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Introduction to the research problem and its significance

Material development for use in foods and pharmaceuticals has been raised in order to
find a suitable material for some purposes. For pharmaceutics, macromolecules, such as
polymers, have been widely applied for developing drug formulations and drug delivery
systems. A use of polymer blends by varying ratios of two polymers offers a different
property when comparing with the use of single polymer (Siepmann et al., 2008).
Alternatively, a polymer can be blended with a clay to achieve an appreciated property.
Importantly, molecular interactions of the polymer chains with the clay compounds can
occur, which can effectively alter the physicochemical properties of the polymers
(Pongjanyakul et al., 2005; Khunawattanakul et al. 2010; Rongthong et al., 2013). The
polymer-clay composites have been characterized and used as tablet coating films
(Pongjanyakul et al., 2005a; Khunawattanakul et al. 2011) and as microparticles for matrix
forming agents (Khlibsuwan and Pongjanyakul, 2015).

Caseins, biomacromolecules from milk, are composed of 94% protein and 6% colloidal
calcium phosphate (Walstra et al., 2006). Casein proteins have distinct hydrophobic and
hydrophilic domains that self-assemble into stable micellar structures in aqueous solutions.
Casein micelles are composed of four phosphoproteins held together by hydrophobic
interaction and by bridging of calcium phosphate nanoclusters (De Kruif and Grinberg, 2002;
Qi, 2007). For this characteristic, caseins are used as emulsifying and foaming agents in food
industry. Furthermore, caseins have been pharmaceutically applied as a solubilizing agent for
poorly soluble drugs (Millar and Corrigan, 1991; Millar and Corrigan, 1993). Caseins also
possess a film forming properties that can be used for tablets film coating (Abu Diak et al.,
2007; Elzoghby et al., 2011) and food packaging (Wihodo and Moraru, 2013). However, it is
necessary to modify the casein film properties by adding plasticizers (Audic and Chaufer,
2005), cross-linking agent (Audic and Chaufer, 2005; Perada et al., 2010) and water insoluble
additives (Fabra et al., 2008; Perada et al., 2011a, b). These modifications result in a change
of mechanical properties and water vapor permeability. Moreover, caseins also have a
potential use as drug delivery systems, particularly microparticles (Knepp et al., 1993; Magee
et al., 1993) and nanoparticles (Elzoghby et al., 2013; Pan et al., 2013). Thus, it is interesting
that incorporation of clays may cause a change of the casein films to use as drug delivery
systems.

Oral candidiasis caused by Candida albicans is the most common opportunistic fungal
infection in  human  immunodeficiency  virus-infected  patients and  other
immunocompreomised hosts. (Pelletier et al., 2000). The current treatment regimen for this
infection is clotrimazole lozenges or torches, which is available in Thailand. However, the
use of clotrimazole is discontinued because the relapses of oral candidiasis in the patients
usually occur that may be an emergence of resistance to this drug. For this reason, other
antifungal agent, such as fluconazole, is alternative drug for use in this disease (Pelletier et
al., 2000). Fluconazole used clinically for the treatment of oral candidiasis is commercially



available as oral conventional tablets. However, high dose and long term regimen for
treatment of oral candidiasis cause disturbances in GI tract and hepatotoxicity (Dollery,
1999). Thus, to minimize the adverse effects and the risk of drug resistance, local delivery of
fluconazole is considered.

In fact, fluconazole is a slightly soluble drug (Dollery, 1999; Clarke, 2004), which
several methods, such as solid dispersion (Papageorgiou et al., 2008), complexation (Yurtdas
et al., 2011; Li et al., 2016) and micellization (Bhardwaj et al., 2014), are used to enhance
water solubility of this drug. Several researchers have developed and evaluated bioadhesive
local delivery of fluconazole in the form of films (Yehia et al., 2009; Patel et al., 2015), gels
(Suresh and Manhar, 2014) and tablets (Pathak et al., 2016). Polymers, such as chitosan,
carbomer, hydroxypropyl methylcellulose, and sodium alginate were used as a matrix-
forming agent. However, the use of sodium caseinate as a film matrix of fluconazole is yet
unknown. Therefore, it is possible to investigate the use of casein micelles for solubility
enhancement of fluconazole. The fluconazole-casein dispersions can be potentially prepared
as a continuous film. Furthermore, an immediate drying of the fluconazole-casein dispersion
may cause an amorphous form of fluconazole embedded in the matrix of the films, leading to
an enhancement of fluconazole dissolution. The casein films may provide a modified-release
of fluconazole in mild acidic-neutral pHs (pH of oral cavity). Thus, they may offer a potential
use for a localized oral fluconazole delivery. Additionally, characteristics of the fluconazole-
loaded casein films may be modified by incorporating clays.

In this research project, casein in the sodium salt, sodium caseinate, will be prepared as a
film, which the characteristics of the sodium caseinate films will be modified by using clays,
such as magnesium aluminum silicate and halloysite. Aqueous solubility enhancement of
fluconazole using various concentrations of sodium caseinate and plasticizer, such as
glycerin, will be studied. The sodium caseinate and sodium caseinate-clay films containing
fluconazole will be prepared using a spraying method. Film properties, such as surface and
internal structure morphologies, thermal behavior, molecular interaction, crystallinity,
mechanical properties, water uptake, mucoadhesive properties and drug release, will be
examined. Moreover, the surface of the films will be modified by using chitosan for enhance
mucoadhesive properties. Microbial activity of fluconazole released from the films will be
evaluated as well. The fluconazole films obtained may potentially use as drug delivery
systems for oral candidiasis.



Literature review
Sodium caseinate

Caseins are the major milk proteins that compose of 94% protein and 6% colloidal
calcium phosphate. There are four different peptide chains: aS;-, aS,-, B- and k-caseins in the
ratio of 4:1:4:1, which have a difference in phosphorylation and glycosylation (Walstra et al.,
2006). Their molecule weights are in the range of 19 and 25 kDa. The average of isoelectric
point (pl) of casein is about 4.6 to 4.8. Caseins in the form of acid have a low aqueous
solubility, but sodium caseinate, sodium salt of casein, is freely soluble in water except the pH
is close to isoelectric point (Elzoghby et al., 2011). Caseins are amphiphilic protein which
provisde self-association into micelle structures (Neha et al., 2012).

Caseins are proline residues, open-structured and a few cysteine residues(Elzoghby et
al., 2011; Neha et al., 2012). B-casein is the most hydrophobic casein which has a large
number of proline residues. aS;-casein has a high net negative charge and high phosphate
content, but aS,-casein contains two cysteine residues and no carbohydrate groups. k-Casein
differs from the other caseins. It has two cysteine residues that form intermolecular disulfide
bonds (Walstra et al., 2006). The aS;-, aS,- and B-caseins are precipitated by calcium ion,
whereas k-casein can soluble in calcium ion (Qi, 2007). The surface of casein micelle is
covered with k-casein providing hydrophilic property and charged surface layer which
stabilizes the micelles through intermicellar electrostatic and steric repulsion (Walstra et al.,
2006).

Casein micelle characteristics

Amphiphilic molecules are characterized by having two distinct regions of opposing
solution affinities within the same molecule. The amphiphilic molecules exist separate when
they present in low concentration medium. As the concentration is increased, aggregation
occurs over a narrow concentration range. These aggregration are called micelles. The
concentration that micelles form is termed the critical micelle concentration (CMC).

Casein micelles are composed of four phosphoproteins held together by hydrophobic
interaction and by bridging of calcium phosphate nanoclusters. The CMC of casein is reported
to be about 1.0 mg/mL. B-casein self-association is the most popular for investigation when
compared with other caseins. The CMC for B-casein is determined and found to be 0.05
mg/mL. While B-casein exhibits a micellization behavior similar to 3-Casein and the CMC
has been determined to be in the range 0.2-0.5 mg/mL (Horne and Euston, 2005). Casein
micelles are presented in roughly spherical particles, mostly 50-500 nm in diameter (average
about 120 nm) and a molecular mass from 10°-10° Da. The particles comprise approximate
10* casein molecules. They have negative charge. In the sub-micelle model, the caseins
aggregate by hydrophobic interaction into subunits of 15-20 molecules (De Kruif et al., 2012).
Some of the properties of casein micelles are summarized in Table 1.
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Table 1 Average characteristic of casein micelles (Horne and Euston, 2005)

Characteristic Value
Diameter 120 nm (range: 50-500 nm)
Surface area 8x 100 cm?
Volume 2.1x 10" cm?
Density 1.0632 g/cm?®
Mass 22x 10" g
Water content 63%
Molecular weight 1.3 x 10° Da
Number of peptide chains 10*
Critical micelle concentration (CMC) 1.0 mg/mL

The core of a micelle consists of roughly equal amounts of aS;-, aS,- and B-caseins
with very little k-casein, whereas the micelle surface is primarily covered with k-casein that
provides a hydrophilic and charged surface layer, which stabilizes the micelle through
intermicellar electrostatic and steric repulsion (Farrell et al., 2006; De Kruif et al., 2012).
Furthermore, casein micelles are stabilized by two main factors that a surface zeta potential is
approximatly -20 mV at pH 6.7 and steric stabilization occurs from the protruding x-casein
layer hairs (Horne and Euston, 2005).

Several years ago, various models of casein micelle assembly and structure have
appeared and have been subjected to regular review and appraisal. The subunit model relies
on the known preference of the caseins for self-association. The basic of models is the
observation that caseins self-assemble and micellar structures even in the absence of calcium
ion, they form rather large aggregates. The colloidal calcium phosphate then glues together
the protein sub-micelles. It is for these reasons that casein sub-micelles are imagined, which
are glued together by the colloidal calcium phosphate (De Kruif et al., 2012). In this sub-
micelle model, the caseins firstly aggregate by hydrophobic interaction into subunits of 15-20
molecules each and hold together by colloidal calcium phosphate linkages with a micelle
structure covered by k-casein. The pattern of interaction is such that it brings about a variation
in the k-casein content of these sub-micelles (Farrell et al., 2006).

The most commonly accepted model in the sub-micelle model category is displayed in
Figure 1. This model suggests that casein micelles are built of roughly spherical subunits or
sub-micelles. The composition of sub-micelles is variable and the size is in range 12-15 nm in
diameter, and each sub-micelle has 20-25 casein molecules. The sub-micelles are kept
together by hydrophobic interactions between proteins, and by calcium phosphate linkages.
There are two main types of sub-micelles; one mainly amount to aS- and B-casein,
hydrophobic regions embed in the center of the sub-micelle, another type amount to oS- and
k-casein, which is more hydrophilic because of the sugar residues on «-casein. The
hydrophobic part of the C-terminal end bulging from the micelle surface to from a hairy layer



that avoid further aggregation of sub-micelles by electrostatic and steric repulsion. Therefore,
micelles are stable. However, micelle equilibrium is occurred (Figure 2). Those components
in rapid equilibrium quickly exchange and yield one result, whereas those slow to equilibrate
emphasize another feature. It has also been suggested that calcium binding to caseinates must
precede phosphate binding (Qi, 2007).

50 nm

Figure 1. Structure of casein micelle in sub-micelle model (De Kruif et al., 2012).
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Figure 2. Proposed scheme of the most important dynamic equilibria between casein
micelles and milk serum (Qi, 2007).



Factors affecting on casein micelle properties
Food protein networks have the ability to interact with a wide range of active
compounds by functional groups of their polypeptides. The casein micelles have a strong
trend to aggregate due to entropically driven hydrophobic interactions. Hence, if this steric
and repulsive stabilization are damaged, attractive Van der Waals interactions appear and the
aggregation of casein micelles occurs. Casein micelle structure is not fixed, but it’s dynamic.
In various ways, it responds to changes in micellar environment such as pH, temperature and
cations (Horne, 2014).
- pH
Caseins are linear protein polymers and therefore the change distribution both sign
and magnitude change with pHs. The isoelectric point of the caseins is around pH 4.6 where
they precipitate out of solution (De Kruif et al., 2002). If an acid is added to the caseins, the
pH is decreased. This influence changes the environment of the casein micelles in two ways.
Firstly, colloidal calcium phosphate in the casein dissolves and forms ionized calcium, which
can enter the micelle structure and create strong internal calcium bonds. Secondly, the pH of
the solution approaches the isoelectric points of the individual species. These changes initiate
within the micelles. The influences of pH are illustrated in Figure 3. In salt solutions, the
range for optimal precipitation is pH 4.5 to 4.9. If a large excess of sodium hydroxide is added
to the precipitated isoelectric casein, the redissolved casein can be converted into sodium
caseinate, partly dissociated into ions (Bylund, 1995).
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Figure 3. Effect of pH on characteristics of casein dispersion (Bylund, 1995)



Casein micelles are formed at high pH, event at pH 12.0 (Lui and Guo, 2008).
Because the strong electrostatic repulsive might lead to the dissociation of casein micelles.
The hydrophilic interaction between the hydrophobic fractions of casein molecules still plays
an essential role in the self-association of casein molecules, and consequently the formation of
casein micelles at higher pH. The radius of casein micelles increases smoothly with pH in the
pH range of 6.0 to 12.0. Under pH 3.0, the radius is very similar to that at pH 7.0. In
conclusion, casein molecules can self-assemble into casein micelle in pH range of 2.0 to 3.0
and 5.5 to 12.0. In addition to the hydrophobic interaction, hydrogen bond and electrostatic
action are the main interactions in the formation of casein micelles that more compact at low
pH and looser at high pH.

- Enzymes

Precipitation of casein micelles can be caused by enzymes as well. The amino acid
chain of k-casein comprises 169 amino acids. Many proteolytic enzymes can cleavage the
bond between amino acids 105 (phenylalanine) and 106 (methionine), where are easily attack.
The soluble amino end contains amino acids 106 to 169, which are dominated by polar amino
acids. The remaining part of the k-casein, consisting of amino acids 1 to 105, is insoluble and
remains in the curd together with oS- and pB-casein. The splitting of the 105-106 bond in the
k-casein molecules is often called the primary phase of the rennet (proteolytic enzymes)
action, whereas coagulation is referred to as the secondary phase. In addition, the secondary
phase is strongly affected by the calcium ion concentration and by the condition of micelles
with regard to absence or presence of denatured milk serum proteins on the surfaces of the
micelles (Bylund, 1995).

- Denaturalizing agents

The stability of casein micelles derives from the layer of k-casein molecules,
extending their C-terminal parts into the solution. The influence of ethanol on the stability of
casein micelles was studied by relation between renneting time (times that casein exposed
proteolytic enzymes) and ethanol level. The micelles flocculate if the leval of ethanol accesses
35 vol%. Ethanol can break the layer of k-casein and form a weak gel immediately prior to
flocculation (De Kruif, 1999).

- Temperatures
Temperature strongly affects properties of caseins. At low temperature, casein can
dissociate from micelles and p-casein is the predominant protein released. At high
temperature, size of casein micelles increased from aggregation of casein (Lui et al., 2013).
- Cations
Casein can also interact with other macromolecules to form complexes and
conjugates with synergistic combinations (Elzoghby et al., 2011). The stability of the casein
micelles obtains from the layer of k-casein molecules. If the layers on the surface are
collapsed, the stability of casein is reduced (De Kruif, 1999). Calcium chelators are often used
to improve the heat stability of milk products. Chelators shift protein-mineral equilibria lead



to a decrease in the concentration of free calcium ions and deficiency of colloidal of calcium
phosphate. This effect causes an increase in repulsion interaction between the negative
charged of amino acids in the casein micelles (De Kort et al., 2011). Mechanism of cation
association with casein micelles suspended in the aqueous phase of milk has been studied.
The association of cations with casein micelle are 82%, 25%, 95%, 52% and 99% for calcium,
magnesium, zinc, copper and ferric ion, respectively (Philippe et al.,2005). The order of
cation association with micelles is: Cu** > Zn?* > Ca** > Mg?* > Fe**. These decreases were
in agreement with a direct binding of cations to casein and may be formed by electrostatic
(Ca?*, Mg®* and Zn*") or coordination (Fe** and Cu®") bonds with oxygen atoms of
phosphoseryl, aspartyl and glutamy! residuces.

Applications of casein micelle for poorly soluble drugs

Casein micelle has a hydrophobic interior of those phosphoproteins held together by
hydrophobic interaction whereas the micelle surface is covered by a hydrophilic layer of k-
casein. Thus, casein micelles are used as a natural alternative to synthetic block copolymers
for delivery of poorly soluble drugs. But effects of casein micelle on solubility depend on
drug loading, casein form, i.e. salt or free acid, and preparation method.

Sodium caseinate can enhance solubility and dissolution of chlorothiazide and
hydrochlorothiazide (Millar and Corrigan, 1991). The solubility of chlorothiazide and
hydrochlorothiazide in pH 7.4 phosphate buffer increases when increasing sodium caseinate
content. Similarly, solubility of hydrochlorothiazide in distilled water relates to increasing
sodium caseinate content. Increasing sodium caseinate content has a small change of
dissolution rate of chlorothiazide and hydrochlorothiazide in pH 7.4 phosphate buffer. The
release profiles of drug from the mixtures are lower than that of pure drug in acidic medium.
However, dissolution studies on hydrochlorothiazide/sodium caseinate freeze dried systems
are preformed in pH 7.4 phosphate buffer. The relative enhancement in dissolution rate from
the hydrochlorothiazide/sodium caseinate (25:75 and 50:50) system are about 1.5. The 75/25
system disintegrates very rapidly. Therefore, the process of freeze drying with sodium
caseinate has much less effect to hydrochlorothiazide. On the other hand, the release profile of
pure drug is lower than that of drug mixtures dried by using freeze-drying because freeze
drying process can make molecule of chlorothiazide became to amorphous form. While
physical mixture providedscrystalline and amorphous forms of chlorothiazide. Thus, freeze
drying process increases the dissolution rate of chlorothiazide.

In the case of ibuprofen, the solubility of ibuprofen increases with increasing sodium
caseinate concentration (Millar and Corrigan, 1993). The increase in solubility at high sodium
caseinate concentration indicates a weak binding of ibuprofen to sodium caseinate. However,
ibuprofen release rate decreases with increasing proportion of sodium caseinate. This suggests
that the increase in solubility does not seem to be accompanied by an increase in dissolution
rate. It appears as if the presence of sodium caseinate has a slight retarding effect on the



dissolution rate of ibuprofen. This may be related to the increased viscosity of diffusion layer
of mixed discs, which seem to reduce the diffusion coefficient of ibuprofen.

Sodium caseinate is used as a solubilizer of flutamide, antiandrogen, for intravenous
administration (Elzoghby et al., 2013). When flutamide solution (flutamide dissolves in
95%ethanol) is added to aqueous solution, precipitation of flutamide occurs because their
poor aqueous solubility. While flutamide solution is added to casein solution, the mix solution
become to clear solution. These results indicate that strong hydrophobic interactions lead to
association of the drug with the casein micelle. For confirmation, flutamide solubility is
increased with increasing casein concentration. The higher concentration of micelles
contribute to increase hydrophobic interaction. Spray-drying technique is employed for
conversion of flutamide-casein micelle dispersion into solid redispersible micelles with no
need for drying adjuvant depending on the stabilizing properties and thermal stability of
casein itself. Increasing casein ratio from 1:5 to 1:20 decrease drug release. These results
show that casein micelle can not only solubilize the poorly soluble drug, but also sustain drug
release. For pharmacokinetic study, the longer half-life and blood residence time of flutamide-
loaded casein micelles are the result of a reduced clearance rate. This study suggests that the
hydrophobic core of casein micelles can also retain drug concentration in plasma for a long
time

Characteristics of sodium caseinate films

Sodium caseinate films are natural materials that are considered for food packaging and
applications for pharmaceuticals because of biodegradability and biocompatibility of sodium
caseinate (Pereda et al., 2011a). Although synthetic polymers present more benefit than
natural polymers, but natural polymers are lesser toxicity than synthetic polymers. In food
industry, sodium caseinate films are interesting for food application because they are high
nutritional quality and potential to provide food products with suitable protection from their
surrounding environment. Besides, appearances of sodium caseinate films are transparent and
soft nature. For pharmaceuticals, the most important biodegradable sodium caseinate films are
used in controlled drug delivery systems. Sodium caseinate are proteins that have the ability
to interact with other molecules via functional group. For example, sodium caseinate can
interact with calcium ion to form complexes and lead to improve properties of sodium
caseinate (Walstra et al., 2006; Elzoghby et al., 2011).

Moreover, sodium caseinate films are generally prepared by a casting method.
However, proteins based films have two major problems: poor mechanical properties and high
water sensitivity due to the highly hydrophilic of sodium caseinate (Audic and Chaufer,
2005). Thus, improvement of sodium caseinate films properties is required.
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Factors affecting on sodium caseinate films properties
-Effect of plasticizers

Sodium caseinate films prepared without plasticizers are cracked and brittle during
drying. So, plasticizers, such as glycerin and sorbitol, are used to improve mechanical
properties of protein films, which include an increase of flexibility. Mostly, plasticizers cause
an increase in material flexibility by decreasing intermolecular forces between polymer coils.
However, the values of tensile strength of the films with glycerin have lower than those of the
film with sorbitol. On the other hand, the values of elongation of the films with glycerin have
higher than those with sorbitol. Thus, sodium caseinate films with glycerin are more flexible
and more stretchable than those with sorbitol (Fabra et al., 2008). This phenomenon can
explain that glycerol molecule is smaller than sorbitol molecule and higher hydrophilic part
compared to sorbitol. Due to the smaller glycerin molecule, it can easily attach with protein
molecules when comparison with sorbitol. Glycerin interacts with protein by hydrogen
bonding. Moreover, when increasing glycerol content, water vapor permeability of sodium
caseinate films increases (Khwaldia et al., 2004). This suggests that glycerol is hydrophilic
molecules which is favorable to adsorption of water molecules, lead to increase water vapor
permeability of sodium caseinate films.

Polyols, such as ethylene glycol, and di-, tri- and tetra-ethylene glycol are often used
as plasticizers for protein based films (Audic and Chaufer, 2005). Series of ethylene glycol
have two hydroxyl groups, and tetra-ethylene glycol has the longest structure in series of
ethylene glycol. Increasing repeating unit decreases film strength, but enhances elongation of
the films. This suggests that increasing for longer molecules in the ethylene glycol series
contributes to plasticizer efficiency by increase in steric of plasticizers to proteins. This can
lead to an increase in the sodium caseinate free volume and bring about to improve properties
of films. Besides, the sodium caseinate films with low plasticizers contents present poor
critical elongation. Elongation at break of sodium caseinate films is depended on plasticizer
content, and the best tensile properties of sodium caseinate films is obtained when using 50%
plasticizer.

-Effect of crosslinking agents

Aldehydes have been preferred to achieving a stronger polymeric protein structure
(Audic and Chaufer, 2005; Perada et al., 2010). Aldehydes, such as formaldehyde and
glutaraldehyde, can promote crosslinking with protein by covalent bonds11. Due to properties
of glutaraldehyde, it has advantage to react with a large number of available amino groups.
Moreover, glutaraldehyde is largely the most generally used owning to high efficiency in the
stabilization of protein-based materials and high solubility in aqueous solutions.
Glutaraldehyde concentration up to 1.5 wt% can be used for film cross-linking (Bigi et al.,
2001). Elastic modulus values and tensile strength enhance when glutaraldehyde content
increases. These results are correlated with the increase in covalent bonds formed between the
polypeptide chains as the glutaraldehyde content increases. However, the water vapor
permeability values increase as the crosslinking content increases. It is suggested that the
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increase in permeability with increased concentration of glutaraldehyde influences by the
molecular structure between the glutaraldehyde-crosslinked protein chains. This effect can
separate the protein molecules through relatively long distances and can decrease
intermolecular forces along the protein chains. This lead to an increase free volume and
promoting water molecules diffuse through the sodium caseinate films. Then, they are a
higher permeability when compared without glutaraldehyde.
-Effect of water insoluble additives

Cellulose fibers, such as carbomethoxy cellulose and cellulose acetate, are attractive
as reinforcing fillers in sodium caseinate films due to their good mechanical properties with
very high bending strength and stiffness (Perada et al., 2011a, b). Moreover, lipids, for
example oleic acid and bee wax, are alternative materials for moisture barrier properties of
sodium caseinate film (Fabra et al., 2008). However, incorporation of oleic acid causes a
decrease of film strength that the films show more brittle and crack during drying.

