffraction
peaks only occur if conditions satisfy Braggs Law (Cullity, 1956) as shown in

Equation 4.2 below:

nA=2d sin 6 Equation 4.2

0 =The angle of incidence of the X-ray
n = An integer defining order of diffracted X-ray beam
A =The wavelength of the X-ray

d =The spacing between atomic planes

In this study, XRD was used for detecting the crystallinity of Solucumin,
Mexcumin, Longvida® and Nacumin®. Whether a drug exists in a crystalline or

amorphous form could have a significant impact on its stability and dissolution.

4.1.4. Dynamic Light Scattering (DLS)
Dynamic light scattering (DLS) is a technique that can be used to determine

the size and size distribution of small particles in suspension. The principle of
DLS is that it measures the Brownian motion of particles in a dispersion and
uses this information to determine their hydrodynamic size. Brownian motion is
the random movement of particles which result from their collision with solvent
molecules. Smaller particles move or diffuse more quickly than larger particles.
The rate of Brownian motion is quantified as the diffusion coefficient (D). During
a DLS analysis, a beam of laser is directed towards the particles in suspension
and the laser is scattered by the particles. The scattered laser will either cancel
each other (destructive phases) or combined together creating a light intensity
signal (constructive phases). The intensity will keep fluctuating over time as the
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particles continue to diffuse. The speed of these intensity fluctuations depends
on the particles diffusion rate. The smaller the particle the more quickly it
diffuses, which leads to more rapid fluctuation in the scattered laser. An
autocorrelator compares the intensity of scattered laser over time and the
diffusion coefficients (D) is obtained. The value can then be used in the Stoke
Einstein equation to calculate the particle size (Stetefeld et al., 2016). The

Stokes-Einstein equation is shown in Equation 4.3 below:

D=ksT/6T1NnTr Equation 4.3
D =Diffusion coefficient
ks =Boltzmann's constant
T =The absolute temperature
n = The dynamic viscosity

r =The radius of the spherical particle

In this study, DLS was used to measure the particle sizes of Solucumin,

Mexcumin, Longvida® and Nacumin®.

4.1.5. Zeta potential
Dispersed particles have two layers of oppositely charged ions surrounding

their surface. An internal layer known as stern layer formed by counterions
(charged opposite to the surface charge) attracted to the particle surface and

an outside layer known as the diffused layer formed by weakly attached ions.

The zeta potential is defined as the voltage at the edge of the double layer.

If particles have high positive or negative zeta potentials of the same sign, they
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will not agglomerate because the particles will tend to repel each other. Thus,
zeta potential can be used as an indicator of the stability of the particles when

dispersed in solution (Kaszuba et al., 2010).

During a zeta potential measurement, a sample is loaded into a folded
capillary cell, which has conductive points to receive an electric charge. Once
placed inside the instrument, a laser measures how fast the particles are
moving when they are charged; the faster they move, the higher the absolute
value of their zeta potential. Zeta potential cannot be measured directly so it is
calculated indirectly by measuring the electrophoretic mobility of charged
particles under an applied electric field (Bhattacharjee, 2016). The
electrophoretic mobility (ue) of the particles is first calculated using Equation 4.4

below:

pe = Equation 4.4

m <

V = particle velocity (um/s)
E = electric field strength (Volt/cm)

The zeta potential is then calculated from the obtained ue by the Henrys
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equation. The Henry’s equation is shown in Equation 4.5 below:

2ere0(f(Ka
o — 2Ere0Zf(Ka)

Equation 4.5
37

er = relative permittivity/dielectric constant
€0 = permittivity of vacuum

¢ = zeta potential

f(Ka) = Henrys function

n = viscosity at experimental temperature.

In this study, zeta potential of Solucumin, Mexcumin, Longvida® and
Nacumin® were measured to determine the potential stability of their particles

in aqueous solution.

4.1.6. Short-term Stability test
Drug stability is a crucial factor to be aware of in drug development, as it

affects the safety and efficacy of the drug. It is defined as the extent to which a
drug substance or product retains, under specified conditions, the same
properties and characteristics as when it was manufactured (Ahuja & Dong,
2005). Degradation of drugs can occur under the influence of many
environmental factors such as light, pH, temperature, oxygen level and
moisture(Zothanpuii et al., 2020). This can lead to adverse effects such as loss

of therapeutic effect and reduction in bioavailability (Bajaj et al., 2012).