Magnesium aluminum silicate (MAS)

MAS is a mixture of colloidal montmorillonite and saponite (Rowe et al., 2006) that has
been washed with water to optimize purity and performance and is employed as a
pharmaceutical excipient due to its non-toxicity and non-irritation at levels used in drug
formulations (Rowe et al., 2006). MAS is composed of three-lattice layers, a central
octahedral sheet of aluminum or magnesium and two external silica tetrahedron layers
(Alexandre and Dubois, 2000). The silicate layer surface of clay has a negative charge, but
weakly positive charges are presented on the edges of the silicate layers. The silicate layers of
clay can be separated and form three-dimensional structures when they are hydrated in water.
The negatively charged faces bring about a strong electrostatic interaction with amine drugs
(Suksri and Pongjanyakul, 2008; Pongjanyakul et al., 2009; Rojtanatanya and Pongjanyakul,
2010), leading to a prolonged release of drug. The positively charged edges of MAS can
interact with anionic polymers, such as xanthan gum (Ciullo, 1981), carbomer (Ciullo and
Braun, 1991), and sodium alginate (Pongjanyakul et al., 2005b; Pongjanyakul and
Puttipipatkhachorn, 2007), resulting in viscosity synergism of the composite dispersions.
Moreover, hydrogen bonding between MAS and anionic polymers is a crucial mechanism for
changing the composite dispersion properties. Furthermore, sodium alginate-MAS films are
fabricated for tablet film coating (Pongjanyakul et al., 2005a) and buccal drug delivery
(Pongjanyakul and Suksri, 2009)

MAS can also interact with a positively charged polysaccharide, such as chitosan,
resulting in an improvement of rheology of composite dispersions and a formation of
positively charged flocculates (Khunawattanakul et al., 2008). The chitosan-MAS composite
films are successfully prepared and characterized (Khunawattanakul et al., 2010). The
mechanical properties, particularly % elongation, of the chitosan films can be improved by
nanocomposite formation of chitosan and MAS. Additionally, the chitosan-MAS films
provide lower drug permeability than chitosan films. In addition, the chitosan-MAS films also



12

show a sustained-release pattern of nicotine for buccal delivery (Pongjanyakul et al., 2013).
Recently, chitosan microparticles added with MAS are prepared by a spray-drying method.
The chitosan-MAS microparticles display better flowability than the chitosan microparticles,
and offer to use as a matrix forming agent for sustaining drug release (khlibsuwan and
Pongjanyakul, 2015).

Halloysite

Halloysite is a hydrated polymorph of kaolinite. It has a tubular morphology in
nanoscale (2-50 nm). It is consisting of the oxygen-sharing tetrahedral SiO, sheet and the
adjacent octahedral AlOg sheet in the 1:1 and this layer has been wrapped to a tubular
structure. Generally, tubular halloysite is approximately 0.02-30 um long and has an external
diameter of 30-190 nm and an internal diameter of 10-100 nm (Tan et al., 2013). The nano-
sized tubular structure of halloysite makes it suitable for use as an adsorbent for pollutant
(Zhao and Liu, 2008), an additive for polymer nanocomposites (Hedicke-Hochstotter et al.,
2009), and a carrier for sustaining drug release. It can be used as a drug carrier for
furosemide, dexamethasone, nifidipine, and ibuprofen because the surface hydroxyl groups
and external surface siloxane (Si—O-Si) groups of halloysite have weak interactions with
guest molecules through hydrogen bonding or Van der Waals forces (Aguzzi et al., 2007).
Due to the weak interaction between halloysite and drugs, a low drug loading capacity (5
mass%) is found. Moreover, the advantages of the use of halloysite are a high level of
biocompatibility and low cytotoxicity. In addition, halloysite has been also used to modify
characteristic of polymeric films (Liu et al., 2012; Oiao et al., 2012; He et al., 2012) and to
combine with polymeric films for controlled-release of drug (Wang et al., 2010).

Fluconazole

Fluconazole is a triazole antifungal drug that acts by inhibition of the ergosterol
component of the fungal cell membrane. It is active against a broad spectrum of yeast and
other fungal pathogens and is available for both oral and parenteral use (Dollery, 1999).
Fluconazole has molecular weight of 306.3 Da. It shows a slightly soluble drug with pK, of
2.03 (Clarke, 2004). The solubility of fluconazole in water was reported to be 5 mg/mL (Park
et al., 2010). Thus, many researchers investigated the methods for enhancement fluconazole
solubility. Several approaches, such as solid dispersion with polymers (Papageorgiou et al.,
2008), complexation with cyclodextrins (Yurtdas et al., 2011; Li et al., 2016) and
micellization using surfactants (Bhardwaj et al., 2014), are used to enhance water solubility of
this drug.

Oral candidiasis caused by Candida albicans is the most common opportunistic fungal
infection in  human  immunodeficiency  virus-infected  patients and  other
immunocompreomised hosts. (Pelletier et al., 2000). The current treatment regimen for this
infection is clotrimazole lozenges or torches, which is available in Thailand. However, the
use of clotrimazole is discontinued because the relapses of oral candidiasis in the patients
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usually occur that may be an emergence of resistance to this drug ((Pelletier et al., 2000). For
this reason, other antifungal agent, such as fluconazole, is alternative drug for use in this
disease. Fluconazole used clinically for the treatment of oral candidiasis is commercially
available as oral conventional tablets. However, high dose and long term regimen for
treatment of oral candidiasis cause disturbances in Gl tract and hepatotoxicity (Dollery,
1999). Thus, local delivery of fluconazole is considered to minimize the adverse effects and
the risk of drug resistance. Moreover, minimum inhibitory concentration of fluconazole for C.
albicans is reported in the range of 2-16 ug/ml (Rathod et al., 2012), which is low
concentration of drug. For these reasons, local fluconazole delivery systems have been
prepared and evaluated, such as films (Yehia et al., 2009; Patel et al., 2015), gels (Suresh and
Manhar, 2014) and tablets (Pathak et al., 2016). Polymers, such as chitosan, carbomer,
hydroxypropyl methylcellulose, and sodium alginate were used as matrix- or film-forming
agents.

Surface modification of drug delivery system by polymers

Surface modification of drug delivery systems can be performed in order to improve
some properties such as biocompatibility (Cai et al., 2002) and mucoadhesion (Surassmo et
al., 2015). Carbopol, an anionic polymer, has been used to modify the surface of poly (lactic-
co-glycolic acid) nanoparticles, leading to an enhancement of the mucoadhesion between
nanoparticles and mucin particles (Surassmo et al., 2015). Chitosan, a positively charged
biopolysaccharide, is widely used to modify the surface of drug delivery systems for
improving mucoadhesive properties because it can interact with a negatively charged mucin
on mucosa, indicative of good mucoadhesive properties (Grabovac et., 2005). Surface-
modified films show good affinity with cells and promote cell proliferations (Cai et al., 2002;
Cai et al., 2008). Moreover, chitosan adsorbed on the surface of microparticles can enhance
mucoadhesive properties and increase drug permeation across mucosa (Kanjanakawinkul et
al., 2013).

From these reviews, it is known that the basic knowledge about the preparation and
characterization of sodium caseinate films blended with MAS or halloysite are not available
in the literatures. Due to micellar solubilization and film-forming agent of sodium caseinate, it
may enhance fluconazole solubility and use for preparing a film containing fluconazole. It is
possible to prepare and evaluate the fluconazole films surface modified with chitosan. And
the sodium caseinate and sodium caseinate-clay films in this study may have a strong
potential to use for fluconazole delivery in oral cavity.
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Objectives of this study

General objective
-To investigate physicochemical properties and application of sodium caseinate or
sodium caseinate-clay composite films containing fluconazole for local delivery of
oral candidiasis.
Specific objective
-To study effect of clays on characteristics of sodium caseinate films.
-To prepare and evaluate fluconazole-loaded films using sodium caseinate and sodium
caseinate-clay composites as film-forming agents.
-To prepare and characterize surface-modified fluconazole-loaded films using chitosan.
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Abstract
Project Code: BRG6080016
Project Title: Characterization of sodium caseinate-clay composite films for local fluconazole
delivery in oral candidiasis
Investigator: Prof.Dr. Thaned Pongjanyakul, Faculty of Pharmaceutical Sciences, Khon Kaen
University

E-mail Address: thaned@kku.ac.th
Project Period: 15 May 2017 — 14 May 2019

The objectives of this work were to characterize the composite films of sodium caseinate
(SC) and clays, such as magnesium aluminum silicate (MAS) and halloysite (HS), for
pharmaceutical uses and to prepare and evaluate fluconazole (FZ) films by using the SC-clay
composite as a matrix former. Moreover, the FZ-loaded SC films surface modified by
chitosan (CS) were also investigated. The results showed that the amide and amino groups of
SC could molecularly interact with the hydroxyl groups of clays via hydrogen bonding. Clays
added could enhance thermal stability of the SC films. The puncture strength and elongation
of the SC films decreased with increasing clay ratios in the dry state. On the other hand,
increasing clay ratios caused an increase of puncture strength of the wet films in acidic
medium. The SC-clay films did not obviously retard the water vapor permeation, but the drug
permeability and diffusion coefficient across the films in acidic medium remarkably
decreased when increasing clay ratios. Furthermore, the SC-clay dispersions could be
employed as a film coating material for modifying drug release. The SC-clay films containing
FZ could be prepared using a spray method. Incorporation of clay can enhance thermal and
mechanical properties of the films. Besides, the FZ-loaded SC-clay films presented slower
release when compared with the film without clay due to denser structure of the films. The FZ
in the films showed the different polymorphism when compared with FZ powder, suggesting
the polymorphism change of FZ during recrystallization in film preparation. However, the
FZ-loaded SC-clay films still possessed antifungal activity and mucoadhesive property. The
SC-CS bilayer film added with FZ showed slower drug release when compared with the SC
films because SC and CS are able to form the molecular interaction via hydrogen bonding.
The complex structure of the SC-CS bilayer film could enhance the strength of the films, and
also provided good mucoadhesive properties. The FZ released from the SC-CS bilayer films
still had an anticandidal activity. These findings suggested that the SC-clay films and the SC-
CS bilayer films have a good potential for use as a novel delivery system for antifungal drug
in treatment of oral candidiasis.

Keywords (3-5 words) sodium caseinate, clay, fluconazole, film, chitosan
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Part I Sodium caseinate-magnesium aluminum silicate films

1. Introduction

Thin film technology is very important for pharmaceutical manufacturing, for example
film coating for masking the unpleasant taste and odor of drugs, and for sustaining drug
release in tablets (Nagai et al., 1997). The films loaded with drugs have been used as drug
delivery systems (Karki et al., 2016). Furthermore, the application of thin films is extended to
food industry, which they are developed and used for food packaging and wrapping. Natural
polymers have been widely employed for these purposes because of their biocompatibility
and biodegradability. Polysaccharides, such as chitosan, have been used in tablet film coatings
(Nunthanid et al., 2002) and food packaging (Van Den Broek et al., 2015; Cazon et al., 2017).
In addition, protein-based films, which were prepared from gelatins (Nur Hanani et al., 2014)
and caseins (Bonnaillie et al., 2014), have been applied as a packaging material. Moreover,
casein film coatings for fruits show a minimum lose of weight and juice level during storage
under ambient conditions (Alam and Paul, 2001).

Caseins, biomacromolecules from milk, are composed of 94% protein and 6% colloidal
calcium phosphate (Walstra et al., 2006). Their molecule weights are in the range of 19 and
25 kDa. The average of isoelectric point of caseins is about 4.6 to 4.8. Caseins in an acidic
form (casein salt) have a low aqueous solubility, but sodium caseinate (SC), sodium salt of
casein, is freely soluble in water except the pH is close to isoelectric point (Elzoghby et al.,
2011). Because SCs have distinct hydrophobic and hydrophilic domains, self-assemble into
stable micellar structures in aqueous solutions can be formed when their concentration are
higher than critical micelle concentration, 1.0 mg mL™ (Horne and Euston, 2005). For this
characteristic, SCs are used as emulsifying and foaming agents in food industry. Furthermore,
they have been pharmaceutically applied as a solubilizing agent for poorly soluble drugs
(Millar and Corrigan, 1991; Millar and Corrigan, 1993). SCs also have a potential use as drug
delivery systems, particularly beads (Bani-Jaber et al., 2009), microparticles (Knepp et al.,
1993; Magee et al., 1993; Santinho et al., 1999) and nanoparticles (Elzoghby et al., 2013a,
2013b; Pan et al., 2013, 2014).

One of the crucial properties of SC is a film forming agent. It can be used for tablet film
coatings (Abu Diak et al., 2007; Elzoghby et al., 2011) and food packaging (Bonnaillie et al.,
2014). Unfortunately, the SC films have the disadvantages about mechanical properties and
water vapor permeability (Wihodo and Moraru, 2013). Therefore, it is necessary to modify
the film properties of SC by adding plasticizers, such as glycerin and sorbitol (Khwaldia et al.,
2004; Audic and Chaufer, 2005), cross-linking agents, such as aldehydes (Audic and Chaufer,
2005; Perada et al., 2010) and water insoluble additives such as fatty acid and wax (Fabra et
al., 2008), and celluloses (Perada et al., 2011a, 2011b). Among them, the addition of water-
insoluble substances is the interesting approach to modify physicochemical, mechanical,
permeability properties of the SC films. From the literature reviews, clays have been
potentially used to modify the polymeric film properties and molecular interaction between
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polymer and clay can create a new type of films that so called nanocomposite materials
(Khunawattanakul et al., 2010; Rongthong et al., 2013; Shakil et al., 2017). Thus, it is
interesting that incorporation of clays may improve SC film properties for using in
pharmaceutical film coating.

Montmorillonite clay, magnesium aluminum silicate (MAS), is employed as a
pharmaceutical excipient due to its non-toxicity and non-irritation at levels used in drug
formulations (Rowe et al., 2006). MAS is composed of many silicate layers, which each
silicate layer consists a central octahedral sheet of aluminum or magnesium and two external
silica tetrahedron layers (Alexandre and Dubois, 2000). The silicate layers of MAS can be
separated when hydrated with water, and the silanol groups (-SiOH) on the surface of the
silicate layers show a negative charge that bring about a strong electrostatic interaction with a
positively charged polymer, such as chitosan (Khunawattanakul et al., 2008). Moreover, the
silanol groups can interact with anionic polymers, such as xanthan gum (Ciullo, 1981),
carbomer (Ciullo and Braun, 1991), and sodium alginate (Pongjanyakul et al., 2005;
Pongjanyakul 2009), via hydrogen bonding. Molecular interaction of polymeric molecules
and MAS can possibly create two types of nanocomposites (Alexandre and Dubois, 2000).
The first is an exfoliated nanocomposites that the silicate layers of MAS can be completely
dispersed in the polymer’s matrix. The latter is an intercalated nanocomposites that the space
between two silicate layers of MAS can be inserted by polymeric molecules. The formation of
nanocomposites had a significant influence on the key properties of the films, resulting in
decreased water absorption, swelling and drug permeability when compared to native
polymeric films (Khunawattanakul et al., 2010).

Therefore, the aims of this work were to prepare and investigate the SC films
incorporated with MAS for use in tablet film coating. The composite dispersions with various
SC-MAS ratios were prepared using a simple mixing. The particle size and zeta potential of
the dispersed phase as well as the viscosity of the dispersions were determined before film
casting. Film properties, such as thermal behavior, crystallinity, mechanical properties, water
uptake and erosion, and water vapor and drug permeabilities were characterized. Molecular
interaction and nanocomposite formation between SC and MAS were also examined.
Additionally, the SC-MAS dispersions were evaluated as a film coating material. Film
morphology, water uptake and drug release of the coated tablets were investigated as well.

2. Materials and methods
2.1. Materials

SC (sodium salt from bovine milk) and MAS in granular form (Veegum® HV) were
purchased from Sigma-Aldrich Company (St. Louis, MO) and R.T. Vanderbilt Company, Inc.
(Norwalk, CT), respectively. Glycerin and acetaminophen was obtained from Namsiang Co.,
Ltd. (Bangkok, Thailand) and Pharma Thai Co., Ltd. (Bangkok, Thailand), respectively.
Spray-dried lactose (Flowlac®100, Thai Meochems Co., Ltd., Bangkok, Thailand),
Microcrystalline cellulose (Ceolus® PH102, SiamChem-Pharm (1997) Co., Ltd., Bangkok,
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Thailand), magnesium stearate (Mallinckrodt Inc., USA), and colloidal silicon dioxide
(Aerosil® 200, Degussa, Japan) were used for preparing core tablets. All other reagents were
of analytical grade and were used as received.
2.2. Preparation of SC-MAS dispersion

SC (5 g) was dispersed in 80 mL of distilled water. MAS (0, 0.25, 0.5, or 1 g) was
dispersed in a hot water (10 mL), and then the MAS dispersion was mixed with the SC
dispersion to get a SC-MAS ratios of 1:0, 1:0.05, 1:0.1, or 1:0.2 by weight, respectively. pH
of the SC and SC-MAS dispersions was adjusted to 6.8 using 0.1 M HCI or 0.1 M NaOH. All
dispersions were adjusted to the final volume (100 mL) using distilled water prior to testing.
Additionally, MAS dispersion (1 %w/v) at pH 6.8 was also prepared and examined for
comparison.
2.3. Characterization of SC-MAS dispersion
2.3.1. Particle size determination

The particle size of the MAS and SC-MAS dispersions was measured by using a laser
diffraction particle size analyzer (Mastersizer2000 Model Hydro2000SM, Malvern Instrument
Ltd., UK). The dispersions were dispersed in 70 mL of distilled water in a small volume of
sample dispersion unit, and stirred at a rate 50 Hz for 30 s before measurement. The volume
weighted mean diameters were determined and reported.
2.3.2. Zeta potential measurement

The zeta potential of the dispersions was measured using a laser Doppler electrophoresis
analyzer (Zetasizer Model ZEN 2600, Malvern Instrument Ltd., UK). Temperature of the
samples was controlled at 25 °C. The dispersions were diluted to obtain appropriate
concentrations (count rates >20,000 counts s %) prior to the measurements.
2.3.3. Viscosity determination

The viscosity of the dispersions was determined using a Brookfield digital rheometer
(Model DV-III, Brookfield Engineering Laboratories Inc., Middleboro, MA, USA). The small
sample adaptor with spindle no.31 was used. Temperature of the dispersions was controlled at
35.0 + 1.0 °C. The single point viscosity of the dispersions at a shear rate of 20.40 s was
reported.
2.4. Preparation of SC-MAS films

SC and SC- MAS films were prepared by using a casting/solvent evaporation method. SC
(5 g) was dispersed in 80 mL of distilled water, and glycerin (30% w/w based on SC content)
used as a plasticizer was added into the SC dispersion. MAS (0, 0.25, 0.5, 1, or 2.5 g) was
dispersed in a hot water (10 mL), and the MAS dispersion was mixed with the SC dispersion
to get a SC-MAS ratios of 1:0, 1:0.05, 1:0.1, 1:0.2, or 1:0.5 by weight, respectively. pH of the
SC and SC-MAS dispersions was adjusted to 6.8 using 0.1 M HCI or 0.1 M NaOH. All
dispersions were adjusted to the final volume (100 mL) using distilled water and stirred for 30
min at room temperature (27 £ 2 °C). After that, 20 mL of the SC and SC-MAS dispersions
was casted onto a plastic mold (6.0 cm x 9.5 cm), and dried at 60 °C for 24 h. The dry films
were peeled off and kept in desiccators prior to characterization.
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2.5. Characterization of SC-MAS films
2.5.1. Thickness determination

Thickness of the dry and wet films was measured at different places using a
microprocessor coating thickness gauge (Minitest600B, ElektroPhysik, Germany).The dry
films were cut and placed on a control plate. The probe, which had been connected to the
measurement gauge and calibrated using a standard film, gently moved down-ward to touch
the film, and the film thickness was then measured. To determine the film thickness in wet
state, the films were subsequently placed in a small beaker containing 0.1 M HCI or pH 6.8
phosphate buffer, which was shaken occasionally in a water bath at 37.0 £ 0.5 °C for 5 min.
The samples were taken and blotted to remove excess water. The thickness of the wet films
was immediately determined following the procedure mentioned above.
2.5.2. SEM and DSC studies

Surface and film matrix morphologies of the films were observed by scanning electron
microscopy (SEM). The films and cross-sections of films were mounted onto stubs, coated
with gold in a vacuum evaporator, and investigated using scanning electron microscope
(Hitachi S-3000N, Tokyo, Japan). The thermal behavior of the films was investigated using
differential scanning calorimetry (DSC). The DSC thermogram of the samples was recorded
using a differential scanning calorimeter (DSC822°, Mettler Toledo, Switzerland). An
accurately weighed sample (2.5-3.5 mg) was placed into a 40-pul aluminum pan without an
aluminum cover. The measurements were taken over a temperature range of 30-450 °C at a
heating rate of 10 °C min™™.
2.5.3. Molecular interaction studies

Molecular interaction between SC and MAS in the SC-MAS films were investigated
using FTIR spectroscopy (Spectrum One, Perkin Elmer, Norwalk, CT) and KBr disc method.
All films were crashed and triturated with KBr powder and then pressed with 10 tons of a
hydrostatic press for 10 min. The samples were placed in a sample holder and scanned from
4000 to 450 cm™ at the resolution rate of 4 cm™. Nanocomposite formation and crystallinity
of the SC-MAS films were studied by a powder X-ray diffractometry (PXRD) using Cu ko
radiation generated at 40 kV and 40 mA as the X-ray source, an angular of 2-30 °26 and a
step angle of 0.02 °20 s (Bruker D8 Advance diffractometer, Bruker BioSpin AG,
Germany). The thickness of the silicate MAS layers was calculated using Bragg’s equation:
nA=2dsin6 Eqg. 1
where n is 1 (the first order reflection was used), 4 is the X-ray wavelength (1.54 A), 0 is the
angle of the basal spacing peak of MAS, and d is the thickness of the MAS silicate layer.
2.5.4. Determination of mechanical properties

Mechanical properties of the films including puncture strength and elongation were
investigated by using a texture analyzer (TA-XT2, Stable Micro system, Ltd., UK) equipped
with a 500 N load cell. In dry condition, the films (2 x 2 cm) were cut and kept in a chamber
with 55% RH at room temperature (27.0 + 2.0 °C) for 3 days before testing. In wet condition,
the films were cut and shaken in 0.1 M HCI or pH 6.8 phosphate buffer for 5 min. After that,
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the excess water of the wet films was removed by a filter paper. Dry and wet films were fixed
using a film holder between two mounting plates. A 5 mm diameter spherical stainless
puncturing probe was fixed at the load cell and moved downwards at 0.1 mm s*. The applied
force and displacement were recorded. The puncture strength and %elongation at break were
calculated as follows (Rongthong et al., 2013):

Puncture strength=§ Eq. 2

where F is the maximum force for puncture, A is the cross-sectional area of the edge of the
films located in the path of cylindrical opening of the film holder.

Elongation (%)= % x 100 Eq. 3

where r is radius of the film exposed in the cylindrical hole of the film holder and D is the
displacement of the probe from the point of contact to the point of film puncture.
2.5.5. Water vapor permeability studies

Discs were punched from the films, placed on open 5-mL glass vials containing 3.5 g
silica gel beads and held in place with a screw lid having a test area of 0.58 cm?. The vials
were placed in a dessiccator containing a saturated aqueous sodium chloride solution (75%
RH). The dessiccator was kept in a room temperature (26.0 + 2.0 °C) with 50 £ 2% RH. The
weight change of the vials was recorded periodically over 72 h. The WVP rate was obtained
from the slope of relationship between the amount of water vapor permeated and time. The
WVP coefficient of the films was calculated using the following equation (Pongjanyakul et
al., 2005):

WVP coefficient= Mh

AAPy,
where M is the WVP rate, h is the mean thickness of the film, A is the area of the exposed
film, and AP, is the vapor pressure difference.

2.5.6. Water uptake and erosion studies

Water uptake and erosion of the films were investigated using a gravimetric method.
Films (1.5 cm x 1.5 cm size) were weighed (W) and then soaked in 0.1 M HCI that had been
incubated at 37.0 £ 0.5 °C and shaken occasionally. After a predetermined time interval, each
film was withdrawn, blotted to remove excess water, immediately weighed (W), and then

Eqg. 4

dried in a hot air oven at 50 °C to constant weight (Wy). The water uptake and erosion can be

calculated from the following equation (Tuovinen et al., 2003; Pongjanyakul, 2009):
W—Wq

Water uptake (%)= —; - x 100 Eq. 5
d
Erosion (%)= 2—%d Eq. 6
Wo

2.5.7. Drug permeability studies

Acetaminophen permeability across the films was investigated by using a side-by-side
diffusion cell. The donor and acceptor compartments had a volume of 3 mL each; the film
surface area for drug diffusion was 0.66 cm?. The permeation fluid was 0.1 M HCI and
temperature was controlled at 37 °C. The films were cut into circular pieces and gripped
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between donor and receptor compartment. Acetaminophen in the concentration of 4 mg mL™
(3 mL) was filled into the donor compartment and 3 ml of medium was placed in receptor
compartment. Both compartments were continuously stirred throughout the tests. At
predetermined intervals, 2.7 mL of medium in the receptor compartment was collected and
replaced with an equal volume of fresh medium. The amount of acetaminophen in the
collected samples was measured by UV-visible spectrophotometer (Shimadzu UV1201,
Japan) at a wavelength of 265 nm, respectively.

Drug permeation through the films was determined under steady state conditions by means of

Fick’s first law (Flynn et al., 1974), which can be expressed as:

dQ
=2 = PappCo Eq. 7

where dQ/Adt is the permeation flux (the slope calculated using linear regression analysis of
the relationship between the amount of drug permeated per surface area of the films (A) and
time). Co is the concentration of drug in the donor compartment and Pay, is apparent
permeability coefficient. The apparent diffusion coefficient (Dapp) Was estimated from the
following equation:

hZ
tL =
6Dapp

Eqg. 8

where t, is the lag time, obtained from the x-intercept of the permeation profiles, and h is the
mean thickness of the wet films.
2.6. Preparation of SC-MAS coated tablets

Core tablets containing acetaminophen was prepared using a direct compression method.
The core tablets contained acetaminophen powder (16 % wi/w), spray-dried lactose (54.75
%w/w), microcrystalline cellulose (28 % wi/w), colloidal silicon dioxide (0.25 %wi/w), and
magnesium stearate (1 %w/w). The drug powder, microcrystalline cellulose, spray-dried
lactose and colloidal silicon dioxide were mixed using a Y-shape mixer for 30 min. Then,
magnesium stearate was added and mixed into the mixture for 5 min before tablet
compression. The mixtures were compressed into tablets using a single punch machine
(YeoHeng Co., Ltd, Bangkok, Thailand), and a biconvex punch and die in 8-mm diameter
was used. Average weight of the core tablets obtained was 253.8 + 4.0 mg per tablet (n=20)
with 112.4 + 13.3 N (n=10) of hardness. Friability of the core tablets was 0.25 = 0.09 %
(n=3). The drug content in the core tablets was extracted by using 0.1M HCI and measured by
UV-visible spectrophotometer (Shimadzu UV1201, Japan) at a wavelength of 265nm. The
core tablets had 39.6 + 0.2 mg each of acetaminophen content (n=3).

The 5 %wl/v SC dispersion and SC-MAS dispersions at the ratios of 1:0.05, 1:0.1, and
1:0.2, which were prepared following the method in Section 2.4, were used as a coating
material. The core tablets obtained were coated using a side-vented pan coating machine
(Thai Coater Model FC15, Pharmaceuticals and Medical Supply, Thailand). The core tablets
(900 g) were warmed in the coating pan under an inlet temperature of 70—75 °C and the
coating pan was rotated at a rate of 10 revolutions min™. The spray rate of the coating
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dispersions was 4 mL min * under spray pressure of 0.38 mPa. After the coating process, the
coated tablets were stored in a dessicator prior to further examination
The effect of SC-MAS ratio on characteristics of the coated tablets was investigated. The core
tablets were coated with SC film and SC-MAS films at the ratios of 1:0.05, 1:0.1, and 1:0.2 at
a mean weight gain 3.3 %w/w. To investigate the effect of coating level, the core tablets were
coated with the SC-MAS (1:0.1) films at the mean weight gains of 3.3, 6.1, and 8.2 %w/w.
2.7. Evaluation of SC-MAS coated tablets
2.7.1. SEM studies

Surface and film matrix morphology of the coated tablet were observed by scanning
electron microscopy (SEM). The coated tablets and cross-sections of tablets were mounted
onto stubs, coated with gold in a vacuum evaporator, and investigated using scanning electron
microscope (Hitachi S-3000N, Tokyo, Japan)
2.7.2. In vitro drug release studies

In vitro drug release from the coated tablets was studied by using the USP dissolution
apparatus | (basket) with 900 mL of medium. The dissolution mediums were 0.1 M HCI and
pH 6.8 phosphate buffer, and the temperature of system were controlled at 37.0 £ 1.0 °C. The
baskets were rotated at a rate of 50 revolution min™'. The simulated gastro-intestinal
conditions used to test drug release were performed using 0.1M HCI (900 mL) for 2 h,
followed by pH 6.8 phosphate buffer (900 mL). At predetermined intervals, samples were
collected and replaced with an equal volume of fresh medium. The concentration of drug
released was analyzed by UV-visible spectrophotometer (Shimadzu UV1201, Japan) at
wavelength of 265 nm.
2.7.3. Water uptake studies

Water uptake of the coated tablets in both 0.1 M HCI and pH 6.8 phosphate buffer was
determined using USP dissolution apparatus | (basket) and the test conditions were the same
as in the drug release study. The coated tablets were weighted (W), placed into baskets and
immersed into the medium. At predetermined intervals, wet coated tablets were collected,
carefully blotted with filter paper to remove surface water and weighted (W.). Water uptake
of the coated tablets could be calculated as follows (Sungthongjeen et al., 2004):

c_Wi

Water uptake (%)= x 100

l
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3. Results and discussion
3.1. Characteristics of SC-MAS dispersions

The SC dispersion was milky with viscosity of 2.34 mPa s as shown in Table 1. SC
possessed a negative charge with zeta potential value of -18.36 mV because pH of the
dispersion (pH=6.8) was higher than the SC isoelectric point (4.6 to 4.8) that carboxyl groups
of SC could be ionized. Unfortunately, particle size of SC could not be determined due to its
very small size. The MAS dispersion (1 %w/v) showed a negative charge with 4.60-um
particle size, and the viscosity was found to be 22.7 mPa s. Incorporation of MAS into the SC
dispersion resulted in greater particle size, and higher zeta potential value of the dispersed
phase. Moreover, the viscosity of the SC-MAS dispersions was higher than that of the SC
dispersion, and increased with increasing MAS content. However, the SC-MAS (1:0.2)
composite dispersion (contained MAS equivalent to 1%w/v) gave remarkably lower viscosity
than the 1 %w/v MAS dispersion.

The silicate layers of MAS could be separated in water and then the three-dimension
structure of the silicate layers could be created, resulting in higher viscosity of MAS
dispersion (Cruz and Peng, 2016). When MAS was incorporated into SC dispersion, the three
dimension structure of MAS could not be formed, leading to lower viscosity of the SC-MAS
(1:0.2) dispersion when compared to the 1% w/v MAS dispersion. However, adding the MAS
into the SC dispersion caused a viscosity synergism that could be observed from the increase
of the viscosity of the SC dispersion when adding MAS. In addition, larger particle size of the
dispersed phase with higher density of negative charges was formed because of the feasibility
of the formation of the SC-MAS flocculates (Khunawattanakul et al., 2008; Rongthong et al.,
2013). These finding indicated that molecular interaction between SC and MAS in the
dispersion could be readily occurred after simple mixing.

3.2. Appearance and thickness of the SC-MAS films

The SC films were prepared using a casting/solvent evaporation method. Actually SC
could not form a good continuous film, so plasticizers were needed, which glycerin in 30
%w/w of SC content was used in this study. Thus, the SC films (with glycerin) obtained were
quite transparent and good homogeneous sheet for further investigation. In the case of the SC-
MAS films, the SC-MAS dispersions prepared had no sedimentation of the dispersed phase
when allowing to settle for 12 h, so the SC-MAS films obtained after drying process showed
opaque continuous sheet at all SC-MAS ratios used. However, the SC-MAS films in the ratio
of 1:0.5 had a high brittleness that liable to break easily, leading to an exclusion of this film
ratio (1:0.5) from this study. Using SEM, the SC films had quite smooth surface (Fig. 1a),
whereas a rougher film surface was observed when adding MAS (Fig. 1b). Moreover, the
incorporation of MAS resulted in a different matrix structure of the films. The dry thickness
of the SC films was 133.0 mm, which incorporation of MAS into the films resulted in an
increase of the film thickness (Table 2). The wet thickness of the films was also determined
after immersing in 0.1 M HCI for 5 min. The results showed that the thicknesses of the wet
films were greater than those of the dry thickness, indicative of swelling property of the films



23

in an acidic condition. However, the wet film thickness in pH 6.8 phosphate buffer was not
determined because the wet films could not be handled due to very high swelling property in
this medium.
3.3. Thermal properties of the films

DSC thermograms of the films are displayed in Fig. 2. MAS showed a broad endothermic
peak around 75 °C due to a dehydration of water residue, whereas SC powder presented two
exothermic degradation peaks at 290 and 357 °C. The formation of the SC films without
glycerin caused a shift of exothermic peaks to 296 and 358 °C. Addition of glycerin, a
plasticizer, obviously affected thermal behavior of the SC films, which the small exothermic
peak showed at 308 °C for the SC film with glycerin. Furthermore, MAS incorporated
resulted in a shift of the exothermic peak to higher temperature, and peak intensity decreased
with increasing MAS ratios. The thermal patterns of the SC-MAS films were remarkably
different from those of SC-MAS physical mixtures. The results showed that MAS could
enhance thermal stability of the SC films.
3.4. Molecular interaction and nanocomposite formation of the films

Molecular interaction of the components in the films was investigated using FTIR-
spectroscopy and PXRD. FTIR spectrum of MAS showed the O—H stretching of SiOH (3610
cm™Y), the O—H stretching of H,0 (3434 cm™), the O—H bending of H,O (1638 cm™), and the
Si—O-Si stretching (1016 cm™) (Pongjanyakul et al., 2005), as shown in Fig. 3. SC presented
the N—H stretching overlapped with the O—H stretching at 3399 cm™, the C—H stretching at
2934 and 2963 cm ™, the C=0 stretching (amide 1) at 1657 cm ™, the N-H bending (amide 1)
at 1536 cm™* and the C—N stretching at 1237 cm™ (Santinho et al., 1999; Pereda et al., 2010;
Demirbas et al., 2015). The film formation of SC (without glycerin) caused a shift of the N-H
stretching (with the O—H stretching), amide | and amide Il because of hydrogen bonding with
water residues. Incorporation of glycerin had an impact to the FTIR pattern of the SC films
that the N—H stretching (with the O—H stretching) showed a sharper peak and moved to lower
wavenumber (3429 cm™), and the C—H stretching peak of SC was also shifted to lower
wavenumber, suggesting the formation of intermolecular hydrogen bonding and more
flexibility of the main structure of SC molecules. In addition, the SC film with glycerin also
presented the new peak at 1134 cm™ that was the C—O stretching peak of glycerin. The SC-
MAS films showed different FTIR pattern when compared with the SC-MAS physical
mixtures. MAS added into the SC films caused a shift of the N—H stretching (with O—-H
stretching), and the peaks of amide | and amide I1. These changes could be clearly observed in
the SC-MAS (1:0.2) films. This result indicated that the silanol groups of MAS could mainly
interact with the amide and amino groups of SC via intermolecular hydrogen bonding
mechanism. These interactions could be occurred when mixing MAS with SC in the
dispersion, leading to viscosity synergism that was mentioned above.
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The nanocomposite formation of the SC-MAS films was investigated using PXRD. The
PXRD pattern of MAS showed the basal spacing peak at 7.0° 20 (Fig. 4) that the space or
thickness of the silicate layers was 1.26 nm when calculated using Eq. 1 (Pongjanyakul et al.,
2005). The crystallinity of the SC powder showed broad peaks around 8 and 20 ° 26, which
similar to that of the SC film with glycerin, indicative of an amorphous form of the SC
powder and film. Addition of MAS at all ratios in the SC films brought about disappearance
of the basal spacing peak of the MAS silicate layers, whereas this peak of MAS located
around 7 ° 20 in the SC-MAS physical mixtures at the ratios of 1:0.1 and 1:0.2. These results
suggested that the SC-MAS films were exfloliated nanocomposites that could be formed
when low amount of clay added (Alexandre and Dubois, 2000; Rongthong et al., 2013).
Additionally, glycerin could interact with MAS by hydrogen bonding, and it could induce a
formation of intercalated nanocomposites in alginate-MAS films when using as a plasticizer
(Pongjanyakul and Puttipipatkhachorn, 2007). So, glycerin may involve the nanocomposite
formation of the SC-MAS films. However, FTIR data could prove that SC could strongly
interact with MAS in the films by hydrogen bonding after incorporating MAS, which was the
main interaction for hindering the rearrangement of the MAS silicate layers, leading to the
formation of exfloliated nanocomposites in this study.

3.5. Water uptake and erosion of the films

The water uptake and erosion of the films were tested in both 0.1 M HCI and pH 6.8
phosphate buffer. When the films were immersed in acidic medium, they still provided a
continuous sheet because sodium caseinate was changed to casein salt that had water-
insoluble property (Elzoghby et al., 2011). Therefore, both parameters could be determined in
acidic condition. Unfortunately, the wet films in pH 6.8 phosphate buffer could not be
properly handled and blotted to remove excess water due to very high swelling and some
matrix dissolutions of the films, leading to a lack of the data of water uptake and matrix
erosion in this medium. Figure 5 presents the water uptake and erosion of the films in 0.1 M
HCI. The SC films provided the highest water uptake at 15 min of the test because casein in
the acidic form in the hydrated films may had a weak intermolecular bonding, leading to a
large aqueous pore in the films’ matrix. However, the wet SC films at 60 and 120 min could
not be handled due to very high water imbibition. The water uptake of the SC films decreased
with increasing MAS ratios (Fig. 5a). Apart from film water uptake, the SC films showed
21.3 % erosion at 15 min of the test, whereas erosion of the SC-MAS films was found over
the range of 21-26 % (Fig. 5b). It is possible to explain that film erosion occurred by leaching
of water-soluble plasticizer added, such as glycerin (Pongjanyakul and Puttipipatkhachorn,
2007). This finding suggested that addition of MAS into the SC films retarded water
absorption process of the films and resulted in denser matrix structure that could be attributed
to SC-MAS nanocomposite formation, reflecting aqueous-filled channels in the film matrix
and matrix strength of the wet films in acidic condition.
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3.6. Mechanical properties of the films

The puncture strength and %elongation of the films in dry and wet stages are illustrated
in Fig. 6. The SC films in dry state provided the highest puncture strength and % elongation.
Both parameters decreased with increasing MAS ratios in the films. These results were in
agreement with the previous reports about the effect of solid materials added into polymeric
films (Okhamafe and York, 1984; Felton and McGinity, 2002; Rongthong et al., 2013). This
could probably be attributed to the fact that the presence of the MAS particles hindered the
formation of a continuous three-dimensional SC network.

The mechanical properties of the wet films tested in 0.1 M HCI are also shown in Fig. 6.
The puncture strength of the wet SC films was remarkably lower than that of the dry state,
whereas the %elongation of the SC film in both states were comparable. Increasing MAS
ratios in the SC films resulted in increase of puncture strength. This was due to the decrease
of water uptake of the SC-MAS films with higher MAS ratios (Fig. 5a). However, the
%elongation of the SC-MAS films was lower than that of the SC film, but they still had 11-15
% elongation at all MAS ratios. The results were similar to the effect of clay additive on
mechanical properties of wet polymethacrylate films (Rongthong et al., 2013). These findings
suggested that the molecular interaction and nanocomposite formation of SC with MAS could
enhance films’ strength when exposed to acidic medium. This could be a crucial advantage
when used as sustained release film coatings for tablets in an acidic condition. In addition,
these films provided good strength for mechanical stress within the gastro-intestinal tract.

3.7. Water vapor and drug permeability of the films

Water vapor permeation (WVP) rate and coefficient of the films are listed in Table 2.

WVP rate of the SC films obviously decreased with increasing MAS ratios. However, the
WVP coefficients were calculated using Eq. 4 that had no effect of dry film thickness. This
parameter presented that MAS added did not influence WVP properties of the SC films. The
result suggested that the SC-MAS nanocomposite formation did not clearly increase
tortuousity of water vapor pathways in the film matrix.
Drug permeability of the films in 0.1 M HCI was performed using acetaminophen as a model
drug. The drug permeation profiles obtained presented good linearity (R*> > 0.98) of
relationship between drug permeated and time. This indicated that the drug permeation
reached a steady state with high drug concentration in the donor compartment, and could be
described using Fick’s first law. The drug permeation parameters are listed in Table 2. The
drug permeation flux and Py, value were obviously reduced when increasing MAS ratios in
the films, whereas the longer lag time for drug permeation was found. Decreasing of the Dap,
values occurred when MAS added in the SC films was increased.

The diffusive transport of drug in a polymeric film can be described using two
mechanisms (Thacharodi and Panduranga Rao, 1993; Pongjanyakul, 2009). The first is the
partition mechanism of drug into polymeric films, which is dependent upon drug affinity with
film polymer, and the diffusion process in the polymer fraction progressed across the films.
The other is pore mechanism that drug diffuses within the structure of hydrated films via
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aqueous-filled channels. In this study, both mechanisms could be applied to describe the
diffusion of acetaminophen across the SC-MAS films in acidic medium. The partition
mechanism possibly predominated in the initial stage of the permeation process, which could
be observed from a longer lag time when MAS added was increased. However,
acetaminophen had weak affinity with MAS (Pongjanyakul et al., 2005) because it was a non-
electrolyte molecule (Nakano et al., 1984; Terzyk et al., 2003), which caused less partition
process of drug with the SC-MAS films in the steady state of permeation process. Thus, the
film permeation of acetaminophen was mainly diffused through aqueous-filled channels of the
films. Increase of MAS ratios resulted in lower water uptake in the films that meant smaller
aqueous-filled channels (or higher tortuousity) in the films’ matrix, leading to reduction of
drug diffusivity in the matrix network under the same concentration gradient (Lecomte et al.,
2003; Rongthong et al., 2015). Thus, decrease of Dqyp, Values of drug was obtained in this
study.
3.8. Use of SC-MAS films for tablet film coatings

The SC and SC-MAS films at different ratios were applied as a coating material for
tablets. The appearance of the SC and SC-MAS coated tablets is shown in Fig. 7. A few
defects of the coated tablets were found by visible observations. The surface and cross-
sectional morphology of the SC coated films showed similar feature with those of the SC-
MAS coated films (Fig. 7). Effect of SC-MAS ratios on drug release and water uptake of the
coated tablets was investigated in this study. The acetaminophen core tablets were coated with
SC and SC-MAS films at the mean weight gain 3.3 %w/w. The drug release and water uptake
using 0.1 M HCI are shown in Fig. 8a and 8c, respectively. The core tablets displayed a fast
release and complete release was found within 30 min. The SC coated tablets showed slower
drug release than the core tablets. This suggested that the SC films possessed a stable wet film
around the tablets when SC was change to casein salt, water-insoluble property, in acidic
condition, after that the wet coated films could retard the diffusion of drug dissolved.
Incorporation of MAS into the coated films could modulate the drug release pattern. The
higher the MAS ratios in the coated films, the slower the drug released in acidic medium was
obtained. Moreover, the water uptake of the coated tablets displayed that the coated tablets
with SC-MAS films at the ratios of 1:0.05 and 1:0.1 had similar %water uptake when
compared with the SC coated tablets, while the lowest water uptake was obtained from the
SC-MAS (1:0.2) coated tablets (Fig. 8c). The results showed that the SC-MAS coated films
could possibly slow down the water penetration process into the coated tablets before drug
dissolution and drug release. Additionally, the lower drug diffusivity across the SC-MAS
films with higher ratios of MAS (Table 2) also led to slower drug release from the coated
tablets.

Effects of film coating level on drug release and water uptake of the coated tablets in 0.1
M HCI are presented in Fig. 8b and 8d, respectively. The drug release from the SC-MAS
(1:0.1) coated tablets decreased with increasing film coating levels (Fig. 8b). The 8.2 %
weight gain coating provided sustained-release pattern of drug for 10 h. Increasing film
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coating level could obviously retard water absorption process of the coated tablets (Fig. 8d).
This finding suggested that the higher coating level of the SC-MAS (1:0.1) coated tablets
could retard drug release from the coated tablets due to slower water uptake for drug
dissolution and longer pathway lengths for drug diffusion.

Apart from acidic condition, the water uptake and drug release of the coated tablets were
also tested in pH 6.8 phosphate buffer as shown in Fig. 9. It could be observed that the drug
release and water uptake of the coated tablets in pH 6.8 phosphate buffer were greater than
those in acidic medium. The SC and SC-MAS (1:0.05) coated tablets showed fast release
comparable to the core tablets (Fig. 9a). Increasing MAS ratios caused more sustain drug
release, while the coated tablets with 6.1 and 8.2 % weight gain gave similar drug release
profile, but slower than those with 3.3 % weight gain. The water uptake study could be only
tested within 5 min due to very fast swelling of the coated films. The results showed that the
presence of MAS in the coated films provided greater water uptake than the SC coated tablets,
and increasing of film coating levels led to higher water uptake of the coated tablets (Fig. 9b).
It could be explained that SC could still have swelled in neutral medium although it interact
and create nanocomposites with MAS. Swelling of SC loosened the film matrix structure and
increased the matrix volume for absorbing water, leading to higher water uptake when
increasing the film coating level. Moreover, MAS had water absorption capacity as well,
therefore the presence of MAS could promote water uptake of the coated tablets. The other
factor after swelling of the coated films was dissolution or erosion of SC from the films. This
phenomenon may result in faster drug release from the coated tablets, irrespective of the MAS
ratios and film coating levels.

The simulated gastro-intestinal conditions starting with 0.1 M HCI for 2 h followed by
pH 6.8 phosphate buffer were used to test the drug release from the SC-MAS (1:0.1) coated
tablets, which is shown in Fig. 10. It could be seen that the drug release from the SC-MAS
coated proceeded continuously when the dissolution medium was changed from acidic
medium to pH 6.8 phosphate buffer. The drug release patterns obtained in this test was similar
to those using 0.1 M HCI (Fig. 8b). The results suggested that SC in the coated films, which
had been changed to casein salt in acidic condition, did not readily hydrate and swell when
passing to pH 6.8 phosphate buffer. Thus, the drug released from the coated tablets was
controlled by the drug diffusion process across the coated films throughout 8 h of the tests.
This finding suggested that the release of drug could possibly take place continuously when
the SC-MAS coated tablets were transferred from the stomach to the small intestine in the
gastro-intestinal tract.

4. Conclusions

This study demonstrates that SC can molecularly interact with MAS in the dispersions after
simple mixing, resulting in SC-MAS flocculation and viscosity synergism. The SC-MAS
films can successfully prepared by casting method. Molecular interaction between the amide
and amino groups of SC and the silanol groups of MAS via intermolecular hydrogen bonding
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results in the formation of exfoliated nanocomposites. MAS added can enhance thermal
stability of the SC films. The puncture strength and elongation of the SC films decrease with
increasing MAS ratio in the dry state. On the contrary, increasing MAS ratio causes an
increase of puncture strength of the wet SC-MAS films in acidic medium. The SC-MAS films
do not obviously retard the water vapor permeation, but the drug permeability and diffusivity
across the films in acidic medium remarkably decrease when increasing MAS ratios because
nanocomposite matrix structure possesses smaller water-filled channels with higher
tortuousity. The SC-MAS dispersions can be employed as a film coating material. The SC-
MAS coated tablets present a few film defect and smooth surface morphology. The drug
release from the coated tablets in acidic medium can be modified by varying MAS ratios and
film coating levels. The SC-MAS coated tablets also display sustained-release pattern of drug
in simulated gastro-intestinal condition. This finding indicates that the SC-MAS
nanocomposite films can be used in oral modified-release tablet coatings.
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Figure 1. Surface and cross-section morphology of SC film (a) and SC-MAS (1:0.2) film (b).
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Table 1. Characteristics of SC-MAS dispersions

7 8

Component Particle size (um) Zeta potential (mV) Viscosity (mPa s)
5 % wi/v SC dispersion ND -18.36 + 1.63 2.34 £ 0.06
1 %w/v MAS dispersion 4.60 £0.01 -19.16 +1.80 22.7+0.46
SC-MAS dispersion

1:0.05 30.24 +£2.89 -33.23 + 2.46 3.66 = 0.06

1:0.1 26.71 +£5.06 -31.21 +2.42 417 +0.16

1:0.2 23.29+2.78 -33.34 £ 2.13 6.32 £ 0.38

Viscosity at shear rate of 20.4 s™
pH of all dispersions was controlled at 6.8.

ND=could not be determined.
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Table 2. Thickness and film permeability of SC and SC-MAS films.

Film Dry thickness ~ Wet thickness ~ WVP rate WVP coefficient x 10  Acetaminophen permeation
(um) (um) (mgem?h™)  (mgmm™h™ mmHg™)  Flux Lagtime  Papx10° Dy x 10’
(umcm?min™)  (min) (cms™) (cm?*s™)

SC film 133.0+6.8 220.8 + 27.7 244 +0.20 412 +0.33 71.0+3.6 187+ 0.20 296+0.15 7.29+0.72
SC-MAS film

1:0.05 1288+ 2.2 195.3+17.0 2.31+0.19 4.25+0.35 42.2+0.8 1.71+044 176%+044 6.50+1.76

1:0.1 141.2+48 197.7+4.0 2.05+0.29 4.12 +0.58 36.5+1.3 194+0.24 152+0.05 5.66=0.66

1:0.2 169.4+8.1 250.0+16.4 1.65+0.37 474 +1.06 16.7£0.6 3.40+0.03 0.69+0.03 5.11+0.04
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Part 11: Sodium caseinate-halloysite films

1.Introduction

Sodium caseinate (SC), a sodium salt of casein, is the major milk protein that composed
four different peptides - aS1, aS,, B and « casein in the ratio of 4:1:4:1 (Walstra et al., 2006).
Their molecular weights are in the range of 19 and 25 kDa. The isoelectric point (pl) of
caseins is about 4.6 to 4.8. They are amphiphilic proteins, which are able to self-association
into micelle structures in aqueous solution by hydrophobic interaction and by bridging of
calcium phosphate nanoclusters. The core of micelle consists of aSi-, aS,- and B-casein with
very little k-casein, whereas the micelle surface is covered with k-casein that provides a
hydrophilic layers (Neha et al., 2012).