It has become mandatory to carry out stability studies on new drug products
before submission of a registration dossier (Blessy et al., 2014). The major
purpose for performing a drug stability study is to verify whether the drug can
maintain an acceptable level of quality with time under the influence of different
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environmental factors (ICH, 2003) Stability studies include long-term studies
(12 months), accelerated stability studies (6 months, at relatively high
temperatures and/or humidity) and intermediate studies (6 months, carried out
under more moderate conditions than accelerated studies). The International
Conference of Harmonization (ICH) guidelines provide uniformed standards for
developing drug stability testing methods and analysing drug stability data (ICH,
2003).

Due to time constraints and impact of COVID19, the stability test conducted
in this study was a short-term stability test (1 month) for determining the change
of the active ingredient (curcumin) content when under room temperature and

high temperature.
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4.2. Aims
To determine any potential drug-excipient interactions of Solucumin and

Mexcumin using Fourier transform-infra red spectroscopy (FTIR).

To determine the changes of physical nature at different temperatures of
Solucumin and Mexcumin using differential scanning calorimetry (DSC).
To determine crystallinity of Solucumin, Mexcumin, Longvida® and
Naucumin® using X-ray powder diffraction (XRD).

To determine the particle size and particle size distribution of Solucumin,
Mexcumin, Longvida® and Nacumin® using differential light scattering
(DLS) technique.

To determine the potential stability in aqueous solution of the particles of
Solucumin, Mexcumin, Longvida® and Nacumin® using zeta-potential.
To determine the change of active ingredient content in Solucumin and

Mexcumin during storage by conducting a short-term stability test.
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4.3. Materials and method

4.3.1. Materials
Commercial curcumin powders were obtained from Techbifarm (Hanoi,

Vietnam). Soluplus was provided by BASF SE (Ludwigshafen, Germany).
Polyethylene glycol (PEG) 400, Poloxamer 407, Vitamin E TPGs, and
Microcrystalline cellulose (MCC) were obtained from Sigma-Aldrich Ltd.
(Gillingham, Dorset, UK). Magnesium stearate was purchased from Merck
(Dorset, UK) and Aerosil from Evonik (Essen, Germany). Longvida® Optimised
Curcumin 500 mg capsules were purchased from Igennus Healthcare Nutrition
(Cambridge, UK). Nacumin® capsules with average weight 420 mg per capsule

was a gift from Techbifarm (Hanoi, Vietnam).

4.3.2. Method

4.3.2.1. Fourier transform infrared spectroscopy (FTIR)
FTIR analysis was performed on a PerkinElmer Spectrum 65 Infra-red

spectrophotometer (UK) for commercial curcumin, PEG400, Soluplus,
Poloxamer 407, Vitamin E TPGs, MCC, magnesium stearate, Aerosol,
Solucumin, Mexcumin and their physical mixtures. A background scan was
conducted before each sample was loaded. For each sample, 8 scans were
carried out with a resolution of 4 cm! and a frequency range from 4000 cm™' to
400 cm™. FT-IR software (PerkinElmer Spectrum version 10.03.07) was used
to compare the spectra and calculate the correlations between FTIR spectra.
The correlation analysis was used to assess the similarity or dissimilarity
between two spectra. The correlation coefficients of Solucumin/Mexcumin,
commercial curcumin, their excipients and physical mixtures were calculated
by the software. The correlation coefficient ranges from -1 to 1, with values
closer to 1 indicating a strong positive correlation, values closer to -1 indicating

a strong negative correlation, and values close to 0 indicating no correlation.
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4.3.2.2. Differential scanning calorimetry (DSC)

The thermal behaviour of the formulations was determined by DSC Q2000.
4 mg of accurately weighted commercial curcumin, Soluplus, Poloxamer 407,
Vitamin E TPGs, MCC, magnesium stearate, aerosol, Solucumin, Mexcumin
and their physical mixtures were loaded into a standard aluminium pan
separately. The sample pans were sealed with standard aluminium lids. As for
PEG400, 30 mg was loaded into an aluminium pan and sealed with a hermetic
lid. An empty aluminium pan sealed with a standard aluminium lid was used as
reference for samples in solid form while another empty pan sealed with a
hermetic lid was used as the reference for the sample in liquid form (PEG400).
Each sample was analysed over the temperature range from 20°C to 250°C,

with heating rate at 15°C/minute and nitrogen gas flow rate of 40 ml/minute.