SC has widely used in food and pharmaceutical application such as film-coating tablet,
improve drug solubility, and modified drug release?. However, the nature of SC films is
transparent and brittle during drying (Fabra et al., 2008; Audic and Chaufer, 2005). Moreover,
it has two major problems: poor mechanical properties and high water vapor sensitivity
(Audic and Chaufer, 2005). Plasticizers and lipids were used to enhance SC film properties
(Fabra et al., 2008; Audic and Chaufer, 2005). Glycerin or polyols are good plasticizers for
protein based films because it can reduce intermolecular hydrogen bonding of proteins (Audic
and Chaufer, 2005). Additives, such as lipids, can reduce moisture permeability of films
(Fabra et al., 2008). Moreover, celluloses are used as reinforcing fillers of sodium caseinate
films (Pereda et al., 2011). So, it is interesting to seek a natural material to modify SC film
properties for use in pharmaceutical applications.

Natural clays have been used to improve polymeric film properties (Alexandre and
Dubois, 2000). Halloysite (HS) is a natural clay that has been used in pharmaceutics such as
adsorbents and additives in polymers (Rowe et al., 2009). HS is composed of aluminum oxide
octahedrons and silicon dioxide tetrahedrons. Aluminum octahedrons and silicon tetrahedrons
are compounded into the tubular structure. The surface of HS is silicon that had negative
charge, but the inner is the positive charge of aluminum (Yuan et al., 2015; Lvov and
Abdullayev, 2013). In pharmaceutics, HS was used to improve polymeric film properties and
used to develop drug delivery system (Yuan et al., 2015; Lvov and Abdullayev, 2013). In
addition, HS was used to adsorb both the negative and positive charge of molecules (Lvov
and Abdullayev, 2013). So, it is interesting to improve the SC film properties with HS. Effect
of HS on the SC film properties including molecular interaction, mechanical properties, water
uptake, water vapor permeability and drugs permeability were investigated.

2. Materials and methods
2.1. Materials

Casein sodium salt or sodium caseinate (SC) from bovine milk, and halloysite (HS) were
purchased from Sigma-Aldrich Company (St. Louis, MO). Acetaminophen (ACT) and
glycerin were obtained from Pharma Thai Co., Ltd. (Bangkok, Thailand) and Namsiang Co.,
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Ltd. (Bangkok, Thailand), respectively. Methylparaben and ethylparaben were purchased
from Sigma-Aldrich Company (St. Louis, MO). Propylparaben was obtained from Fluka
(Dorset, England). All other reagents and solvents were of analytical grade.

2.2. Preparation of SC-HS dispersions

SC (5% wi/v) was dispersed in distilled water, and glycerin (30% w/w based on SC
content) was used as a plasticizer. Various amounts of HS (0.0, 2.5%, 5%, 10%, 20%, or 25
% w/w based on SC content) were dispersed in small volume of hot water, and then HS
dispersions were mixed with SC dispersion to achieve SC-HS ratios of 1:0.025, 1:0.05, 1:0.1,
1:0.2, or 1:0.25 by weight, respectively. Then the pH of the SC and SC-MAS dispersions was
adjusted to 6.8 using 0.1 M HCI or 0.1 M NaOH. All dispersions were adjusted to the final
volume (100 mL) using distilled water and stirred for 30 min at room temperature (27 + 2 °C).
Then, the SC and SC-HS dispersions (20 mL) was cast onto a plastic plate (6.0 cm x 9.5 cm)
and dried at 60 °C for 24 h. The films were peeled off and stored in silica gel bead desiccators
prior to use.

2.3. Characterization of SC-HS films
2.3.1. Thickness and transparency determinations

Thickness of the dry and wet films was measured at 6 different places using a
microprocessor coating thickness gauge (Minitest600B, ElektroPhysik, Germany). The dry
films were cut and placed on a control plate. The probe, which had been connected to the
measurement gauge and calibrated using a standard film, gently moved downward to touch
the film, and the film thickness was subsequently measured. To measure the wet thickness of
the films, the films were subsequently placed in a small beaker containing 0.1 M HCI, which
was shaken occasionally in a water bath at 37.0 £ 0.5 °C for 5 min. The samples were taken
and blotted to remove excess water. The thickness of the wet films was immediately
determined following the method mentioned above.

Transparency of the dry films was examined by measuring transmittance of the films
using an UV-visible spectrophotometer (Shimadzu UV1201,Japan). The films were cut to a
length of 4 cm and 1 cm in width and fixed to the measuring cell with adhesive tape. Then,
the transmittance value was recorded at the wavelength of 500 nm. The thickness of the films
was also determined using the method mentioned above. The transparency value could be
computed using Eq. 1 (Merino et al., 2018; Woggum et al., 2014)

—(IOghTsoo) Eq.1

where Tsqp is the transmittance value at 500 nm and h is the mean thickness of the films.

The transparency values of the SC-HS films were compared with those of the SC films added
with montmorillonite clay (magnesium aluminum silicate) that were prepared using the same
method in the Section 2.2.

Transparency value =
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2.3.2. Surface and matrix morphology

Surface and matrix morphology of films were observed by using a scanning electron
microscopy (SEM). The samples were placed on stuffs, coated with gold in vacuum
evaporator, and investigated using scanning electron microscope (S-3000N, Hitachi, Japan).
2.3.3. FTIR spectroscopy

Molecular interaction between SC and HS in SC-HS films were investigated using FTIR
spectroscopy (Spectrum One, Perkin Elmer, Norwalk, CT) and KBr disc method. All films
were crashed and triturated with KBr powder and then press with 10 tons of a hydrostatic
press for 10 min. The samples were placed in a sample holder and scanned from 4000 to 450
cm™ at the resolution rate of 4 cm™.

2.3.4. Powder X-ray diffractometry (PXRD)

PXRD patterns of the samples in the forms of powders and films were studied by a
powder x-ray diffractometer (Bruker D8 Advance diffractometer, Bruker BioSpin AG,
Germany). A Cu radiation at 40 kV and 40 mA is an X-ray source, 20 = 2-30° and step angle
=0.02 20 s™. The interlayer distance of HS was calculated using Bragg’s equation:
nA = 2dsin® Eq.2
where n is 1 (the first order reflection was used). A is the X-ray wavelength (1.54). 6 is the
angle of the basal spacing peak of HS, and d is the interlayer distance of HS.

2.3.5. Differential scanning calorimetry (DSC)

The thermal properties of the samples in the forms of powders and films were measured
by a differential scanning calorimeter (DSC822, Mettler Toledo, Switzerland). The films were
cut into small pieces and weighted (3-3.5 mg) in 40-pL aluminium pan without an aluminum
cover. After that, the samples were heated at 10°C/min and performed over 30-450 C.

2.3.6. Mechanical properties
Mechanical properties of the films including puncture strength and %elongation were
investigated by using a texture analyzer (TA-XT2, Stable Micro system, Ltd., UK). In dry
condition, the films were cut into 2 cm x 2 cm and kept in 55% RH at room temperature for
controlling the humidity of the films before to testing for 3 days. In the wet condition, the
films were cut into 2 x 2 cm and shaken in 0.1 M HCI for 5 min. After that, the excess water
of the wet films was removed by a filter paper. The dry and wet films were fixed on the
holder and penetrated by spherical stainless puncture probe (diameter 0.5 cm). The maximum
force and displacement were recorded. The puncture strength and %elongation were
calculated as follow:

Puncture strength = ; Eq.3

where F is the maximum force for puncture and A is the cross-sectional area of the edge of
the films located in the path of cylindrical opening of the film holder.

r2+Dp%-r
T x 100 Eq. 4

where Dt is the displacement of the probe from the point of contact to the point of film
puncture.

Elongation (%) =
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2.3.7. Water uptake and matrix erosion determinations

Films (1.5 cm x 1.5 cm) were cut, and soaked in 0.1 M HCI at 37 "C for 5 and 15 min.
The wet films were blotted to remove excess water, weighed, and dried at 50 "C to constant
weight. The water uptake of films was calculated from the different wet and dried weight of
films. The erosion of films was measured from weight before the test and dried constant
weight of films.

Water uptake (%) = (%) x 100 Eqg.5

Wi-Wy

Matrix erosion (%) = ( v ) X 100 Eq.6

d
where W, W;, and Wy are the initial, wet and dry weight of the films, respectively.

2.3.8. Water vapor and drug permeabilities

Films were cut into a disc with a diameter of 1 cm, placed on open glass vials containing
silica gel beads, and held in place using a screw lid with 0.58 cm? test area. The vials were
placed in a desiccator containing a saturated sodium chloride solution (75% RH) at room
temperature (20 'C, 45 %RH). The weight change of the samples was recorded periodically
over 72 h. The relationship between water vapor permeated per area and time was plotted, and
the slope of this relationship was water vapor permeation (WVP) rate. The WVP coefficient

could be calculated by using the following equation:

.- Mh
WVP coefficient = AP, Eq.7

where M is WVP rate, h is the mean thickness of the films, A is the area of the exposed film,
and APv is the vapor pressure difference.

The drug permeability of films was investigated by using a side-by-side diffusion cell.
The films were cut and gripped between donor and receptor compartment with a diffusion
area of 0.66 cm® The donor and receptor compartments had a volume of 3 mL, and the
permeation medium used in this study was 0.1 M HCI. Acetaminophen (ACT) in
concentration of 4 mg/mL was placed in donor compartment and refresh medium was
replaced in receptor compartment. The amount of ACT in the samples collected at a given
time was analyzed using a UV-visible spectrophotometer at wavelength of 265 nm. Parabens
(methylparaben; MP, ethylparaben; EP, and propylparaben; PP) were used to characterize
permeability of the SC and SC-HS films. An excess amount of parabens was exposed to 20
mL of 0.1 M HCI in Erlenmeyer flasks that were shaken at 37 °C for 3 days. The obtained
suspensions were placed into the donor compartments. The concentration of parabens in the
saturated solution and the samples collected from the receptor compartments were analyzed
using a UV-visible spectrophotometer at wavelength of 256 nm.

The parameters of drug permeation across the films under steady state could be calculated by

using the Fick’s first law that could be shown as follows:
dm
adt PCO Eq8

where dM/dt is permeation flux that calculated using linear regression analysis of the
relationship between cumulative amount of drug permeated and time, A is the diffusion area
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of the film that the drug permeated, Cy is the concentration of the drug in donor compartment,
and P is apparent permeability coefficient. The apparent diffusion coefficient (D) elucidating
the diffusivity of drug molecules across the film without thickness effects was calculated

using the following equation:
h2
where t, is the lag time which obtained from the x-intercept of the permeation profiles, and h

is the mean thickness of the wet films. Thus, the apparent partition coefficient (K) is obtained

as follows:
Ph

3.Results and discussion
3.1.Thickness, morphology and transparency of the films

The SC film without glycerin was cracked and brittle. Glycerin was used as a plasticizer
for enhancing flexibility of the films and the continuous films were formed. The mean
thickness of the dry films was over the range of 133-160 micron (Table 1). When increasing
HS ratios, the thickness of the films was increased due to higher solid content of the cast
dispersion. The wet thickness of the films after immersing in 0.1 M HCI for 5 min was
determined and the data is listed in Table 1. The SC films gave obviously greater wet
thickness than the dry thickness because of water absorption property of SC (Bajpai and
Tiwari, 2014). Incorporation of HS in the ratios of 1:0.025-1:0.2 caused a lower wet thickness
when compared with the dry thickness, whereas the HS ratio of 1:0.25 gave the highest wet
thickness. It was visibly observed that the SC-HS films could swell when exposed with acidic
medium, but the horizontal swelling of the films was possibly higher than the vertical
swelling. This may lead to the lower wet thickness of the SC-HS films. The surface and
matrix morphologies of the films are presented in Fig. 1. The smooth surface of SC film and
SC-HS films in the ration of 1:0.1 were found, whereas increasing the ratio of HS to 1:0.2
caused a rough surface. This may be cracking of the surface region of the films during drying
process. However, all films possessed a similar matrix structure.

The SC film with glycerin displayed a quite transparent, while addition of HS resulted in
more opaqueness of the films. However, it was surprising that the SC-HS films had more
visibly transparent than the SC films added with MMT that were characterized in the previous
study (Kajthunyakarn et al., 2018). This led to the transparency study of the films, which the
results are illustrated in Fig. 2. The higher the transparency values, the greater the opaqueness
of the films was obtained. Addition of HS brought about a similar transparency value even
though the highest ratio of HS was used. On the other hand, the SC-MMT films provided
obviously greater transparency values than the SC-HS films at the ratios of 1:0.1, 1:0.2 and
1:0.25. These results suggested that the SC and SC-HS films showed similar transparent
properties, whereas the SC-MMT films had more opacity than the SC-HS when adding at the
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higher ratios. Thus, the characteristics of the SC-HS films were interesting to investigate for
comparison with the SC-MMT films in the previous study.
3.2.Thermal behavior of the films

DCS thermograms of HS powder, SC powder, and the films are presented in Fig. 3. HS
powder had no peak at the investigation temperature range. SC powder showed broad
endothermic peak at 240 °C and following with two exothermic degradation peaks at 290 °C
and 353 C, respectively. The SC-HS physical mixture at the ratio of 1:0.25 showed the same
DCS pattern when compared with that of the SC powder. When the SC film was formed, the
thermal properties of the SC films was different with the SC powder, which the SC films
showed small exothermic peak at 308 °C. Addition of HS into the SC films caused a shift of
the exothermic peak to higher temperature that the highest ratio of HS (1:0.25) gave the
exothermic peak at 323 °C. This result suggested that the thermal stability of the SC films
could enhance by adding HS.
3.3.Molecular interaction between Sc and HS in the films

HS powder showed the spectra at 3694 cm™ and 3620 cm™, 1028 cm™*, and 911 cm™
(Fig. 4) that indicating the O—H stretching of inner-surface hydroxyl groups, Si—O stretching,
and Al-O bending, respectively (Sakloetsakun and Pongjanyakul, 2017; Liu et al., 2015).
FTIR spectra of SC powder presented the N-H stretching overlapped with the O—H stretching
at 3368 cm™*, the C=0 stretching (amide 1) at 1657 cm™* and the N—H bending (amide I1) at
1535 cm™* (Pereda et al., 2008). The outstanding peaks of SC powder were shifted after film
preparation due to hydrogen bond formation with water residues. Moreover, the SC films also
displayed the C—O stretching peak (1045 cm™) of glycerin that was used as a plasticizer. The
FTIR spectrum of the SC-HS (1:.25) films could be compared with that of the SC-HS
physical mixture at the same ratio. An obvious shift of the N-H stretching overlapped with the
O-H stretching and amide | peaks was observed from the SC-HS films, suggesting the
formation of hydrogen bond between amine and amide groups of SC and hydroxyl groups on
the outer surface of tubular HS. Furthermore, the free O—H stretching peaks of inner-surface
hydroxyl groups of HS at 3695 cm™ were still found. This result indicated that SC could not
interact with the OH groups in the inner surface of tubular HS.

PXRD pattern of HS showed the first order basal reflection at 26=11.4° with 7.75 A
interlayer distance, suggesting the dehydrated from of HS (Fig. 5). Moreover, the peaks at
20=20.0° (4.43 A), and 20=24.8° (3.59 A) corresponded to the tubular HS structure, and the
second order basal reflection, respectively (Lvov and abdullayev, 2013). The SC power
displayed two broad peaks at approximately 26=9°, and 20°, which the same pattern was
found in the SC films. Incorporation of HS did not affect the PXRD pattern of the SC films,
although the highest ratio of HS was used. On the other hand the SC-HS physical mixture
clearly showed the peaks at 20=11.4 and 20.0° since the SC-HS ratio of 1:0.2 was used. In the
previous report, HS incorporated in gellan gum film showed small two peaks of PXRD when
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adding 40% of HS (Sakloetsakun and Pongjanyakul, 2017). It can be described that the HS
dispersed homogeneously in the SC matrix had too low content for detecting by PXRD.

Taken together, the SC in the form of micelles is covered with k-caseins. The outer parts
of the surface are known as caseinomacropeptide chains (Dalgleish and Corredig, 2012), and
the amine and amide | groups of amino acids in this chain could molecularly interact with the
hydroxyl groups on the outer tubular structure of HS via the hydrogen bonding. The SC
micelles could not intercalate into the tubular lumen or the silicate layer of HS because the SC
micelle size was bigger that the internal lumen of HS. The average diameter of SC micelles is
approximately 120 nm (Horne and Euston, 2005), whereas the diameter of the internal lumen
of HS is 10-20 nm, and its outside diameter is in the range of 50-100 nm (Lvov and
Abdullayev, 2013). Thus, the tubular HS could disperse in the SC films, and the
nanocomposite formation between both substances could not be occurred.
3.4.Mechanical properties of the films

The puncture strength and % elongation of the dry films are displayed in Fig. 6. Addition
of HS into the SC films resulted in decrease of both parameters, particularly the lowest of
both parameters was found in the SC-HS films at the ratios of 1:0.2 and 1:0.25 (Fig. 6a and
6b). These results were similar to the polymeric films added with solid materials (Felton and
McGinity, 2002; Rongthong et al., 2013), and were in agreement with the SC films
incorporated with MAS (Kajthunyakarn et al., 2018). It could be explained that the HS
particles could partially obstruct three-dimensional SC network of film formation. The wet
films that were immersed in 0.1 M HCI for 5 min were also investigated for the puncture
strength and % elongation. The wet films gave remarkably lower puncture strength than the
dry films (Fig. 6a). However, the puncture strength of the wet SC-HS films was obviously
greater than that of the wet SC films, and the highest puncture strength of the SC-HS
(1:0.025) films was found. The dry and wet SC films showed similar % elongation, but the
SC-HS films in wet state had remarkably higher %elongation than those in dry state (Fig. 6b).
Moreover, decreasing of the %elongation of the wet SC films occurred when increasing HS
ratios. These results indicated that the molecular interaction between SC and HS could
improve the strength and flexibility of the films when the films were exposed to 0.1 M HCI.

The mechanical properties of the SC-HS could be compared with those of the SC-MAS
films at the ratio of 1:0.1 that was reported previously. The SC-HS and SC-MAS films in dry
state provided a similar puncture strength and % elongation. The puncture strength of the wet
SC-HS films was lower than that of the wet SC-MAS films, but the wet SC-HS films gave
better flexibility than the SC-MAS films.
3.5.Water uptake and erosion of the films

Water uptake and matrix erosion could be investigated in 0.1 M HCI because SC could be
changed to insoluble caseins salt in acidic form, leading to a continuous sheet for testing. In
contrast, SC could swell and dissolve in pH 6.8 phosphate buffer, resulting that the wet films
could not be handled properly and blotted the excess water. Thus, a lack of the data was
obtained in the neutral medium. Furthermore, the water uptake of the SC films could be tested
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for 15 min because this film showed very high water absorption after 15 min and the wet
films could not be handled properly. It was different from the SC-HS films at investigated
ratios which possessed a continuous sheet for 120 min. The water uptake of the films in acidic
medium at 5 and 15 min is shown in Fig. 7a. The water uptake of the SC films seemed to
decrease when adding small amount of HS, and the SC-HS films in the ratios of 1:0.2 and
1:0.25 presented obviously lower water uptake than the SC films. These results suggested that
a denser structure of the SC-HS films may be formed because of the molecular interaction
between SC and HS that was described above, leading to lower water absorption capacity of
the SC-HS films. Moreover, the similar results were found in the case of the gellan gum
added with HS (Sakloetsakun and Pongjanyakul, 2017). Apart for water uptake studies, the
matrix erosion of the SC films was found to be 21-26%, whereas SC-HS films seemed to
show higher matrix erosion when compared with the SC films (Fig. 7b). The matrix erosion
of the films could be possibly found because of leaching of water-soluble plasticizer, such as
glycerin (Pongjanyakul and Puttipipatkhachorn, 2007). Moreover, other water-soluble
substances in HS powder may be leached from the films after exposed to the medium. These
results suggested that decreasing of water uptake of the SC films occurred by incorporation of
HS at higher ratios. This resulted in a denser matrix structure of the SC-HS film formed,
reflecting water-filled channels and matrix strength of the wet films under acidic condition.
3.6.Film permeability studies

The permeability of the dry films could be tested by permeation of water vapor across the
films. Thus, water vapor permeability of the films was determined and computed as WVP
coefficient for regarding the effect of film thickness. The WVP coefficient of the films is
presented in Table 1. The values of WVP coefficient of the SC films tended to decrease when
adding HS to 10% and more than. This phenomena may be caused by increasing of tortuosity
of water vapor pathway due to denser matrix formation of the SC-HS films.

Effect of HS ratios on the drug permeability of the SC films was tested using ACT as a
drug model and 0.1 M HCI was used as a permeation medium. The ACT permeation profiles,
which were the relationship between drug permeated and time, showed good linearity with R?
more than 0.98, suggesting the permeation of drug achieved a steady state with very high
concentration of drug. Thus, the Fick’s first law could be used for describing the drug
permeation process. Increase of HS ratios in the SC films resulted in a decrease of permeation
flux and shorter lag time was found (Table 1). Moreover, the P values decreased because of
the slower drug permeation fluxes. For elimination of the film thickness effects, the D was
computed following the Eq. It can be seen that the D values of the SC-HS films were lower
than that of the SC films, but not related to the ratios of HS added. The highest ratios of HS
(2:0.25) in the SC films caused an increase of the D when comparing with the films with
lower ratios of HS. These results suggested that incorporation of HS at low content could
retard drug diffusivity due to denser matrix structure of the wet films in acidic medium.
However, higher content of HS added could disturb matrix structure of the casein salt films
formed after exposed to acidic medium, leading to higher D value was obtained.
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Effects of parabens on film permeability were characterized using the SC and SC-HS
(1:0.1) films in 0.1 M HCI. MP (MW=152.15 Da), EP (MW=166.18 Da), and PP (MP=10.20
Da) were used, and their solubilities in 0.1 M HCI at 37 °C were 4.03 £ 0.52, 1.40 + 0.12, and
0.57 + 0.05 mg/ml, respectively, which was similar to the previous report (Rongthong et al.,
2015). The permeation profiles of parabens through the films are illustrated in Fig. 8. It can be
seen that the higher the molecular weight of paraben, the lower permeation flux and the
longer lag time were found. The parabens permeated across the SC films showed shorter lag
time than using the SC-HS films. However, the permeation fluxes of parabens through the
SC-HS films were greater than those through the SC films. This may be due to the thinner
thickness of the wet SC-HS film (Table 1). These results caused higher P values of the SC-HS
films as shown in Fig. 9a. The D values of parabens across the SC-HS films were lower than
those across the SC films (Fig. 9b), and increasing MW of parabens brought about the lower
D values that was the influence of number of alkyl chain of parabens (Rongthong et al.,
2015). Furthermore, addition of HS into the SC films created higher tortuosity of water-filled
channels, leading to lower diffusivity of parabens through the SC-HS films. The last
parameter was partition coefficient (K). Figure 9¢ shows the K values of parabens when
permeating through the SC and SC-HS films. The SC-HS films possessed higher K values of
parabens than the SC films, and this parameter increased with increasing MW (longer alkyl
chain) of parabens. These results suggested that parabens had higher affinity with the SC-HS
films when compared with the SC films. It was possibly to explain that the OH and C=0
groups of parabens may molecularly interact with the hydroxyl groups in the inner or outer
tubular HS. Moreover, longer alkyl chain of parabens may also involve a hydrophobic
interaction with HS, leading to greater K values of the SC-HS films for parabens.

4.Conclusions

This study shows that SC and HS can molecularly interact with HS by formation of
hydrogen bond between amine and amide groups of SC and hydroxyl groups on the outer
surface of tubular HS. SC micelles can not intercalate into the tubular lumen or the silicate
layer of HS, thus nanocomposite between SC and HS can not be formed. However, the SC-
HS films show continuous sheets and provide the similar transparency with the SC films. HS
added results in a reduction of puncture strength and elongation of the dry SC films, whereas
it can enhance film strength of the wet SC films in acidic medium. Addition of the HS at low
content can retard drug diffusivity across the films in acidic medium, but 25% HS causes
higher D value because HS can disturb matrix structure of the casein salt films formed after
exposed to acidic medium. Furthermore, the drug permeations across the SC and SC-HS films
are dependent on MW or alkyl chain of permeants, which affect on drug diffusion and
partition processes in the films. These findings suggest that the SC-HS films could offer
potential in the development for modulating drug release from coated tablets.
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Figure 1. Surface and matrix morphologies of SC film and SC-HS films at the ration of 1:0.1
and 1:0.2.
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Table 1. Thickness and film permeability of SC and SC-HS films.

Film Dry thickness®  Wet thickness® WVP coefficient® x 10 ACT permeation®
(um) (um) (mgmm*h™*mmHg™")  Flux Lag time Papp X 10 Dapp % 10’
(umcm?min™)  (min) (cms™) (cm?s™)
SC film 133.0+6.8 220.8 £ 27.7 4,12 +£0.33 71.0+£3.6 187+ 0.20 2.96x0.15 7.29+£0.72
SC-HS film
1:0.025 160.9 + 18.6 109.0 £ 9.54 4,13 +0.49 53.9+0.73 2.03 0.21 2.25+0.03 1.62 £ 0.02
1:0.05 156.4 £11.9 125.3£32.0 4.38 £0.43 425+ 1.29 1.74+0.01 1.77x0.05 251+0.01
1:0.1 149.7 £ 6.8 146.3 £ 35.7 3.64 £0.94 38.9+0.84 230+0.05 1.62+0.03 2.58 £ 0.05
1:0.2 1524 +11.6 138.0+21.9 3.43 £0.53 40.2+1.42 191+0.12 1.67x0.06 2.77+£0.18
1:0.25 160.6 £ 7.9 224.0 £ 20.9 3.54 +£0.49 26.6 £ 0.86 274+0.15 1.11+0.04 5.10+0.28

& Data are mean = S.D., n=6.

b Data are mean + S.D., n=5.

¢ Data are mean + S.D., n=3.
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Part 111: Sodium caseinate-clay films containing fluconazole

1.Introduction

Sodium caseinate (SC), a casein salt, is the major milk protein (Walstra et al., 2006;
Elzoghby et al., 2011). SC is composed of aS;, aS;, B and k casein in the ratio of
4:1:4:1(Walstra et al., 2006; Neha et al., 2012). Casein micelle has a hydrophobic interior of
phosphoproteins held together by hydrophobic interaction, whereas the micelle surface is
covered by a hydrophilic layer of k-casein (Walstra et al., 2006). It is a biodegradable
polymer that has been used in food industry and pharmaceutics as films coating for tablets
(Diak et al., 2007), drug solubilizers (Millar and Corrigan, 1991), and drug delivery systems
(Elzoghby et al., 2013). The appearances of SC films are transparent and brittle in nature. So,
modification of the SC film properties is required with plasticizer (Audic and Chaufer, 2005;
Fabra et al., 2008). Mostly, plasticizers, such as glycerin and sorbitol, cause an increase in
material flexibility by decreasing intermolecular forces between polymers coils (Fabra et al.,
2008). However, they have two major problems: poor mechanical properties and high water
vapor sensitivity (Audic and Chaufer, 2005). Thus, it is interesting to seek a natural material
to modify SC film properties for use in drug delivery systems.

Recently, natural clays have been widely used in pharmaceuticals, for example,
adsorbent, stabilizing agents, and additives in polymers (Kibbe, 2000). Addition of clay, such
as magnesium aluminum silicate (MAS) and halloysite (HS), could modify physical
properties and drug permeability of the SC films. MAS is composed of three-lattice layers, a
central octahedral sheet of aluminum or magnesium and two external silica tetrahedron layers
(Alexandre and Dubois, 2000). Several studies showed that MAS can improve film properties.
The composite films of chitosan and MAS have good film properties including well-behaved
tensile strength, flexible films. Besides, the chitosan-MAS films can modify release of drug
because chitosan interacted with MAS by electrostatic interaction (Khunawattanakul et
al.,2010). In addition, films of quaternary polymethacrylate with MAS have fine film
properties and can modify release of drugs as well (Rongthong et al., 2013; Rongthong et al.,
2015). HS is composed of aluminum oxide octahedrons and silicon dioxide tetrahedrons.
Aluminum octahedrons and silicon tetrahedrons are compounded into the tubular structure.
The surface of HS is silicon that had negative charge, but the inner is the positive charge of
aluminum (Yuan et al., 2015; Lvov and Abdullayev, 2013). In pharmaceutics, HS was used to
improve polymeric film properties and used to develop drug delivery system (Yuan et al.,
2015; Lvov and Abdullayev, 2013). In addition, HS was used to adsorb both the negative and
positive charge of molecules (Lvov and Abdullayev, 2013). So, it is interesting to use the SC-
clay film for drug delivery system.

Oral candidiasis is the most common disease from fungal infection of patients who used
long term steroid drugs. Candida albican is a primarily pathogen of this disease. Additionally,
it is rapid and more progress in patients with human immunodeficiency (HIV) because they
are immune compromised function (Bachhaav et al., 2011). The use of topical antifungal
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medications is the standard treatment of oral candidiasis, and imidazole derivative drugs were
firstly selected for treatment oral candidiasis. However, the imidazole drugs are short half-life
when administrated via oral route due to first pass metabolism (Yang et al., 2008). Nowadays,
developments of topical imidazole drugs were widely reported for local treatment, for
example, fluconazole (FZ) buccal films (Yehia et al., 2009) and clotrimazole (CLZ) buccal
tablets (Khanan et al., 1996). FZ is the first of synthesis azole derivative and has activity
against Candida sp (Correa and Salgado, 2011). It is an antifungal drug that had hydrophobic
structure. However, the concentration of FZ at the site of infection is low because of high
volume distribution especially topical infection (Correa and Salgado, 2011). So, it is
interesting to study alternative materials for enhancing FZ solubility and use for fabricating
local drug delivery systems. This may result in an improvement of antifungal activity of FZ.

The aim of this study was to prepare the SC-clay films loaded with FZ by a spray
method. The films were characterized including film thickness, crystallinity, drug content,
drug release, mucoadhesive properties, and antifungal activity. Thus, the FZ-loaded SC-clay
films may be used as a local delivery system in oral candidiasis.

2.Methodology
2.1.Preparation of FCZ-loaded SC-clay dispersions

SC (5% wi/v) was dispersed in distilled water, and clay both MAS and HS (5%, 10%, or
20% based on SC content) were dispersed in hot water. Then, clay dispersion was mixed with
SC dispersion. After that, FCZ powder (20% w/v based on SC content) was added into the
SC- clay dispersions and the mixtures of dispersions were continuously stirred at room
temperature.
2.2.Characterization of dispersions
2.2.1. pH and Particle size

The pH of all dispersions was measured by pH meter (Minitest 600B, ElectroPhysik,
Germany). Particle size of dispersions was measured by using a laser diffraction particle size
analyzer (mastersizer2000, Malvern Instrument Ltd., UK). The dispersions were dispersed in
70 mL of distilled water in a small volume of sample dispersion unit. Before measurement,
the samples were stirred at a rate 50Hz for 30 second. Particle size was reported as volume
weight mean particle size (D 3), polydispersity index (PI), and particle size dispersion. Pl was
calculated from the following equation:

_d(0.9)-d(0.1)
PI = d(0.5) @)

Where d(0.9), d(0.5), and d(0.1) are the particle diameters determined at the 90", 50" and 10"
percentile of undersized particles, respectively.
2.2.2.Zeta potential

Zeta potential of all samples was determined by laser Doppler electrophoresis analyzer
(Zetasizer Model ZEN 2600, Malvern Instrument Ltd., UK). It was controlled temperature at
25 C. Each sample was diluted to obtain appropriate concentration before testing.
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2.3. Preparation of FZ-loaded SC-clay film

The FZ-loaded SC-clay films were prepared by spray method. SC (5% w/v) was dispersed
in distilled water at room temperature. Various amounts of clay (0%, 5%, 10% or 20% based
on SC content) were dispersed in hot water, and then clay dispersion was mixed with SC
dispersion. In this study, glycerin (30% based on SC content) was used as a plasticizer. After
that, FZ powder (20% w/v based on SC content) was added into the SC- clay dispersions and
the mixtures of dispersions were stirred overnight at room temperature. Then the mixture
dispersions were sprayed on a plastic sheet that was attached in the tablet coating pan to get
drug-loaded SC-clay films. The films were kept in the refrigerator before testing.
2.4.Characterization of the films
2.4.1.Film thickness and morphology

The film thicknesses were measured at fifteen different positions by a microprocessor
coating thickness gauge (Minitest 600B, ElectroPhysik, Germany). The probe was touched to
the films placed on a control plate. The mean thickness was reported. Surface morphology
and cross-sectional morphology of the films were observed by using scanning electron
microscopy (SEM).

2.4.2. FTIR spectroscopy

Molecular interactions between SC and FCZ in the films were investigated using FTIR
spectroscopy (Spectrum One, Perkin Elmer, Norwalk, CT) and KBr disc method. All films
were crashed and triturated with KBr powder and then press with 8 tons of a hydrostatic press
for 10 min. The samples were placed in a sample holder and scanned from 4000 to 400 cm™ at
the resolution rate of 4 cm™.
2.4.3.Powder X-ray diffractometry (PXRD)

The crystallinity of FCZ in the films was studied by a powder x-ray diffractometry
(Bruker D8 Advance diffractometer, Bruker BioSpin AG, Germany). A Cu radiation at 40 kV
and 40 mA is an X-ray source, 20 = 2-30° and step angle = 0.02 20 s™",

2.4.4. Differential scanning calorimetry (DSC)

The thermal properties of the films were measured by a differential scanning calorimeter
(DSC822, Mettler Toledo, Switzerland). The films were cut into small pieces and weighted
(3-3.5 mg) in aluminium pan. After that, the samples were heated at 10°C/min and performed
over 30-450 C.
2.4.5.Mechanical properties

Mechanical properties of the films including puncture strength and elongation were
investigated by using a texture analyzer (TA-XT2, Stable Micro system, Ltd., UK). The films
were cut into 2 x 2 cm and kept in 55%RH at room temperature for controlling the humidity
of the films before to testing for 3 days. After that, the films were fixed on the holder and
penetrated by spherical stainless puncture probe (diameter 0.5 cm). The maximum force and
displacement were recorded (n=4). The puncture strength and %elongation were calculated as
follow:

Puncture strength = g 2
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where F is the maximum force for puncture and A is the cross-sectional area of the edge of
the films located in the path of cylindrical opening of the film holder.

% Elongation = ¢ x 100 (3)
where D is the displacement of the probe from the point of contact to the point of film

puncture.
2.4.6.Drug content

The films were cut into a disc and weighted accurately, and then the films were added
into 50 mL of acetonitrile:water (3:7) mixed solvents in a volumetric flask. Next, the flasks
were sonicated until the films dissolved. The medium will be filtered through filter
membrane, and then FZ content was measured by HPLC at the wavelength of 210 nm. The
FZ content in the films was calculated (n=3).

Fluconazole content was quantitatively analyzed by HPLC method. HPLC analysis was
used an octadecyl carbon chain (C18) column (4.6 mm x 15 cm, 5 um), and UV detector at
210 nm. A mobile phase system consisting of 3:7 acetonitrile-water was used at flow rate of 1
mL/min and injection volume of 20 pL.

2.4.7. Drug release

The FZ release was investigated by using a side-by-side diffusion cell. The films were cut
into a disc, weighted accurately, and gripped with the cell. The release medium was pH 5.8
Stimulated saliva fluid (SSF). The 3 mL of pH 5.8 SSF was added into the cells at 37 £ 1 °C,
then 1 mL of sample was collected and replaced with refresh medium. The FCZ release was
analyzed HPLC at the wavelength of 210 nm (n=3).

2.4.8. Antifungal activity

The antifungal activity was studied using agar diffusion assay. A volume of 20 mL of
sterile sabouraud dextrose agar was dispersed in sterile petri dish for incubated C. albican
(ATCC 10231) at 37°C for 24 hr. 10° cfu/mL of C. albican 200 uL was spread on surface
sabouraud dextrose agar. The agar in each petri dish was bored 4 cavities (0.5 cm diameter),
and then 50 pL of samples collected from drug release studies at 15 minute were added into
the cavity. After that, the petri dishes were incubated at 37°C for 24 hr. The diameter of
inhibition zone were measured and reported (n=3). Fluconazole at concentration 80 and 100
png/mL were positive control. The release medium was a negative control.

2.4.9. Mucoadhesive test

Mucoadhesive properties of the films were studied by using texture analyzer, and porcine
esophageal mucosa was used as a bioadhesive membrane. Before testing, the porcine
esophageal mucosa was soaked into the pH 7.4 phosphate buffer and pH 5.8 SSF was dropped
onto the mucosa tissue. Then, the mucosa tissue was fixed on a platform. The films were cut
and attached to the cylinder probe. The probe was moved downward and contacted to the
mucosa. Maximum force used to remove the films form mucosa tissue was recorded (n=5).
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3.Results and discussion
3.1.Characterization of the dispersions

The dispersions of FZ-loaded SC and FZ-loaded SC-clay are milky dispersions. All ratios
of dispersions were presented neutral pH because of the neutral pH of SC and clay
dispersions. Moreover, when adding clay ratio, average of particle size was decreased and the
size distribution were double mode with different polydispersity indexes due to the
aggregation. The SC dispersion showed negative charge around -24.37 mV and MAS and HS
dispersions were also presented negative charge around -34.42 mV and -28.14 mV
respectively, so all dispersions of SC-clay ratio were exhibited a negative charge too. In
addition, FZ dispersion also presented a negative charge. The particle size and zeta potential
of all dispersions were showed in Table 1.
3.2. Appearance of the films

The FZ-loaded SC film and FZ-loaded SC-clay film were prepared by a spray method
and glycerin was used as a plasticizer. Since SC film without plasticizer were cracked. The
appearance of the films was yellow thin films and thickness of the films was between 91.03 +
4.40 um to 128.50 + 2.78 um. The thickness was increased when increasing clay ratio due to
higher solid content in the films. Furthermore, incorporation of clay into the films, led to the
films had stronger. The surface of SC film without clay and FZ had a smooth film (Figure 1),
while the films with clay and FZ had unrefined surface. Moreover, association of clay and FZ
resulted in the dense matrix structure of the films (Figure 2-4).
3.3.FTIR

Molecular interaction of components in the films was studied by FTIR spectroscopy. The
major spectra of SC powders presented N-H stretching of NH, at 3399 cm™, C=0 stretching
of amide I and N-H bending of amide 11 at 1657 cm™ and 1536 cm™, respectively. Moreover,
the C-H stretching of SC showed at 2963 cm™ and 2929 cm™ (Pereda et al., 2008). The
spectra peak of MAS at 1640 cm™ indicated the hydroxyl bending and Si-O-Si stretching of
MAS showed spectra peak at 1015 cm™ (Rongthong et al., 2013). The main spectra of HS at
3694 cm™ and 3620 cm™ indicated the Al-OH stretching, and Si-O-Al stretching of HS
presented at 1028 cm™ and 539 cm™. Besides, the Al-OH bending of HS displayed at 911 cm"
! and the Si-O stretching showed at 692 cm™ (Sakloetsakun and Pongjanyakul, 2017). When
HS was combined into the films, the AI-OH stretching was lost, led to the destroyed of the
octahedral sheet of HS. The FTIR spectrum of FZ powder displayed the C-H stretching of
triazole group (3122 cm™and 1254 cm™), the C=C stretching of difluorobenzyl group (1621
cm™ ), the C-F stretching of difluorobenzyl group (1272 cm™), the C-H deforming of
difluorobenzyl group (1075 cm™), and the C-C stretching of propane backbone (1117)
(Alkhamis et al., 2002; Park et al., 2007). These spectra of FZ could be reported that FCZ
powder was two mixture polymorphs: hydrate form | and monohydrate. The FZ-loaded SC-
MAS films showed different FTIR spectra peak when compared with the physical mixture of
SC-MAS-FZ. Addition FZ into the films resulted in a miss of triazole group peak (3122 cm™
and 1254 cm™). Moreover, the C=C stretching of difluorobenzyl group at 1621 cm™ and the
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C-H deforming of difluorobenzyl group at 1075 cm™ were also disappeared. In addition,
propane backbone peak was shifted to lower wavenumber (1111 cm™) with the addition of
FZ. However, the C-F stretching of difluorobenzyl group was moved to a higher wavenumber
(1276 cm™). This result suggested that incorporation of FCZ into the films led to the changed
of polymorphism from mixture of hydrate form | and monohydrate to monohydrate.
Nevertheless, the FTIR spectra of physical mixture still exhibited the characteristic peak of
FZ.
3.4.PXRD

The crystallinity of FCZ in the films was studied by a powder x-ray diffractometry. The
PXRD profiles of the FCZ-loaded SC-MAS films are showed in Figure 3 and Figure 4, and
the FCZ-loaded SC-HS films are showed in Figure 5 and Figure 6. The basal spacing of MAS
was showed at 7.0° (26) that indicated a thickness of the MAS silicate layers at 1.26 nm®*.
The basal spacing of HS is presented at 26 = 12.08" that indicated the dehydrated form of HS
(Sakloetsakun and Pongjanyakul, 2017). The SC powder presented broad peaks, similar to the
SC film, revealing of an amorphous of SC both SC powder and SC film. However, FCZ
powder was two mixture polymorphs such as anhydrate form | and monohydrate. The PXRD
patterns of the FCZ-loaded SC-MAS film did not show the basal spacing peak of MAS at 7.0°
20, indicating a formation of nanocomposite material. For the films with HS, the HS basal
spacing was disappeared when HS was added into the films, indicated that the bonds between
kaolinite layers were disrupted (Sabahi et al., 2018; Souri et al., 2015). Furthermore, when
FCZ powder was added into the films, the polymorphs of FCZ were changed to the mixtures
of monohydrate and amorphous. These results suggest that the recrystallization of FCZ caused
a different polymorphism during film formation. However, the physical mixture of FCZ was
performed the crystallinity of anhydrate form I and monohydrate.
3.5.DSC

The thermal property of the films was investigated by using a differential scanning
calorimeter or DSC and results are shown in Figure 7-10. The DSC thermograms of FZ
exhibited the melting point at 142 'C and MAS showed only endothermic peak around 77 'C
that is indicated the evaporation of water (Rongthong et al., 2013). Whereas SC powder
presented endothermic peak around 70 "C and exothermic peak around 290 C and 350 C.
The endothermic peak of SC referred to water evaporation, while exothermic peak mentioned
to decompose of SC. As previous study showed that endothermic peak of HS was around 435
"C, bring about to the de-hydroxylation of HS (Zhang et al., 2012). Incorporation of clay into
the film, the melting point of FZ and exothermic peak of SC were disappeared. Nevertheless,
the mixture of SC-MAS-FZ and SC-HS-FZ by physical mixture still showed the melting point
of FZ and exothermic peak of SC. The results showed that clay could be improved the thermal
property of the films.
3.6.Mechanical properties

Mechanical properties of the films such as puncture strength and elongation were studied
using a Texture analyzer as shown in Figure 11. The SC film without FCZ and clay had the
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highest mechanical properties including puncture strength and elongation. The mechanical
properties were decreased when increasing clay ratios. These results can describe from
obstruction of clay particles. Clay particles may be hinder the formation of SC films and
contributed to hard and brittle films (Rongthong et al., 2013). However, the mechanical
properties of the films were good properties for pharmaceutical applications.
3.7.Invitro drug release

In vitro drug release of the films was studied in pH 5.8 SSF. The FZ-loaded SC film and
FZ-loaded SC-clay films were reported FZ content in the range of 11.06-13.43 %w/w because
FZ content in the films was fixed in the ratio SC-FZ of 5:1. The FZ content seemed to
decrease when adding clay into the films due to adsorption of drug on clay particles. The
release profiles of FZ from the films with MAS and HS are showed in Figure 12 and Figure
13, respectively. The FZ release from FZ-loaded SC film was faster than the films with MAS
and complete release was found within 3 h. This was due to the denser structure of SC-MAS
film and adsorption of FZ onto the MAS silicate layer. On the other hand, FZ release from the
films with HS had no different when compared with the film without clay. Moreover, %
release of FZ seemed to decrease when increasing clay content. These results caused from
lower FZ content in the films with higher clay content.
3.8.Antifungal activity

The antifungal activity of FZ after release from the films was studied using an agar
diffusion assay and inhibition zone is report in Figure 14. The FZ in the concentration of 100
png/mL was used as a positive control and showed the inhibition zone of 13.98 + 0.32 mm.
The FZ released from the films at 15 minute could inhibit C. albican with diameter of
inhibition zone in the range 13.84-15.08 mm. However, incorporation of clay had no effect to
diameter of inhibition zone. This result like to other previous study, for example, FZ released
from FZ-loaded alginate-SC beads had effective against C. albican (Khlibsuwan et al., 2018).
3.9.Mucoadhesive properties

The porcine esophageal membrane was used as a bioadhesive membrane for testing
mucoadhesive properties. The results showed that FZ-loaded SC film and FZ-loaded SC-clay
films were presented mucoadhesive properties. Moreover, addition of clay into the films did
not affect the detachment force of the films (Figure 15). This result was in agreement with
previous study about the effect of clay on mucoadhesive properties of polymeric film
(Pongjanyakul et al., 2013). The silicate layer surface of MAS and silicon dioxide of HS were
contained hydroxyl groups that could be interacted with mucus via hydrogen bonding. So, the
FZ-loaded SC-clay films had mucoadhesive properties.
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4.Conclusion

The FZ-loaded SC-clay films were prepared using a spray method and the effect of clay
on the films properties was investigated. Incorporation of clay can enhance thermal and
mechanical properties of the films. Besides, the FZ-loaded SC-clay films presented slower
release when compared with the film without clay due to denser structure of the films. FZ
powder was reported as mixture polymorphisms of anhydrate form | and monohydrate.
Furthermore, the films loaded with FZ were showed the recrystallization of FZ during film
preparation. However, the FZ-loaded SC-clay films still possess antifungal activity and
mucoadhesive property. So, the films display a potential use as a local delivery system in oral
candidiasis.
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Table 1 Characteristics of FZ-loaded SC-clay dispersions

Particle size D4,3

Zeta potential

Dispersions pH (um) (mV)
1. SC dispersion 6.50 0.391 £ 0.01 -24.37 £ 0.87
2. MAS dispersion 8.73 2.39+£0.08 -34.42 + 3.76
3. HS dispersion 5.42 21.71 £ 0.43 -28.14 £ 1.54
4. FZ dispersion 6.55 ND -27.46 £ 0.89
5. FZ-loaded SC-clay 5:0 6.68 11531+ 1.74 -19.87 £ 1.64
6. FZ-loaded SC-MAS 5:0.25 6.73 65.39 £ 9.80 -30.14 £1.43
7. FZ-loaded SC-MAS 5:0.5 6.89 43.85+1.74 -31.87 £ 0.62
8. FZ-loaded SC-MAS 5:1 6.90 37.62 £ 3.03 -34.45+£1.31
9. FZ-loaded SC-HS 5:0.25 6.70 74.69 £ 4.70 -28.66 + 1.32
10. FZ-loaded SC-HS 5:0.5 6.71 64.21 £ 5.97 -30.48 + 1.23
11. FZ-loaded SC-HS 5:1 6.77 39.57 £ 2.61 -29.31+0.71
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Figure 3 PXRD of FZ-loaded SC-MAS films: (A) FZ powder, (B) MAS powder, (C) SC
powder, (D) SC film, (E) FZ-loaded SC-0%MAS film, (F) FZ-loaded SC-5%MAS
film, (G) FZ-loaded SC-10%MAS film, and (H) FZ-loaded SC-20%MAS film
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Figure 4 PXRD of physical mixture of SC-MAS-FZ in difference ratio: (A) FZ powder, (B)
MAS powder, (C) SC powder, (D) SC-MAS-FZ 5:0:1, (E) SC-MAS-FZ 5:0.25:1,
(F) SC-MAS-FZ 5:0.5:1, and (H) SC-MAS-FZ 5:1:1
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Figure 5 PXRD of FZ-loaded SC-HS films: (A) FZ powder, (B) HS powder, (C) SC powder,
(D) SC film, (E) FZ-loaded SC-0% HS film, (F) FZ-loaded SC-5% HS film, (G)
FZ-loaded SC-10% HS film, and (H) FZ-loaded SC-20% HS film
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Figure 6 PXRD of physical mixture of SC-HS-FZ in difference ratio: (A) FZ powder, (B) HS
powder, (C) SC powder, (D) SC-HS-FZ 5:0:1, (E) SC-HS-FZ 5:0.25:1, (F) SC-
HS-FZ 5:0.5:1, and (H) SC- HS-FZ 5:1:1
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Figure 7 DSC of FZ-loaded SC-MAS films (A) FZ powder, (B) MAS powder, (C) SC
powder, (D) SC film, (E) FZ-loaded SC-MAS film 5:0.25, (F) FZ-loaded SC-MAS

film 5:0.50, and (G) FZ-loaded SC-MAS film 5:1.0
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Figure 8 DSC of FZ-MAS physical mixture (A) FZ powder, (B) MAS powder, (C) SC
powder, (D) SC-MAS-FZ 5:0.25:1, (E) SC-MAS-FZ 5:0.50:1, and (F) SC-MAS-

FZ5:1:1



70

&)

(B)
i //

m -
— .
/‘F—/”/—/——W/ ®

//J ©

4
=
°c

Endothermic

-ttt t
50 100 150 200 250 300 350 400
Temperature

Figure 9 DSC of FZ-loaded SC-HS films (A) FZ powder, (B) HS powder, (C) SC powder,
(D) SC film, (E) FZ-loaded SC-HS film 5:0.25, (F) FZ-loaded SC-HS film
5:0.50, and (G) FZ-loaded SC-HS film 5:1.0
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Figure 10 DSC of FZ-HS physical mixture (A) FZ powder, (B) HS powder, (C) SC powder,
(D) SC-HS-FZ 5:0.25:1, (E) SC-HS-FZ 5:0.50:1, and (F) SC-HS-FZ 5:1:1
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Figure 12 FZ released from FZ-loaded SC-MAS films
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Part IV: Sodium caseinate-chitosan bilayer films containing fluconazole

1.Introduction

In the present, many polymers have been developed for use as pharmaceutical material.
Especially in the composite of polymer with other substances is interesting to apply for drug
formulation and drug delivery system. The interaction between different types of polymer can
be obtained the new composite material which is able to enhanced the physic-chemical
properties of primitive material, and use in pharmaceutical field (Ates et al., 2017). Sodium
caseinate (SC) is biomaterial which obtained from milk, comprising of 94% protein and 6%
colloidal calcium phosphate (Walstra et al., 2006). The structure of SC consist of hydrophilic
part and hydrophobic part which is able to use as surfactant, and also self-assembly into
micelle (De Kruif and Grinberg, 2002; Qi, 2007). So, SC is able to use as emulsifying and
foaming agents in food industry, solubilizing agent for poorly insoluble drug (Millar and
Corrigan, 1991; 1993), film forming agent (Abu Diak et al., 2007; Elzoghby et al., 2011) and
microparticle in drug delivery system for pharmaceutical application. SC, a negatively charge
protein, could interact with polysaccharides via many mechanisms, which was dependent
upon molecular charge of polysaccharides. The film properties of SC is able to modify by
addition of plastisizer (Audic and Chaufer, 2005), cross-linking agent (Audic and Chaufer,
2005; Perada et al., 2010) and insoluble material (Fabra et al., 2008), etc. Accordingly, the
composite between polysaccharide with SC is interesting combination to apply as drug
reservoir in composite film for drug delivery system.