4.3.2.3. X-ray powder diffraction (XRD)
X-ray powder diffraction (XRD) study of commercial curcumin powder,

Longvida®, Nacumin®, Soluplus, Poloxamer 407, Vitamin E TPGs, MCC,
magnesium stearate, aerosol, Solucumin, Mexcumin and their physical
mixtures were performed over the range of 20 (the angle between transmitted
X-ray beam and reflected X-ray beam) from 0° to 51.56° by Oxford Diffraction,
Xcalibur microfocus NovaT X-ray diffractometer, using Cu Ka radiation. 0.2 mg
of each sample was loaded to a 0.7mm diameter capillary and then compaction
was applied to the sample-loaded capillary. After compaction, the capillary was

placed in the XRD instrument for analysis.
The X-ray diffractometer was combined with a Titan CCD imaging system

and the data was processed by CrysalisPro (Agilent Technologies) software.

PEG400 was not tested by XRD as it is a liquid under room temperature.
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4.3.2.4. Dynamic light scattering (DLS)
Dynamic light scattering study of Solucumin, Mexcumin and commercial

curcumin powders was carried out by using Malvern Zetasizer (Nano series,
Nano-ZS90). 5 mg of each sample was suspended in 10 ml ultrapure water and
sonicated for 5 minutes to ensure homogenous distribution. 1.5ml of the sample
suspension was then transferred into a disposable four-sided clear polystyrene
cuvette and tested for its size at 25°C, with a 90° angle detector. Samples were
measured in triplicate and each run consisted of 30 repeats. The average,
polydispersity index (Pdl) and standard deviation (SD) were calculated by the

zetasizer software (version 2.2).

IBM SPSS Statistics software (Version 24.0; IBM Corp, Armonk, NY, USA)
was used for statistical analysis of the data. Brown-Forsythe ANOVA test was
applied to compare different mean particle size of the samples as itis commonly
applied when there are wide variations in standard deviation. Post Hoc Dunnett
T3 test was applied for multiple comparison test. It is the multi-comparison test
method to use when sample sizes are small (<560 per group) and the
homogeneity of variance assumption for One-Way ANOVA is violated (Shingala
& Rajyaguru, 2015). Levene’s test was conducted to check the homogeneity of
variances and the result showed that the significance was 0.05, indicating equal

variances are not assumed in the One-way ANOVA (Kim, 2017).

4.3.2.5. Zeta potential
Zeta potential measurement for Solucumin, Mexcumin, Longvida®,

Nacumin® and commercial curcumin powders was also conducted in Malvern
Zetasizer (Nano series, Nano-ZS90). Sample solutions were prepared under
the same method used in the DLS study. The solution of each sample was
loaded into a reusable folded capillary cell with gold plated electrodes. Samples

were measured in triplicate with each measurement consisting of 12 runs. The
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mean zeta potentials were calculated by the Zetasizer software. One-way
ANOVA and Post Hoc Tukey test were carried out in IBM SPSS Statistics
software (Version 24.0; IBM Corp, Armonk, NY, USA) for analysing the mean

values of zeta potential.

4.3.2.6. Short-term stability test
A drug stability test was conducted for determining the change of the

curcumin stability in commercial curcumin, Solucumin, Mexcumin, Nacumin®
and Longvida® over time at different temperatures. Each sample was sealed in
two glass vials, each containing 1 g of the sample powder. The sample
containing glass vials were then placed in an oven at 25 °C /60% RH and 40 °C/
60%RH for 1 month respectively. The change in curcumin content was
measured by HPLC. Three replicates of each sample were prepared for each
temperature. Sensitivity to moisture or potential for solvent loss is not a concern
for drug products packaged in impermeable containers that provide a
permanent barrier to passage of moisture or solvent (ICH, 2003). Since the
samples were placed in sealed glass vials, the effect of relative humidity was

not considered in this stability study.