Chitosan was a positively charged polysaccharide that could be interacted with SC by
electrostatic force, whereas hydrogen boding mechanisms occurred between SC and sodium
alginate due to the same charge of both substances. These interactions may cause a change of
characteristics of sodium caseinate-polysaccharide films, which could be applied for tablet
film coating and drug delivery system. In this study, chitosan was used for surface
modification of sodium caeinate films containing fluconazole. This film may be used for local
delivery of oral candidiasis. The outputs of this study will be the new basic knowledge of
characteristics and applications of the sodium caseinate-polysaccharide films in
pharmaceutics.

2. Materials and methods
2.1. Materials

SC (sodium salt from bovine milk) and CS (85% degree of deacetylation with a molecular
weight of 800 kDa chitosan) were purchased from Sigma-Aldrich Company (St. Louis, MO)
and Bio21 Co., Ltd. (Chonburi, Thailand), respectively. Glycerin was obtained from
Namsiang Co., Ltd. (Bangkok, Thailand). FZ was purchased from Hubei Yuancheng
Gongchuang Technology Co., Ltd.
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(Wuhan, China). Sodium lauryl sulfate (SLS) was obtained from S. Tong Chemicals Co., Ltd.
(Bangkok, Thailand). Candida albicans ATCC 10231 was a gift from the Biofilm Research
Group, Faculty of Dentistry, Khon Kaen University (Khon Kaen, Thailand). All other
reagents were of analytical grade and were used as received.

2.2 Preparation of SC-CS bilayer films

SC (25 g) was dispersed in purified water (400 mL) at 26 £ 1 °C. The SC dispersion was
stirred using a magnetic stirrer and stored for overnight. Then SC dispersions were adjusted to
the final volume (500 mL). The SC dispersion was sprayed on plastic board which arranged
inside the pan of conventional coating machine (YeoHeng Co., Ltd, Bangkok, Thailand).
Before spraying, the pan was heated at 75 £ 5 °C for 30 min and then thin films was
conducted using an air-assist spray nozzle of coating machine (Thai Coater Model FC15,
Pharmaceuticals and Medical Supply, Thailand). The spray rate of the spraying dispersions
was 5 ml/min under spray pressure of 0.38 mPa. After the spraying process, the thin film was
continue dried in the pan for 15 min. The thin film was peeled out of the plastic board and
stored in a desiccator prior to further examination. For bilayer film, the dried SC film was
covered with other dispersions such as 1% w/v acetic acid (AcOH), various volume of 1% CS
(50, 100, 150 and 200 ml). The sandwich structure SC/CS/SC was prepared follow the same
step as a bilayer film. The dried SC bilayer film which covered with 1% CS 200 ml was
peeled out and stitched again on the plastic plate. The CS dispersion (200 ml) was sprayed on
the SC surface and followed the same step as bilayer film preparation.

The FZ loaded film was prepares by adding FZ powder (5 g) into SC dispersion (25 g in
400 ml of purified water) at 26 + 1 °C. Next, the FZ loaded SC dispersion was stirred using a
magnetic stirrer for overnight. The FZ loaded SC dispersions were then adjusted to the final
volume (500 mL). The film was prepared following the procedure mentioned above.

2.3. Characterization of SC-CS bilayer films
2.3.1. Morphology and thickness of SC-CS bilayer films

The surface morphology and cross-section of film was observed using scanning electron
microscopy (SEM). The samples were mounted on dummies, coated with gold in a vacuum
evaporator, and then viewed using a scanning electron microscope (Hitachi Se3000 N, Tokyo,
Japan).

Thickness of the dry films was measured at different places using a microprocessor coating
thickness gauge (Minitest600B, ElektroPhysik, Germany). The probes, which had been
connected to the measurement gauge and calibrated using a standard film, gently touch on the
film, and the film thickness was subsequently measured.

2.3.2 FZ content determination

The FZ loaded film were cut to disc, weight accurately and then dissolved in
acetonitrile:water (30:70) in a volumetric flask. The solution was ultrasonicated for 4 hour
and stored in shaking water bath for overnight. Then, the solution was added with the mobile
phase and ultrasonicated for 15 min, adjusted the volume to 50 ml. The solution was filtered
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with nylon membrane filter (0.20 micron). The amount of drug was measured by using HPLC
analysis as Section 2.8. The drug content was calculated from the following equation:
((FCZ amount in the film)/FCZ added) x 100
2.4 Molecular interaction of SC-CS bilayer films
2.4.1 DSC

The thermal behavior of pure substance powder, blank films and FZ loaded film the films
were investigated using differential scanning calorimetry (DSC). The DSC thermogram of the
samples was recorded using a differential scanning calorimeter (DSC822e, Mettler Toledo,
Switzerland). An accurately weighed sample (2.5-3.5 mg) was placed into a 40-pL aluminum
pan without an aluminum cover. The measurements were taken over a temperature range of
30 to 450 °C at a heating rate of 10 °C min ™.
2.4.2 FTIR spectroscopy

FTIR spectra of the blank film and drug loaded bead were determined using the KBr disc
method. Each sample was gently triturated with KBr powder at a weight ratio of 1:100 and
then pressed with a hydrostatic press at 10 tons for 10 min. The discs were placed in a sample
holder and scanned from 4000 to 400 cm™ at a resolution of 4 cm™ (Spectrum One, Perkin
Elmer, Norwalk, CT).
2.5 Mucoadhesive property studies

The mucoadhesive properties of the films were measured using a texture analyzer
(TA.XT.plus, Stable Micro Systems Ltd., UK). Porcine esophageal mucosa was used in this
study. The esophageal tube was opened longitudinally and cut to a size of 2 cm x 2 cm. The
porcine esophageal mucosa was fixed on a platform with the mucosal surface facing up. The
films were cut to disc with a surface area of 0.785 cm? and attached to the 10 mm diameter
cylindrical probe using double-sided adhesive tape. Before testing, 20 ul of pH 6.8 phosphate
buffer was dropped onto the mucosa. The probe attached to the film was moved down toward
the mucosal tissue at the rate of 1 mm min 1 and made contact with the tissue with a contact
force of 100 g for 30 sec. The probe was then withdrawn from tissue at the rate of 1 mm
mint. The relationship between force and film displacement was plotted. Maximum
detachment force and force max area were computed using the Texture Exponent 32 program
(Stable Micro Systems, UK).
2.6 Mechanical properties studies

Puncture strength and elongation studied refer to mechanical properties of the films. The
value of puncture strength and elongation were examined by using a texture analyzer (TA-
XT2, Stable Micro System, Ltd., UK) equipped with a 500 N load cell. The dry films (2 % 2
cm) were cut and kept in a chamber with 55% RH at room temperature (25.0 £ 1.0 °C) for 3
days before testing. Then, the dried films were fixed using a film holder between two
mounting plates. A 5-mm-diameter spherical stainless steel puncturing probe was fixed at the
load cell and moved downwards at 0.1 mm s . The applied force and displacement were
recorded. The puncture strength and % elongation at the break were calculated as follows:
Puncture strength = F/A
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where F is the maximum force for puncture, and A is the cross-sectional area of the edge of
the film located in the path of cylindrical opening of the film holder.

Elongation (%) = (%)xloo

where r is the radius of the film exposed in the cylindrical hole of the film holder, and D is the
displacement of the probe from the point of contact to the point of film puncture.
2.7 In vitro drug release studies

The FZ-loaded films were investigated about In vitro release studies on using modified
side-by-side diffusion cell (Crown Glass Co., Inc., Somerville, NJ). The disc of FZ-loaded
films with a surface area of 0.785 cm? and accurately weighed before being placed on the one
side of diffusion cell. The diffusion cell was filled with release medium (3 ml of pH 5.5
simulated salivary fluid), tested at a controlled temperature of 37.0 + 0.1 °C, and stirred at 600
rpm. The cells were then fixed and tightly fastened with a screw. The samples (1 ml) were
collected and replaced with fresh medium. The amount of FZ released was analyzed using
high performance liquid chromatography (HPLC).
2.8 HPLC analysis

The HPLC system consisted of Waters 1525 binary pumps, 2489 dual absorbance
detector and Waters Breeze Software, 2.0 version (Waters, MA, USA). The FCZ
measurements were determined using the Waters HPLC system with a Mightysil RP-18 GP
column (4.6x150 mm, 5 pm particle size; Kanto chemical co., inc, Tokyo, Japan). The mobile
phase consisting of acetonitrile:water in the ratio of 30:70 for determination amount of FZ at a
flow rate of 1 ml/min. The retention time of FZ was approximately 4.55 min. The detection
wavelength was set at 210 nm.

2.9 Anticandidal activity study

The activity of FCZ from drug loaded films was tested against Candida albicans by an
agar dilution method using Sabouraud dextrose agar. C albicans were inoculated into 20 ml of
Sabouraud dextrose broth. The exponential period of growth and the culture broth was
diluted. The concentration of C. albicans was diluted to 10° CFU/m.

Then, the Sabouraud dextrose agar (20 ml) plates were prepared, in which 200 pl solution
of microbe suspension was added and spread uniformly with sterile cotton swabs and then
punched with a Pasteur pipet to make holes 6 mm in a diameter. Four sets of holes were made
on each plates. The 45 ul solution of negative control, positive control and release solution
form Section 2.8 were dropped into the hole. All the plates were incubated at 32 + 1 °C for 18
h. Then the plates were taken out and the diameters of the inhibitory zones were measured in
millimeter. Negative control was pH 5.5 simulated salivary fluids. Positive control was 100,
200 and 400 pg/ml of FZ solution. The FZ release solution was selected at 60 min of
dissolution studies to test the microbial activity.
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3. Results and discussion
3.1 The morphology of SC-CS bilayer films

The morphology of control film is shown in Fig. 1a. The pure SC and CS films had some
drying marks on the surface. The shapes of mark were oval and circle. These seem occurred
by the fast evaporation of water from dispersion droplet. The bilayer of SC film which
covered with AcOH 100 ml showed more roughness surface than monolayer of SC film
whereas the bi-layer of SC-CS 100 ml was the smoothest surface film. The cross-section of
film showed that the mono-layer of SC and CS had a dense structure (Fig. 2a, 2d). After
covered SC film with CS 100 ml, the bi-layer film still had dense matrix without separation to
each layer of polymer (Fig. 2c). In contrast to bi-layer of SC-AcOH film showed loose matrix
structure. The layer was divided into two regions (Fig. 2b). Thickness of monolayer CS film
was 11.9 + 1.8 um, which is the lowest when compared with other formulation. The thickness
of mono-layer SC film was 102.5 + 18.3 um. After prepared to bi-layer film by covered with
AcOH and CS 100 ml, thickness of SC film were increased to 114.8 + 26.5 and 117.4 + 11.0
um, respectively.

The different morphology was observed when adding FZ particle into formulation. All
formulation of FZ loaded film showed more roughness and higher particulates on the surface
of film (Fig 3.) These may be occurred from saturated FZ particle in the dispersion. The same
matrix structures of films were observed in all formulation of SC-CS bilayer film, even
increasing amount of CS into the film. However, other properties such as thickness, film
weight and FZ were varied depend on content of CS. As shown in Table 1, the increasing
content of CS in bi-layer films resulted in increased film thickness (Table 1).

3.2 Molecular interaction of SC-CS bilayer films

Thermal property of films was investigated by using differential scanning calorimeter. The
DSC thermogram showed that the exothermic peak of monolayer SC film without glycerin
approximately 321 °C (Fig. 5a). It will be considered, that the addition of glycerin which is a
plasticizer obviously affected the thermal behavior of the SC films. The exothermic peak
appeared at 314 °C for the SC film with glycerin. The exothermic peak of mono-layer SC film
was changed to higher temperature both in control film and FZ-loaded films (Fig. 5b). The
higher peak of exothermic degradation of bi-layer SC film was obtained when increasing
more amounts of CS. This mean high amount of CS in bilayer SC film is able to enhance the
thermal stability of monolayer SC film.

The molecular interaction between SC and CS in the bilayer film was investigated by
using FTIR spectroscopy. The FTIR spectra of controlled film are shown in Fig. 6a. The
mono-layer SC film showed the band at 3274 cm™ corresponded to the O-H stretching, which
overlapped the N-H stretching in the same region. The band at 2926 cm™ assigned to the
stretching of C-H groups. The strong peak at 1628 cm™ was due to the C=0 stretching
vibrations of the amide | groups, and the peak at 1535 cm™ was N-H bending of amide 11
groups. For CS film, the peak at 2871 cm™ referred to the CH stretching of CS. The carbonyl
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stretching (amide 1) peak showed at 1636 cm™. NH, bending peak (amide 11) of primary
amine in CS structure was 1542 cm™,

After mono-layer SC was covered with 1% w/v CS 100 ml, only the peak of C-H
stretching of SC at 2926 cm™ was changed to higher (2945 cm™). This peak related to C-H
group of CS. To confirm the molecular interaction between SC and CS in FZ loaded
formulation, the FTIR of FZ loaded SC film was investigated. The bi-layer SC with CS film
showed only the band of C-H stretching at 3281 cm™ was moved to lower. At this peak
related to O-H stretching, which overlapped the N-H stretching both in SC and CS structure.
This may be confirmed that SC and HCS is able to interact together when HCS was sprayed
on the surface of SC film via hydrogen bond between O-H group and N-H group. Moreover,
the high amount of HCS in sandwich structure CS/SC/CS film showed the peak movement
from 1512 to 1542 cm™. This peak related to NH, bending peak (amide 11) of primary amine
in CS structure. This caused from high content of CS in the formulation.

3.3 Mucoadhesive property of SC-CS bilayer films

The mucoadhesive properties of film were tested using porcine esophageal mucosa as a
model membrane. The effect of CS content to bilayer SC film was presented in Fig. 7. The
highest maximal detachment force was from monolayer SC film. However, the more content
of CS in bilayer SC film showed higher the maximal detachment force. This described by the
medium which used during the studies was pH 6.8 phosphate buffer, CS in this environment
pH slightly protonated. So, the bi-layer SC-CS had lower maximal detachment force than
monolayer SC film.

3.4 Mechanical property of SC-CS bilayer films

Fig. 8 shows the puncture strength and percentage of elongation of the films. It was found
that the modification of mono-layer SC films to bi-layer SC-HCS resulted in an enhancement
of mechanical properties. The monolayer SC films provided the lowest puncture strength and
% elongation. However, both parameters did not depend on the increasing content of HCS to
cover SC film. From these results, the presence of the HCS polymer chain in SC film is able
to increase mechanical strength of SC film. In addition, these bilayer SC films provided good
mechanical strength.

3.5 In vitro drug release studies and anticandidal activity

Profile of FZ release from monolayer SC, bilayer SC and sandwich CS-SC-CS film are
shown in Fig. 9. All film formulations presented the fast release for 15 min. The release
profile from monolayer and bilayer SC-AcOH were reached a plateau within 30 min. So,
theses formulation had faster release rate profile than the bi-layer SC-CS film. This was due
to the rapid dissolve of the SC film in the pH 5.5 simulated salivary fluids. All formulations
of bi-layer SC-CS film showed the similar FZ release profile. The different release profiles
from varied amount of CS were observed after 60 min of immersion. The lowest release
profile was obtained from bi-layer SC film covered with CS 200 ml. This related to the
mechanical property of bi-layer SC-CS 200 ml film when compared within formulation of bi-
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layer SC-CS film. Moreover, the highest thickness of bi-layer SC-CS 200 ml film affected to
long distance of fluid to dissolve SC which was covered with HCS.

The antimicrobial effect in this study was investigated to confirm the efficacy of FZ after
release from carriers. Accordingly, the FZ solution in this study was obtained from
dissolution study. For FZ release solution was collected from dissolution test after 60 min
which provide FZ concentration more than MIC of FZ for C. albicans. The anticandidal
activity was measured about the inhibition zone as seen in Fig.10. The FZ release at
concentration about 880-1780 pg/ml showed the ability of FZ to inhibit the C. albicans
growth. These mean that the FCZ which released from the formulation of mono-layer SC, bi-
layer SC-CS and sandwich SC-CS films could inhibit the growth of C. albicans completely.

4. Conclusion

Bi-layer SC film covered with CS can be successfully formed by using modified method
from convention coating machine. SC and CS were able to form the molecular interaction via
hydrogen bonding. The complex structure of SC-CS bi-layer film could enhance the strength
of the films, and also provide good mucoadhesive properties. The releases of FZ from bi-layer
SC-CS were able to provide more sustained profile than the mono-layer. Moreover, FZ
release solutions still have an anticandidal activity. These findings suggested that the SC-CS
bilayer film have a good potential for use as novel delivery system for antifungal drug in
treatment of topical candidiasis.



81

Reference

Abu Diak O, Bani-Jaber A, Amro B, Jones D, Andrews GP. The manufacture and
characterization of casein films as novel tablet coatings. Food Bioprod Process 2007; 85:
284-290.

Ates B, Koytepe S, Balcioglu S, Ulu A, Gurses C. Hybrid Polymer Composite Materials: 12
- Biomedical applications of hybrid polymer composite materials Woodhead Publishing
Limited, Cambridge 2017: 343-408.

Audic JL, Chaufer B. Influence of plasticizers and crosslinking on the properties of
biodegradable films made from sodium caseinate. Eur Polym J 2005; 41: 1934-1942.

De Kruif CG, Grinberg VY. Micellation of B-casein. Colloid Surface A 2002; 210: 183-
190.

Elzoghby AO, Abo El-Fotoh WS, Elgindy NA. Casein-based formulations as promising
controlled release drug delivery systems. J Control Release 2011;153: 206-216.

Fabra MJ, Talens P, Chiralt A. Tensile properties and water vapor permeability of sodium
caseinate films containing oleic acid-beeswax mixtures. J Food Eng 2008; 85: 393-400.
Millar FC, Corrigan Ol. Dissolution mechanism of ibuprofen-casein compacts. Int J Pharm

1993; 92: 97-104.

Millar FC, Corrigan OI. Influence of sodium caseinate on the dissolution rate of
hydrochlorothiazide and chlorothiazide. Drug Dev Ind Pharm 1991; 17(21): 1593-607.
Perada M, Aranguren MI, Marcovich NE. Effect of crosslinking on the properties of sodium

caseinate films. J Appl Polym Sci 2010; 116: 18-26.

Qi PX. Studies of casein micelle structure: The past and the present. Dairy Sci Technol
2007; 87: 363-383

Walstra P, Wouters JT, Geurts TJ. Dairy science and technology. 2nd ed. Wageningen:
Taylor & Francis Group; 2006.



82

Surface morphology of SC (a), SC — acetic acid (b), SC — 100 CS (c) and CS (d) film

Fig. 1. Surface morphology of controlled film of SC (a), SC film covered with AcOH (b), 100 ml CS
(c) and monolayer of CS film (d).
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Fig. 2. Cross-section of controlled film of SC (a), SC film covered with AcOH (b), 100 ml CS (c) and
monolayer of CS film (d).
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(4]

Surface morphology of FZ loaded film of SC (a), SC — acetic acid (b), SC -1%CS 50 ml (c),
100 ml (d), 200 ml (e) and sandwich CS —FZ (f).

Fig. 3. Surface morphology of FZ loaded film of SC (a), SC film covered with AcOH (b), 50 ml CS
(c), 100 ml CS (d), 200 ml CS (e) and Sandwich-structured of CS/SC/CS film (f).
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Cross-section of FZ loaded film of SC (a), SC — acetic acid (b), SC -1%CS 50 ml (c), 100 ml (d).
200 ml (e) and sandwich CS - FZ (f).

Fig. 4. Cross-section of FZ loaded film of SC (a), SC film covered with AcOH (b), 50 ml CS (c), 100
ml CS (d), 200 ml CS (e) and Sandwich-structured of CS/SC/CS film (f).



Table 1

Properties of FZ loaded SC-CS bilayer films

. Film weight FZ content
. Thickness 2 2 %DC
1% w/v FZ loaded 5% SC films (mg/0.79 cm®,  (mg/0.79 cm”,
(um, n=10) (w/w, n=3)
n=3) n=3)

Monolayer of 5% SC 104.4+12.6 92+12 1.23+0.16 13.08 +0.18
Bi-layer covered with

-AcOH 1239+ 14.3 13.3+£25 1.72+£0.33 12.82+£0.54

-1% CS 50 ml 1509+7.2 17.3+0.6 2.28+0.08 12.73+£0.32

-1% CS 100 ml 154.2+8.9 145+0.4 1.88 + 0.05 12.75+1.23

-1% CS 150 ml 156.0 + 13.6 16.1+2.6 2.06+£0.33 12.21+0.83

-1% CS 200 ml 170.2 + 10.0 18.0+£2.3 2.28£0.29 12.13+0.29
Sandwich-structured of
CS/SCICS film 181.0+6.8 19.25+0.54 2.32+£0.07 10.31+0.23
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Table 2

Mechanical properties of SC films in various types of film formulations

90

. . Puncture strength Elongation
Film formulations
(MPa £ SD) (% x SD)
Control films
- Monolayer of 5% SC 12.28 +0.79 14.16 +2.13
- Monolayer of 1% CS 39.57+£3.85 7.97+1.33
- Bilayer with AcOH 11.27+£0.59 13.54 +0.43
- Bilayer with CS 18.50 + 0.75 14.97 +0.82
1% FZ loaded films
- Monolayer of 5% SC 8.82 +0.67 7.85 + 0.66
- Bilayer covered with
AcOH 15.47 + 1.27 23.26 + 2.52
1% CS 50 ml 10.23 + 0.47 15.82 +4.03
1% CS 100 ml 13.18 £ 0.99 15.36 + 2.49
1% CS 150 ml 10.91+0.20 11.87+0.73
1% CS 200 ml 13.01 +£0.62 19.84 + 3.43
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Part V: Alginate-sodium caseinate beads for anticandidal delivery

1.Introduction

Polysaccharide-protein blends offer a great potential for use in food and pharmaceutical
technologies. Molecular interactions between polysaccharides and proteins lead to a formation
of complexes that depended on type of interaction bonding. Basically, these interactions can
be classified as covalent and non-covalent interactions (Dickinson, 2008). Covalent
interactions are highly specific by strong binding and irreversible interaction between proteins
and polysaccharides. In contrast, non-covalent interactions are non-specific and occurred via
electrostatic force, hydrogen bonding, and hydrophobic interactions, leading to a formation of
soluble or insoluble complexes that dependent upon weak or strong interactions, respectively
(Wijaya et al., 2017). The polysaccharide-protein complexes have been characterized and
applied as emulsifiers (Evans et al., 2013), film formers (Mohammadi et al., 2018), and
micro/nanomatrix formers used for delivery of drugs and nutrients (Jain et al., 2016; Chang et
al., 2017; Shaddel et al., 2018).

Sodium alginate (SA) is a natural anionic polysaccharide found in marine brown algae.
SA is composed of (1-4)-linked B-D-mannuronic acid and a-L-guluronic acid (Draget, 2000).
It has regions rich in mannuronic acid units, guluronic acid units and regions in which both
monomers are equally prevalent. SA can be crosslinked with a divalent cation, such as
calcium ions, to form microparticles and beads, which are depended on droplet sizes of
dispersions dropped into the divalent ion-rich solution. This method was so-called ionotropic
gelation (Pillay et al., 1998). The calcium alginate (CA) in the forms of microparticles or
beads has been widely used as a delivery system of drugs (Sugawara et al., 1994; El-Aassar et
al., 2014; Ozseker and Akkaya, 2016) and proteins (Haider and Husain, 2007). Reinforcement
of the CA beads can be made via incorporation of water-soluble (Puttipipatkhachorn et al.,
2005; Pongjanyakul and Puttipipatkhachorn, 2007) and water-insoluble polymers
(Pongjanyakul, 2007), clays (Puttipipatkhachorn et al., 2005; Pongjanyakul and Rongthong
2010), and proteins (Almeida and Almeida, 2004) in the drug-loaded SA dispersion before
crosslinking process. This approach lead to improvement of drug entrapment efficiency
(DEE) and retardation of drug release of the CA beads. Thus, it is interesting to seek a natural
substance to modify the characteristics of the CA beads. One of natural proteins is casein that
it could interact with several polymers, such as pectin (Maroziene and De Kruif, 2000) and
starch (Sun et al., 2016). This may have a potential to interact with SA and to improve CA
bead characteristics.

Caseins are composed of 94% protein and 6% colloidal calcium phosphate (Walstra et al.,
2006), which molecule weights of caseins are in the range of 19-25 kDa with isoelectric point
of 4.6-4.8. They are composed of four different peptides: aS;, aS,, B, and k caseins
(Dalgleish and Corredig, 2012). Caseins in an acidic form possess a low aqueous solubility,
but sodium caseinate (SC), sodium salt of casein, is freely soluble in water (Elzoghby et al.,
2011). Due to amphiphilic properties of SC molecules, self-assemble into stable micellar
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structures in aqueous solutions can be formed when the SC concentration is higher than 1.0
mg mL™, a critical micelle concentration (Horne and Euston, 2005). The core of micelles
consists of aS;, aS,, and B caseins, whereas k caseins locate and cover onto the surface of
micelles (Dalgleish and Corredig, 2012). For this characteristicc SC has been
pharmaceutically applied as a solubilizing agent for poorly soluble drugs (Millar and
Corrigan, 1991; Millar and Corrigan, 1993). Furthermore, SC has a potential use as drug
delivery systems, particularly microparticles (Knepp et al., 1993; Santinho et al., 1999) and
nanoparticles (Elzoghby et al., 2013; Pan et al., 2013).

Polysaccharide-protein  composites between SA and SC have been previously
investigated in the form of dispersions and microparticles. Phase separation of SA and SC in
the composite dispersion was prepared, and rheology and viscosity of each phase were
characterized by Simeone et al. (2004). The SC rich phase and SC solution showed
Newtonian flow, whereas a shear thinning system was found in SA rich phase and SA
solution. The drug-loaded microparticles were prepared by dropping the SA-casein
dispersions at a basic pH into calcium chloride solution (He et al., 2015), resulting in a
sustained-release of drug from the microparticles. Moreover, CA microgel particles prepared
using a spray aerosol method could interact with SC that was detected by zeta potential
studies and dye-binding method (Ching et al., 2015). It can be seen that the viscosity
synergism of SA and SC in the composite dispersion after simple mixing is not available in
literature reviews. Furthermore, the molecule interaction between SA and SC, and the
characteristics of CA beads incorporated with SC for drug delivery are yet unknown.
Therefore, the aims of this study were to examine molecular interaction between SA and SC
in composite dispersions and films, and to characterize the SC-CA beads for anticandidals
delivery. The composite SA-SC dispersions were prepared, and zeta potential and viscosity of
the dispersions were investigated. Solid state molecular interaction between SA and SC in the
films was examined using DSC and FTIR spectroscopy. Then, the SA-SC beads were
prepared using the ionotropic gelation. Drugs incorporated in the beads were fluconazole (FZ)
and clotrimazole (CZ), which were used for candidiasis treatments. Particle size and
morphology, DEE, water uptake and erosion, in vitro drug release and anticandidal activity of
drug released were investigated. The anticandidal-loaded SC-CA beads may utilize as a model
delivery system and drug reservoirs in tablets for candidiasis treatment in oral cavity.

2. Materials and methods
2.1. Materials

Alginic acid sodium salt from brown algae (low viscosity, 100-300 cP at 25 °C) was
purchased from Sigma-Aldrich, Inc. (MO, USA). The ratios of mannuronic acid to guluronic
acid residues were 1.6 (Lemoine et al., 1998). Casein sodium salt from bovine milk (MW=19-
25 kDa) was also obtained from Sigma-Aldrich, Inc. (MO, USA). FZ and CZ were purchased
from Hubei Yuancheng Gongchuang Technology Co., Ltd. (Wuhan, China) and Changzhou
Yabang Pharmaceutical Co., Ltd. (Jiangsu, China), respectively. Sodium lauryl sulfate (SLS)
was obtained from S. Tong Chemicals Co., Ltd. (Bangkok, Thailand). Candida albican
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ATCC10231 was a gift from the Biofilm Research Group, Faculty of Dentistry, Khon Kaen
University (Khon Kaen, Thailand). All other reagents used were of analytical grade and used
as received.
2.2. Preparation of SA-SC dispersions

SC (0, 0.5, 1 and 2 g) was dispersed in purified water (75 mL) at 25 °C. Then, SA (2 g)
was gently added and stirred using a magnetic stirrer for 2 h. After that, the SA-SC
dispersions were adjusted to the final volume (100 mL). The zeta potential and viscosity of
the dispersions obtained were characterized. Moreover, the SC dispersion in the concentration
of 2 %w/v was also prepared and characterized for comparison.
2.3. Characterization of SA-SC dispersions
2.3.1. Zeta potential measurement

The zeta potential of the SA-SC dispersions were measured using a laser Doppler
electrophoresis analyzer (Zetasizer Model ZEN 2600, Malvern Instrument Ltd., UK). The
samples were kept at 25 °C, and the dispersions were diluted using deionized water to obtain
the appropriate concentrations (count rates >20,000 counts per second) prior to measurement.
2.3.2. Viscosity determination

Viscosities of the dispersions were determined using a small sample adapter of a
Brookfield Digital Rheometer (Model DV-III, Brookfield Engineering Labs Inc., Stoughton,
MA) at 30 + 2 °C. A spindle no 31 was used at shear rate over the range of 6.8-27.2 s™*. The
shear stress and viscosity at different shear rate were recorded.
2.4. Solubility of FZ and CZ

Solubility of FZ and CZ were conducted in various media involved at 37 °C. Excess
amounts of drug powder were added to 10 mL of medium in a test tube. Then, the mixture
was sonicated for 2 h, and shaken in a horizontal water bath shaker at a rate of 80 oscillations
min* at 37 °C for 5 days to achieve a solubility equilibrium of drug. A clear supernatant (1
mL) was collected, and the concentration of drug in saturated solution (solubility value) was
analyzed using HPLC.
2.5. Molecular interaction studies between SA and SC
2.5.1. Preparation of films

Molecular interaction between SA and SC in solid state was investigated. SA, SC and
SA-SC films were prepared using a casting/solvent evaporation method. The 2 %w/v SA, 2
%w/v SC, and 2%w/v SA-2%w/v SC dispersions were prepared following the method
mentioned above, and then the dispersions (20 mL) were poured in a plastic plate (6 cm x 9.5
cm) and dried using a hot air oven at 50 °C. The dry films were peeled off, and kept in a
desiccator prior to use.
2.5.2. Fourier transform infrared (FTIR) spectroscopy

FTIR spectra of the films were determined using the KBr disc method. Each sample was
gently triturated with KBr powder at a weight ratio of 1:100 and then pressed with a
hydrostatic press at 10 tons for 10 min. The discs were placed in a sample holder and scanned
from 4000 to 450 cm™ at a resolution of 4 cm™ (Spectrum One, Perkin Elmer, Norwalk, CT).
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2.5.3. Differential scanning calorimetry (DSC)

DSC themogram of the films were recorded using a differential scanning calorimeter
(DSC822, Mettler Toledo, Switzerland). Samples (2.5-3.0 mg) was accurately weighed and
placed in a 40-uL aluminum pan without an aluminum cover. The samples were heated from
30 to 450 °C at a heating rate of 10 °C min™.

2.6. Preparation of drug-loaded beads

SC (0, 0.5, 1 or 2 g) was dispersed in purified water (75 mL) at 25 °C. Then, FZ (0.25 g)
or CZ (0.25 g) was gently added into the SC dispersion, and the SC dispersions containing
drugs were stirred and incubated at 25 °C for overnight. After that, SA (2 g) was added to the
SC dispersions containing drugs. The composite dispersions were stirred at 25 °C for 2 h and
adjusted the final volume to 100 mL. The composite dispersions obtained were dropped
through a nozzle (0.8 mm inner diameter) into 2 % wi/v calcium chloride solution (240 mL)
with gentle agitation. The gel beads were cured in calcium chloride solution for 30 min,
washed with 240 mL of purified water, blotted to remove excess water, and dried at 50 °C
using a hot air oven for 24 h.

2.7. Characterization of beads
2.7.1. Particle size and morphology

Particle size of the drug loaded beads was determined using an optical microscope
(Olympus CH300RF200, Olympus Optical Co., Ltd, Japan). Three hundred beads were
randomized and their Feret’s diameters were measured and the mean diameters of the beads
were calculated. The particle morphology of the beads was also observed using scanning
electron microscopy (SEM). The samples were mounted on dummies, coated with gold in a
vacuum evaporator, and then viewed using a scanning electron microscope (Hitachi Se3000
N, Tokyo, Japan).

2.7.2. Drug content and entrapment efficiency

The drug-loaded beads (50 mg) were immersed in pH 6.8 phosphate buffer (10 ml) in
order to completely disintegrate of the beads. The mixture was sonicated for 4 h and
incubated in a shaking water bath for overnight. Then, the mixture was mixed with the mixed
solvent (acetanitrile:water (7:3) for FZ and acetanitrile:dipotassium phosphate (3:1) at pH 5.8
for CZ), sonicated for 15 min, and adjusted the final volume to 50 mL. The mixture was
filtered using a 0.2-um nylon membrane before HPLC analysis. The amount of drug was
determined using HPLC analysis. The ratio of the actual to the theoretical drug contents in the
beads was termed as DEE (Wang and He, 2002).

2.7.3. DSC and FTIR spectroscopy

The FTIR spectra and DSC thermogram of the beads were investigated using the same
procedure that mentioned in Section 2.5.2 and 2.5.3, respectively.
2.7.4. In vitro drug release studies

FZ released from the beads was investigated using pH 5.8 simulated salivary fluid (SSF)
as a release medium. The SSF consisted of 2.38 g Na;HPO,, 0.19 g KH,PO, and 8 g NaCl,
per liter of purified water, and the final pH was adjusted to 5.8 using phosphoric acid. The
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beads equivalent to 50 mg of FZ were weighed and place in an Erlenmeyer flask containing
100 mL of release medium. The flaskes were incubated in a water bath at 37 C with shaking
at 90 oscillations min~t. At different time intervals, samples (5 mL) were collected and
replaced with a fresh medium. The amount of FZ released was analyzed by using HPLC.
Due to very low solubility of CZ, the release system testing was changed to use the USP
dissolution apparatus 2, paddle method, (Hanson Research, Northridge, USA) because it is
necessary to increase both release medium volume and stirring efficiency in order to maintain
a sink condition. Moreover, the release medium used was SSF added with 0.1 %w/v SLS for
dissolution enhancement of CZ. The beads were equivalently weighed to 5 mg of CZ, and
placed in the vessel containing 350 mL of release medium at 37.0 + 1° C. The paddles were
rotated at a rate of 50 revolution min~*. Samples (7 ml) were collected and replaced with fresh
media at various time intervals. The amount of CZ released was analyzed by using HPLC.
2.7.5. Water uptake and erosion studies

The drug loaded beads were placed in a small basket, immersed in SSF, and shaken
occasionally in a water bath at 37 °C. After a predetermined time interval, each basket was
withdrawn, blotted to remove excess water and immediately weighed on an analytical
balance. The wet beads after soaking for 60 min were dried at 50 °C by using a hot air oven
until a constant weight of the beads was obtained. The water uptake and erosion of the beads
were determined according to the following equations (Sutananta et al., 1995):

Water uptake (%) = w x 100
Erosion (%) = YizWa=Re 100

14

where W,, is the weight of the wet beads, W; is the initial weight of the beads, Wy is the
weight of the beads after drying process, and R, is the mean amount of drug released at 60
min obtained from in vitro release studies.
2.7.6. Anticandidal activity study

FZ and CZ released from the beads were tested antimicrobial activity against C. albicans
using by an agar diffusion method. C. albicans were inoculated into 20 mL of Sabouraud
dextrose broth. The exponential period of growth and the culture broth was diluted. The
concentration of C. albicans was diluted to 10° CFU mL™. Then, plates with Sabouraud
dextrose agar (20 ml) were prepared, in which 200 uL solution of microbe suspension was
added and spread uniformly with sterile cotton swabs. The agar was punched using a Pasteur
pipet to make 6-mm diameter holes, which four holes were made on each plate. The 45-uL
solution of negative control, positive control and release medium form drug release testing
were dropped into the holes. All plates were incubated at 32.0 + 1.0 °C for 24 h. Then, the
diameters of the inhibition zones were measured. The negative controls were SSF with or
without 0.1% w/v SLS for CZ or FZ, respectively. The positive control was 80 and 2.0 ug
mL™ of FZ and CZ in SSF without or without 0.1% w/v SLS, respectively. The FZ and CZ
release media at 60 and 240 min of the release studies, respectively, were selected to test the
anticandidal activities.
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2.8. HPLC analysis

The concentration of FZ or CZ in the samples was analyzed using a HPLC system that
consisted of Waters 1525 binary pumps, 2489 dual absorbance detector and Waters Breeze
Software 2.0 versions (Waters Corporation, MA, USA). A reversed-phase HPLC using a C-18
column (Mightysil RP-18 GP, 4.6 mm x 150 mm, 5-um particle size; Kanto Chemical Co.,
Inc., Tokyo, Japan) was employed. The mobile phases of FZ and CZ were acetonitrile:water
(30:70) and acetonitrile:0.025 M dipotassium phosphate (K,HPO,) (3:1) at pH 5.8,
respectively. The flow rate of the mobile phases was 1 mL min~*. The detection wavelength
was set at 210 nm. The retention times of FZ and CZ were approximately 3.1 and 4.5 min,
respectively. Under these conditions, good linearity and reproducibility were shown over the
range 10-120 pug mL™ for FZ and 0.2-100 ug mL™ for CZ.

3. Results and discussion
3.1. Molecular interaction between SA and SC

The molecular interaction between SA and SC was investigated in the forms of
dispersions and films. The SA-SC dispersions showed white turbid liquids because of a milky
appearance of SC when dispersing in water. The pH of all dispersions in this study was found
in the range of 5.9-6.5. The zeta potential of 2 %w/v SC dispersion was -13.3 = 0.87 mV
(n=3), whereas that of 2 %w/v SA dispersion was found to be -96.6 + 3.75 mV (n=3). It can
be described that the pH of the SA-SC dispersions was higher than the pK; (3.38-3.65) of SA
(Draget, 2000) and the isoelectric point (4.6-4.9) of SC (Elzoghby et al., 2011). This led to
ionization of carboxyl groups on SA and SC molecules to display a negative charge. The 2
%wl/v SA dispersions incorporated with 0.5, 1, and 2 %w/v SC also presented a negative
charge of zeta potential values that were determined to be -56.5 + 3.12, -46.7 £ 1.06, and -
41.4 £ 0.15 mV (n=3), respectively. Increase of SC content caused a decrease of zeta potential
values of the SA-SC dispersions. Apart from zeta potential, viscosity of dispersions was also
reported and relationship between shear rate and viscosity of the dispersions is shown in Fig.
1. The 2 %w/v SC dispersion showed very low viscosity, but it still presented a shear thinning
system because the viscosity value decreased with increasing shear rate (Lee et al., 2009). The
2 % SA dispersion presented obviously higher viscosity than the 2% SC dispersion, and
possessed a shear thinning behavior as well. Addition of SC resulted in increasing of viscosity
of SA dispersion that the greater the SC addition, the higher the viscosity of the SA-SC
dispersion was found (Fig. 1). These results suggested that the viscosity synergism effect was
able to explain by a molecular interaction between both components.

DSC and FTIR spectroscopy were used to investigate solid state molecular interaction of
SA and SC in this study. The SA films showed a small exothermic peak at 224 °C and
followed an endothermic peak at around 230 °C (Fig. 2a). This may be due to a
recrystallization and a phase transition of SA after heat induction (Pongjanyakul et al., 2005;
Pongjanyakul, 2009). The first and second exothermic degradation peaks were found at 251
and 367 °C, respectively. The SC films presented two exothermic peaks at 297 and 353 °C
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(Fig. 2a). The SA-SC films showed the exothermic peak at 225 °C and followed the
endothermic peak at around 230 °C, and the first degradation peak of SA was slightly shifted
to higher temperature (253 °C). Moreover, both exothermic peaks at 343 and 381 °C were
found for the composite films. The changes of the thermal property of the SA-SC films
suggested molecular interaction occurred after simple mixing of both components.

FTIR spectra of the SA, SC, and SA-SC films are illustrated in Fig. 2b. SA films showed
absorption peaks at 3445 cm™ (O—H stretching), 1617 cm™ (COO™ asymmetric stretching),
1412 cm™ (COO~ symmetric stretching) and 1030 cm™ (C—-O-C stretching), which were
similar to the previous studies (Pongjanyakul et al., 2005; Pongjanyakul, 2009). For SC films,
the peak at 3436 cm™ corresponded to the O—H stretching, which overlapped the N-H
stretching. The strong peak at 1638 cm™ was due to the C=O stretching vibrations of the
amide | groups, and the peaks at 1535 and 1242 cm™* was N—H bending (amide 1) and C—N
stretching, respectively (Santinho et al., 1999; Pereda et al., 2010). The spectra of the SA-SC
films showed the O-H stretching couple with the N—H stretching was moved to lower
wavenumber, and the peaks of amide | and Il were shifted to higher wavenumber. Moreover,
the C-O—C stretching of SA also shifted to 1038 cm™. These results suggested that the
carboxyl and hydroxyl groups of SA could strongly interact with the amide | and Il groups of
SC via an intermolecular hydrogen bonding.

According to all data investigated, the presentation model of the SA-SC composites is
illustrated in Fig. 3. SA side chains could possibly interact with SC micelles that covered with
k-caseins. The outer parts of the surface were so-called the caseinomacropeptide chains
(Dalgleish and Corredig, 2012) that amino acids in this chain possibly interacted with SA. For
example, the ending three amino acids sequence of k-caseins were threonine, alanine and
valine (Fox and McSweeney, 1998). The amide I and Il groups of these amino acids could
interact with hydroxyl and carboxyl groups of SA via hydrogen bonding, resulting in the
formation of SA-SC soluble complexes and the more complexity of matrix network in the
dispersions. This may lead to hindering negative charge and decreasing zeta potential value,
but enhancing viscosity of the composite dispersions. In addition, the SA-SC complexes
influenced the thermal behavior of the composite films.

3.2. Particle characteristics and DEE of the beads

Particle sizes of the beads are listed in Table 1. The CA beads loaded with FZ or CZ
showed a comparable particle size approximately 825-855 um. The CA beads showed quite
spherical shape with a few fracture on the particle surface. However, the CZ-loaded CA bead
presented rougher surface than the FZ-loaded CA beads (Fig. 4). The particle size of the SC-
CA beads tended to increase with increasing SC content (Table 1) because higher density and
more viscous of the SC-SA dispersion in the droplets may cause a lower shrinkage during
cross-linking with calcium ions. SEM picture also presented that the 2%SC-CA beads
containing FZ or CZ was bigger than the CA beads with drugs, but the different surface
morphology was observed (Fig. 4).
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The drug content of the beads containing for FZ or CZ decreased with increasing SC
contents (Table 1) because of increasing of the polymer content for the bead preparation. The
DEE of the CA and SC-CA beads with FZ was in the range of 19.3-23.3 %. Increase of 0.5
and 1% SC seemed to decrease %DEE, but adding 2% SC resulted in an increase of %DEE
(Table 1). The loss of FZ from the beads was due to water leakage from the beads during the
preparation period (Dashevsky, 1998). Moreover, FZ had a slightly soluble in water that the
water solubility value of FZ was found to be 6.69 + 0.08 mg mL™ (n=3) in this study. The
complete dissolution of 0.25% FZ in the dispersions before cross-linking process bought
about the loss of FZ in the water leakage process. Incorporation of 2 %SC could increase
%DEE of the CA beads because interaction between SA and SC created denser matrix
network that was a barrier for preventing water leakage from the beads.

The %DEE of the CA or SC-CA beads for CZ was remarkably greater than that for FZ
(Table 1) because water solubility of drug mainly influence the DEE values (Lee et al., 1999).
CZ was practically insoluble in water that was found to be 3.47 + 0.44 ug mL™ (n=3). Thus,
CZ particles was suspended in the dispersion before cross-linking, leading to very low CZ
loss in the water leakage process of the wet beads. However, addition of SC in the dispersion
could enhance CZ solubility, which the CZ solubility in 0.5, 1, and 2 %w/v SC dispersions
was 4.13 + 0.23, 7.75 + 1.31, and 19.20 + 1.12 pug mL™* (n=3). These results presented the
micellization property of SC that was reported previously with many hydrophobic drugs
(Millar and Corrigan, 1991; 1993; Esmaili et al., 2011; Elzoghby et al., 2013). Enhancement
of CZ solubility may cause a decrease of %DEE in the CA beads using 0.5 and 1 %SC.
However, denser matrix network of the 2%SC-CA beads could prevent drug loss during
cross-linking. Thus, higher %DEE was obtained.

3.3. DSC and FTIR patterns

Molecular interaction of the CA or 2%SC-CA beads loaded with drugs was investigated
using FTIR spectroscopy as shown in Fig. 5. The CA beads without drug presented a change
of FTIR spectrum from the SA films (Fig. 2). The higher wavenumber shift of COO™
(asymmetric) and COO™ (symmetric) stretching peaks to 1626 and 1435 cm ™, respectively,
and lower wavenumber shift of O—H stretching peak to 3436 cm™ was observed. The 2%SC-
CA beads without drug caused a shift of amide | (1643 cm™) and amide 11 (1544 cm™) peak
of SC, and the FTIR spectrum of this beads were similar to that of a freeze-dried casein-CA
microparticle reported previously (He et al., 2015). Addition of FZ into the CA beads resulted
in a shift of COO™ (symmetric) stretching peak to 1425 cm™. Moreover, the amide 11 peak of
SC in the SC-CA beads moved to higher wavenumber when adding FZ. In the case of CZ, the
2%SC-CA beads loaded with CZ showed a shift of COO™ (symmetric) stretching peak of SA.
However, the SA-CA beads loaded with FZ or CZ did not present the peak characteristics of
FZ or CZ. This is likely to be due to very low amount of drug in the beads when compared
with SC and CA. These results suggested that the SC-CA beads still showed the FTIR
characteristics of the molecular interaction between SC and SA after cross-linking with
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calcium ions, and FZ and CZ loaded into the beads could possibly interact with SA or SC via
hydrogen bonding.

DSC thermograms of the CA and 2%SC-CA beads with drugs are presented in Fig. 6.
The thermal behavior of the CA beads without drug showed an endothermic peak followed
with exothermic peak around 190-210 °C, and an exothermic degradation peak at 297 °C.
Incorporation of SC did not affect the DCS thermogram of the CA beads. FZ had a sharp
melting peak at 142 °C. The SC-CA beads loaded with FZ did not show the melting peak of
FZ. This result suggested that FZ was completely dissolved and dispersed as an amorphous
form in the bead matrix. In contrast, the CA and SC-CA beads presented a small melting peak
of CZ at around 142-148 °C, suggesting that some CZ crystals were embedded in the bead
matrix due to low solubility of CZ.

3.4. Water uptake and erosion

The SSF without or with 0.1 %SLS was used to test water uptake and erosion of the CA
or SC-CA beads containing FZ or CZ, respectively, which the medium used was the same
with that of drug release testing. The % water uptake of the beads increased when increasing
the testing time. The water uptake and erosion of the CA and SC-CA beads loaded with FZ
and CZ at 1 h of the test are presented in Fig. 7. It can be seen that % water uptake of the CA
beads gradually decreased when adding SC in the contents of 0.5 and 1%, and then the
2%SC-CA beads showed higher % water uptake than the 1%SC-CA beads. The beads with
FZ and CZ showed the similar effect of SC added on water uptake results, but the % water
uptakes of the beads with CZ was obviously greater than those with FZ (Fig. 7a and 7b). The
use of 0.1% SLS for CZ led to the question about the effect of this surfactant on water uptake
values. To prove the effect of SLS, the water uptake of the CA beads containing CZ in SSF
without 0.1% SLS was examined, and the result was 1,114.72 + 75.08 % water uptake at 1 h.
This result indicated that the SLS did not affect the water uptake of the CA beads with CZ.
For erosion results, incorporation of SC decreased % erosion of the beads. The % erosion of
the beads with FZ was higher than that with CZ.