One-way ANOVA and Post Hoc Dunnett’s test were carried out to compare
the percentage curcumin content at day 0 and after 1 month. Dunnett’s test was
selected for comparison because it is the only post hoc test that allows
comparison of multiple means to a control mean (Field, 2009). In this case, the

control mean is the percentage of curcumin content in Day 0.
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4.4. Results

4.4.1. Fourier transform infrared spectroscopy (FTIR)
Figure 4.2 shows the FTIR spectra of curcumin, Soluplus, Vitamin E TPGs,

Solucumin and the physical mixture of curcumin with the excipients used for
preparing Solucumin. Commercial curcumin (Figure 4.2a) showed its
characteristic peaks at 3509 cm™ (phenolic O-H stretching), 1626 cm’
(aromatic C=C stretching),1601 cm™' (C=C-C, aromatic ring stretching), 1505
cm™ (C=0 and C=C stretching), 1427 cm™' (olefinic C-H bending), 1273 cm-’
(aromatic C-O stretching), 1114 cm™' (alkyl-substituted ether, C-O-C stretching)
(X. Chen et al., 2015). Soluplus (Figure 4.2b) showed its characteristic peaks
at peaks at 2,860 cm' (aliphatic C—H stretching), 1732 cm™ (ester C=0
stretching), 1623 cm™' (amide group, C(O)N) stretching) (Lavra et al., 2017).
The Vitamin E TPGs spectrum (Figure 4.2c) has peaks at 3467 cm™ (-OH
stretching), 2885 cm™ (aliphatic C-H stretching), 1736 cm™ (ester C=0
stretching), 1465 cm™' (aromatic ring, C=C-C stretching), 1240 and 1104 cm™"
(ether, C-O-C stretching) (Moneghini et al., 2010). These observations of the
characteristic peaks agree with the published literature (X. Chen et al., 2015;
Lavra et al., 2017; Moneghini et al., 2010). The representative peaks of
Soluplus (1730 cm-!, C=0 stretching) and Vitamin E TPGs (2883 cm1, C-H
stretching) can be seen at the spectra of Solucumin (Figure 4.2d) and its
physical mixture (Figure 4.2e). An OH peak of curcumin was observed in the
spectrum of the physical mixture (Figure 4.2e) but was absent in Solucumin

(Figure 4.24).
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Figure 4.2. FTIR spectrum of (a) Commercial curcumin, (b) Soluplus, (c)
Vitamin E TPGs, (d) Solucumin and (e) physical mixture of Solcumin
(curcumin:Soluplus:Vitamin E TPGs 1:10:10)
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Figure 4.3 shows the FTIR spectra of PEG400, Poloxamer 407,
microcrystalline cellulose, aerosil, magnesium stearate, Mexcumin and a
physical mixture of Mexcumin. In the spectra of PEG400 (Figure 4.3a), it
showed characteristic peaks at 3444 cm' (O-H stretching), 2865 cm™' (alkyl C-
H stretching), 1456 cm™, 1349 cm™, 1295 cm™, 1248 cm™' (alkyl C-H bending)
and 1094 cm-' (ether C-O-C stretching) (Alemdar et al., 2005; Lin & Zhou, 2017).
Poloxamer 407 (Figure 4.3b) exhibited peaks at 2880 cm™ (C-H alkyl
stretching), 1466 cm™ (C-H alkyl bending), 1341 cm (in plane O-H bending)
and 1098 cm™ (ether C-O-C stretching) (Karolewicz et al., 2017).
Microcrystalline cellulose (MCC) (Figure 4.3c) showed characteristic peaks at
3329 cm" (O-H stretching), 2891 cm™ (C-H alkyl stretching), 1631 cm-! (C=0
stretching) and 1315 cm' (C-O stretching) (Jia et al., 2011). Aerosil (Figure 4.3d)
exhibited a sharp peak at 1090 cm™ (Si-O-Si stretching) (Parvinzadeh et al.,
2010). The spectrum of magnesium stearate (Figure 4.3e) showed peaks at
3252 cm™ (O-H stretching), 2916 cm', 2850 cm™' (C-H stretching vibration),
1571 cm™' and 1466 cm™' (COO-stretching vibration) (Stulzer et al., 2008). The
values of the characteristic peaks for these excipients correspond to the results
in published literatures (Alemdar et al., 2005; Jia et al., 2011; Karolewicz et al.,
2017; Lin & Zhou, 2017; Parvinzadeh et al., 2010; Stulzer et al., 2008). The
FTIR spectra of Mexcumin and the physical mixture were shown in Figure 4.3f

and Figure 4.3g, respectively.
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Figure 4.3. FTIR spectrum of the (a) PEG400, (b) Poloxamer 407, (