The water uptake of the CA beads occurred because CA could be changed to SA when
exposing a medium containing monovalent cations (@stberg et al., 1994), for example SSF
used in this study. The water absorption properties of the CA beads decreased when
increasing SC content, suggesting that molecular interaction between SA and SC brought
about a denser matrix structure of the beads. This also led to decreasing of dissolution of
soluble substances in the matrices, such as SA, SC, and SC micelles. Moreover, this study
showed that incorporation of 1%SC in the beads could create the densest matrix structure of
the beads, which the lowest % water uptake was obtained. However, the % water uptakes of
the beads containing FZ were remarkably lower than those of the beads containing CZ,
whereas the opposite results of % erosion was found. It is possible to explain that the CZ
particle suspended in the SA or SA-SC dispersions may hinder cross-linking process of SA
via calcium ions when compared with FZ that was completely dissolved in the concentration
of 0.25 %w/v used. This may lead to higher free SA remaining in the beads containing CZ
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that caused greater water uptake at the investigation time. Furthermore, the gel formation of
SA and SC embedded in the beads containing CZ possibly acted as a barrier of the soluble
substances eroded out of the beads. Thus, lower % erosion of the beads containing CZ was
obtained.

3.5. In vitro drug release

The SSF was used as a release medium for the beads containing FZ. For the beads
loading CZ, 0.1 % SLS was added for enhancing CZ solubility. The CZ solubility in SSF
without and with 0.1% SLS was 3.04 + 0.52 and 159.81 + 2.13 pg mL™* (n=3). The use of 0.1
% SLS gave 52.3-time increase of CZ solubility in SSF. For FZ, it had 6.16 + 0.03 mg mL™
(n=3) for solubility value in SSF. Thus, the expected maximum of drug concentration in the
release system was lower than 10% of drug solubility (Rapedius and Blanchard, 2001),
leading to a perfect sink condition of the release testing system.

The FZ release profiles showed a complete release after testing within 60 min (Fig. 8a).
Tsou, the time to achieve release of 50% of drug content, was calculated as a drug release rate
for comparison. The higher the Tsoy Value, the slower the drug release rate was obtained. The
results showed that the CA beads presented the fastest drug release, whereas the drug release
seemed to slower (higher Tsog value) when adding SC into the beads (Table 1). The higher
the SC added, the greater the Tsoy value was obtained. The FZ release from the beads was
faster than the release of CZ as shown in Fig. 8b. Less than 50 % of CZ amount in the beads
was released within 240 min of the test. Thus, T,sy was used for comparison (Table 1).
Increase of SC amount added resulted in higher Tse, values, meaning that SC added in the
beads could possibly retard CZ release, although it provided solubility enhancement of CZ.
These results suggested that addition of SC into the CA beads could slow down the release of
drug due to denser matrix structure and lower water uptake of the SC-CA beads.

3.6. Anticandidal activity

The anticandidal activity of FZ and CZ after release from the beads was investigated in
this study. The concentration of FZ or CZ in the samples and inhibition zone are presented in
Fig. 9. The FZ in the concentration of 80 ug mL™ (positive control) provided an inhibition
zone diameter of 9.57 + 0.94 mm (n=3). The concentrations of FZ released from the CA and
SC-CA beads were over the range of 80.1-89.8 ng mL™ that could inhibit C. albicans for the
diameter of 9.0-12.9 mm (Fig. 9a). The inhibition zone seemed to increase with increasing FZ
concentration of the release testing. It can be seen that SC loaded in the beads did not
obviously affect antimicrobial activity of FZ.

For CZ, the 2 pg mL™ of CZ, which was the positive control, showed a 19.89 + 0.08 mm
(n=3) inhibition zone (Fig. 9b). The CA beads gave a similar inhibition zone with the positive
control, but CZ concentration had 3.5-times higher than the positive control. This result
suggested a lower efficiency of CZ released from the CA beads. However, the decrease of CZ
concentration with increasing SC in the CA beads caused a small increase of inhibition zone,
suggesting higher efficiency of CZ released. It is possible to explain that some of CZ released
may be in the form of CZ-loaded SC micelles, which was likely a nanoparticle. The SC
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nanoparticles could enhance antimicrobial activity of lipophilic substances, for example
thymol-loaded SC nanoparticles (Pan et al., 2014). Moreover, CZ loaded in lipid
nanoparticles showed more active against C. albicans than a CZ solution (Esposito et al.,
2013). These results were different with that of FZ because FZ was a hydrophilic molecule
that showed low affinity with a hydrophobic core of SC micelles. This led to a low chance to
form FZ-loaded SC micelles. However, this anticandidal activity studies suggested that CZ
and FZ loaded in the CA or SC-CA beads were still effective against C. albicans.

4.Conclusions

SA can interact with SC by simple mixing in the dispersions. Complexation between SA
and SC occurs due to intermolecular hydrogen bonding between carboxyl or hydroxyl groups
of SA and amide | or Il groups of SC, leading to viscosity synergism in the composite
dispersions. The SC-CA beads added with FZ or CZ can be prepared using calcium ions as a
cross-linking agent. FZ is an amorphous form, whereas crystalline form of CZ is found in the
beads, which is dependent upon water solubility of drugs. The CA beads can be reinforced by
incorporating SC, resulting in increase of %DEE when using 2%SC, decrease of water uptake
and erosion, and retardation drug release. Moreover, solubility of CZ can be enhanced by
micellization of SC, leading to more effective against C. albicans of CZ released from the SC-
CA beads. This study shows that molecular interaction between SA and SC can reinforce the
CA beads, and the SC-CA beads show good potential for anticandidals delivery in oral
candidiasis.
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Figure 1. Relationship between shear rate and viscosity of SA, SC, and SA-SC dispersions. Each value
indicates mean * SD, n=3.
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Table 1. Components and characteristics of SC-CA beads loaded with FZ or CZ.

Components Particle size® Drug content®  DEE® (%)  Tass” (min) Tsoo” (Min)
(um) (Yow/w)
0.25 %w/v FZ
2 %wi/v SA 825.2+123.4 2.19+£0.03 21.91+£0.26 - <2
+ 0.5 %w/v SC 855.6 £ 101.6 1.75+£0.03 19.27 £ 0.36 - 4,23 £0.99
+ 1.0 %w/v SC 978.1+£125.0 1.53+£0.03 19.86 £ 0.36 - 6.29 + 1.68
+ 2.0 %w/v SC 1117.8+173.6 1.37 £0.03 23.27 £0.48 - 7.79 £ 0.63
0.25 %wl/v CZ
2 %w/v SA 849.7+£78.4 10.26 £ 0.01 93.25+0.08 163.62 +4.57 > 240
+ 0.5 %w/v SC 832.8 £ 86.7 7.42 £ 0.07 81.59+0.73 161.96+2.24 > 240
+ 1.0 %w/v SC 896.2 £ 78.6 6.56 £ 0.05 85.23+0.64 186.64 +6.66 > 240
+ 2.0 %w/v SC 1100.3 +114.3 5.64 £ 0.03 9559+ 0.47 195.76 +£8.43 > 240

3n=300, ° n=3.

—: Could not be calculated.
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Part VI: Alginate-starch beads for drug delivery

1.Interoduction

Polysaccharides obtained from natural sources have been widely employed in food,
biomedical and pharmaceutical fields. They can be used as an important ingredient and
additive in pharmaceutical products because of their biodegradability and biocompatibility
(Malafaya, Silva, & Reis, 2007; Shelke, James, Laurencin, & Kumbar, 2014). Among
biopolysaccharides, sodium alginate (SA), found in marine brown algae, has been popularly
used in pharmaceutical applications, such as a tablet disintegrant, matrix-forming agent, film
former and gelling agent (Tennesen & Karlsen, 2002). It consists of a-L-guluronic and 3-D-
mannuronic acids, and is composed of homopolymeric blocks and blocks with an alternating
sequence (Draget, 2000). Gelation occurs by cross-linking of the uronic acids with divalent
cations, for example calcium ion, that is so-called ionotropic gelation (Pillay, Dangor,
Govender, Moopanar, & Hurbans, 1998). The formation of calcium alginate (CA) beads is
achieved by dropping the drug-containing SA dispersion into a calcium chloride solution
(Dstberg, Lund, & Graffner, 1994; Sugawara, Imai, & Otagiri, 1994). The CA beads as a
matrix system have been investigated as a controlled release system for drugs (Al-Kassas, Al-
Gohary, & Al-Faadhel, 2007; Segale, Mannina, Giovannelli, & Pattarino, 2015) and proteins
(Hariyadi et al., 2014; Jadhav & Singhal, 2014). Drug released from the CA beads depends on
the swelling of the beads and the diffusion of the drug in the gel matrix (Sugawara et al.,
1994). They also show a potential for a pulsatile release system of macromolecular drugs
(Kikuchi, Kawabuchi, Sugihara, Sakurai, & Okano, 1997). Moreover, they can protect an
acid-sensitive drug from gastric juice, and the drug is consequently released from the beads in
the small intestine. In addition, the CA beads are suitable for delivery nonsteroidal anti-
inflammatory drugs that caused gastric irritation (Hwang, Rhee, Lee, Oh, & Kim, 1995;
Fern"andez-Herv“as, Holgado, Fini, & Fell, 1998).

Modification of characteristics of the CA beads can be done by incorporation of some
substances in a drug-loaded SA dispersion before cross-linking process, resulting in higher
drug entrapment efficiency (DEE) and slower drug release. Water-soluble polymers, such as
chondroitin sulfate (Murata, Miyamoto, & Kawashima, 1996), konjac glucomannan (Wang &
He, 2002), gelatin (Almeida & Almeida, 2004), sodium starch glycolate (Puttipipatkhachorn,
Pongjanyakul & Priprem, 2005), xanthan gum (Pongjanyakul & Puttipipatkhachorn, 2007),
and gum arabic (Nayak, Das, & Maji, 2012; Tsai, Kitamura, & Kokawa, 2017), have been
used for this purpose. Furthermore, the addition of water-insoluble substances, such as chitin
(Murata, Tsumoto, Kofuji, & Kawashima, 2002) and magnesium aluminum silicate
(Puttipipatkhachorn et al., 2005; Pongjanyakul & Rongthong, 2010), can enhance DEE and
retard drug release from the beads. The achievement of these modifications was because of
the molecular interaction between the carboxyl groups of alginate and some functional groups
of the additives. Additionally, starch is a potential material for the CA bead modification. Not
only starch granules (Chan et al., 2011; Lozano-Vazquez et al., 2015), but also starch gels
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(Singh, Sharma, & Gupta, 2009) can be used to modify the CA beads containing drugs and
cells. From the literature reviews, comparative studies of the effect of starch granules and gel
on characteristics of the CA beads for drug delivery are not available yet.

Starch consists of amylose, a linear polysaccharide of glucose linked via a-1-4 glycosidic
bonds, and amylopectin, a branched polysaccharide of glucose with additional linkage of a-1-
6 glycosidic bonds, in different contents that are dependent on its source (Masina et al., 2017).
In nature, starch is insoluble in water because it has numerous crystalline regions in granules.
Hydration of starch can be increased by heat treatment, which appearance of starch dispersion
shows a viscous transparent liquid. This phenomenon is so-called gelatinization (Murphy,
2000). In this study, it was focused on one of the traditional starches in Thailand, which was
the arrowroot starch extracted from Tacca leontopetaloides L. Kuntze (green stem Tacca).
This starch has 24.53 % amylose with low protein content of 0.11 %, and the gelatinization
temperature is 72.25 °C (Auttapornpitak, 2003). The particle morphology of starch granules is
shown in Fig. 1. This arrowroot starch has been used as a main ingredient or additive for
some Thai desserts because it provides high viscous and good texture paste after
gelatinization. These characteristics showed good potential for modifying the properties of the
CA beads.

Therefore, the objective of this study was to investigate the effect of ungelatinized and
gelatinized starch (UGS and GS) of Tacca leontopetaloides L. Kuntze on characteristics of
CA beads containing diclofenac sodium (DS), a nonsteroidal anti-inflammatory drug, as a
model drug. The physical properties of the UGS-CA and GS-CA beads, such as particle size,
particle and surface morphology, DEE, water uptake and drug release behavior, were
investigated. Furthermore, molecular interaction between SA and UGS or GS in the form of
dispersions and films was examined for describing the property change of the DS-loaded CA
beads when incorporating UGS or GS.

2. Materials and methods
2.1 Materials

SA (viscosity grade of 300 cP and mannuronic acid to guluronic acid ratio=0.59) was
obtained from Onimax Co., Ltd. (Bangkok, Thailand). Commercial arrowroot (Tacca
leontopetaloides L. Kuntze) starch and DS were purchased from Choothin (Bangkok,
Thailand) and Bang Trading 1992 Co., Ltd. (Bangkok, Thailand), respectively. All other
reagents used were of analytical grade and used as received.

2.2. Characterization of UGS-SA and GS-SA dispersions and films
2.2.1. Preparation of UGS-SA and GS-SA dispersions

SA (1.5 g) was dispersed in 75 mL of purified water. Arrowroot starch (0.25, 0.5, or 1 g)
was dispersed in purified water (20 mL). Next, the UGS dispersion was added and mixed into
the SA dispersion. The final volume of the UGS-SA dispersions was adjusted to 100 mL
using purified water. For GS, the UGS dispersions were incubated and stirred in water bath at
80 °C for 10 min to get clear and viscous dispersion, and the dispersion obtained was cooled
down to room temperature. Next, the GS dispersion was mixed into the SA dispersions, then
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the GS-SA dispersions were adjusted the final volume to 100 mL. The viscosity of all
dispersions was determined, and 1.5 %w/v SA, 1%w/v UGS, and 1 %w/v GS dispersion were
prepared and used as the control in this study.
2.2.2. Viscosity determination

Viscosities of the dispersions were measured using a Brookfield Digital Rheometer
(Model DV-III, Brookfield Engineering Labs Inc., Stoughton, MA) at 30.0 £ 2.0 °C. A small
sample adapter with a spindle no. 31 was used. Apparent viscosity of the dispersions at 13.6
s~ shear rate was reported.
2.2.3. Preparation of UGS-SA and GS-SA films

A 1.5 %w/v SA dispersion containing UGS or GS in the concentrations of 0.25, 0.5 and
1%w/v was prepared using the procedure that mentioned in Section 2.1. Moreover, the 1%w/v
UGS and GS dispersions were also prepared. Next, 20 mL of the dispersions was poured into
a plastic mold (5.9 cm x 9.4 cm), and then dried at 50 °C by using hot air oven for 24 h. After
drying, the films were kept in desiccators with a relative humidity of 40 = 2 % before
characterization.
2.2.4. Molecular interaction studies

The thermal properties of the films were examined using differential scanning
calorimetry (DSC). Sample (2.5-3.0 mg) was weighed and placed in an aluminum pan. The
sample was heated over the range of 30-450 °C at a heating rate of 10 °C min™* (DSC822,
Mettler Toledo, Switzerland). The DSC thermograms were recorded. Moreover, Fourier
transform infrared (FTIR) spectra of the films was also investigated. The sample was gently
triturated with KBr powder at a weight ratio of 1:100, and then pressed with a hydrostatic
press at 8 tons for 10 min. The discs obtained were placed in a sample holder and scanned
from 4000 to 450 cm ™ at a resolution of 4 cm™ (Spectrum One, Perkin Elmer, Norwalk, CT).
2.3. Preparation of DS-loaded beads

SA (1.5 g) was dispersed in 75 mL of purified water, and then DS (1 g) was gently added
and dissolved in the SA dispersion. Next, arrowroot starch (0.25, 0.5, or 1 g) was dispersed in
purified water (20 mL) and prepared as the UGS or GS dispersions using the method
mentioned in Section 2.2.1. The UGS or GS dispersions were poured and blended into the
DS-loaded SA dispersions. The final volume of the dispersions was adjusted to 100 mL.
Then, the resulted dispersion (20 mL) was dropped into 1 %w/v CaCl, solution (200 mL)
through a nozzle (0.5-mm inner diameter) with gentle stirring. The gel beads were cured in
calcium chloride solution for 1 h, rinsed with 50 mL of purified water, blotted to remove
excess water, and dried at 50 °C for 8-9 h.
2.4 Characterization of DS-loaded beads
2.4.1 Particle size and morphology

The particle size of the beads was measured by using an optical microscopy (Olympus
CH30, Japan). Two hundred beads were randomly selected, and their Feret’s diameters were
determined. The particle and surface morphology of the beads was observed using scanning
electron microscopy. The samples were mounted on dummies, coated with gold in a vacuum
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evaporator (Model Emitech K500X, Ashford, Kent, England) at pressure 9 x 10 mbar for 4
min, and then viewed using a scanning electron microscope (Hitachi Se3000 N, Tokyo,
Japan).
2.4.2 Determination of drug content and entrapment efficiency

The DS-loaded beads (50 mg) were immersed in pH 6.8 phosphate buffer at (75 mL) for
complete disintegration of the beads. The mixture was sonicated for 15 min and incubated in a
shaking water bath at 37 °C for 12 h. Then, the mixture was adjusted the final volume to 100
mL, and filtered using 0.45-um nylon membrane. The concentration of DS in the filtrates was
analyzed using UV-visible spectrophotometer (Shimadzu UV1201, Japan) at 260 nm. The DS
content was calculated as a percentage by weight of the beads. The DEE was calculated
according to the ratio of actual to the theoretical drug content in the beads (Wang & He,
2002).
2.4.3 Water uptake studies

The DS-loaded beads were placed in a small basket, soaked in purified water or pH 6.8
phosphate buffer, and shaken occasionally in a water bath at 37 °C. At 15, 30, or 60 min of
the test, each basket was withdrawn, blotted to remove excess water and immediately weighed
on an analytical balance. The water uptake of the beads was determined according to the
following equations:

Water uptake (%) = w x 100 Eqg. 1

where W, is the weight of the wet beads, and Wi; is the initial weight of the beads.
2.4.4 In vitro drug release

Due to water-insoluble property of DS in an acidic medium, release media used in this
study were purified water and pH 6.8 phosphate buffer. The release of DS from the beads was
investigated by using USP dissolution apparatus | (Hanson Research, Northridge, USA). The
bead amount equivalent to DS 25 mg was weighed and added to 750 mL of the release
medium at 37 °C. The baskets were rotated at the rate of 50 revolution min~*. Samples (7 ml)
were collected and replaced with fresh media at various time intervals. The concentration of
DS released was analyzed by using UV-visible spectrophotometer at 260 nm. The release data
of the DS-loaded beads in purified water or pH 6.8 phosphate buffer were fitted by using the
Higuchi model (Eg. 2) or the zero-order model (Eg. 3), respectively, which could be
expressed as the following equation (Costa & Lobo, 2001):
Q = Kyt%° Eq. 2
Q=Kyt+B Eq. 3
where Q is the percentage of drug released at a given time (t), Ky is the Higuchi release rate,
Ko is the zero-order release rate, and B is a constant value that was used for computing the lag
time of DS released from the beads when Q equals zero.
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3. Results and discussion
3.1. Molecular interaction of SA with GS or UGS in dispersions and films

Viscosity of the SA dispersions adding various contents of UGS and GS was determined
for preliminary study of molecular interaction between SA and GS or UGS. The SA, GS, and
GS-SA dispersions were quite transparent liquid, while a white opaque liquid of the UGS and
UGS-SA dispersion was obtained. The viscosity of 1.5 % SA dispersion was determined to be
292.7 + 2.7 mPa s (n=3) at 13.6 s shear rate, whereas that of 1 % GS dispersion showed low
viscosity of 3.01 + 0.74 mPa s (n=3). Furthermore, the viscosity of 1% UGS dispersion could
not be determined because of its very low viscosity. The effect of UGS and GS on the
viscosity of the SA dispersion is shown in Fig. 2. Incorporation of GS into the SA dispersion
gave an obviously higher viscosity than the SA dispersion alone, which was related to GS
content added. The UGS added at the contents of 0.25 and 0.5 % did not affect viscosity of
the SA dispersion, but addition of 1% UGS brought about a slightly increase of SA dispersion
viscosity. These results suggested that blending of GS and UGS at higher content with the SA
dispersions resulted in a viscosity synergism of the composite dispersions.

The UGS-SA and GS-SA films were prepared and investigated the molecular interaction
between SA and GS or UGS in solid state. DSC and FTIR spectroscopy were used for this
investigation. The GS and SA films were transparent, whereas the UGS films could be not
formed a continuous sheet, and cracking of this film to form a powder was obtained. The GS-
SA and UGS-SA films were transparent and opaque in nature, respectively. FTIR spectra of
the SA, UGS-SA and GS-SA films are presented in Fig. 3. FTIR spectra of SA films
presented the O—H stretching peak at 3439 cm™, COO™ asymmetric stretching peak at 1615
cm™, the COO™ symmetric stretching peak at 1416 cm™ and the C—O—C stretching peak at
1030 cm™ (Pongjanyakul, 2009). The native arrowroot starch showed the absorption peaks at
3432 cm™ (O-H stretching), 1647 cm™ (O—H bending) due to water residues in amorphous
region of starch region, 1371-1459 cm™ (C—-H bending), and 1017-1160 cm™ (C-O and
C—-0-C stretching of glucose structure) (Kizil, Irudayaraj, & Seetharaman, 2002). The UGS
films showed the similar FTIR pattern with the native starch, except sharper peak of the O-H
stretching of the UGS films was observed. This is likely to be due to water residues in the
starch granules. Gelatinization caused a change of FTIR spectra that the O—H bending peak
shifted to lower wavenumber, the C—H bending peak at 1372-1451 cm™ disappearance, and
the C-O and C—O-C stretching peaks changed with a decreasing of peak intensity. These
results suggested that disentanglement of the starch molecules and decrease of crystallinity of
the starch occurred after gelatinization by heat treatment. The 1%UGS-SA films showed the
same FTIR pattern with the SA films, but an obvious shift of the COO™ stretching peak at
1615 cm™* to higher wavenumber and small shift to lower wavenumber of the O—H stretching
peak occurred. These changes could be observed as well when adding 0.25 and 0.5%UGS into
the SA films (data not shown). Moreover, it is interesting that the FTIR pattern of the 1% GS-
SA films was similar to the 1% UGS-SA films, suggesting that UGS could interact with SA in
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the same manner as GS, which hydrogen bonding between carboxyl groups of SA molecules
and hydroxyl groups of the granules’ surface of UGS and GS molecules could be occurred.

DSC thermograms of the native arrowroot starch, SA and composite films are presented
in Fig. 4. The native starch showed an exothermic degradation peak at 351 °C. The UGS films
had a new endothermic peak at 291 °C and followed with exothermic peak at 359 °C.
Similarly, the endothermic peak of the GS films at 282 °C was also observed and the
degradation peak appeared at 353 °C. The endothermic peak at 291 °C of the UGS film and
282 °C of the GS film may be a phase transition after heat induction before film degradation.
The SA films showed exothermic degradation peaks at 258 and 366 °C (Pongjanyakul, 2009).
The 0.25%UGS-SA and 0.5 %UGS-SA films presented the first degradation peak of SA at
259-260 °C and the second exothermic peak at around 368 °C. Addition of 1% UGS in the
films brought about a great degradation peak at 285 °C and the second degradation peak at
411 °C. This phenomenon suggested the first degradation at 260 °C of SA may induce the
degradation of UGS embedded in the films, leading to change of thermal behavior at higher
temperature. On the other hand, incorporation of GS at various contents caused the similar
DSC pattern with the SA films, but the higher temperature of the second degradation peak
was observed when increasing GS contents. These finding showed that phase separation of
UGS granules embedded in the SA film matrix could be occurred when using higher content
of UGS, whereas GS could be completely blended in molecular level in the SA matrix that
homogenous GS-SA films was obtained.

Form all results, the present model of molecular interaction between SA and UGS or GS
is illustrated in Fig. 5. The carboxyl groups of SA molecules could interact with the hydroxyl
groups on the surface of the starch granules. GS had a disentanglement of starch molecules,
amylose and amylopectin, which possessed many hydroxyl groups for interaction with the
carboxyl groups of SA. Additionally, the branched chain of amylopectin could possibly create
numerous contact points, leading to a viscosity synergism and more complexity of matrix
network in the composite dispersions. Therefore, the molecular interaction between SA and
UGS or GS in the dispersions before calcium ion cross-linking may influence the
characteristics of the CA beads containing DS.

3.2. Particle size and DEE of the beads

Average particle sizes of the beads are listed in Table 1. The particle size of the CA beads
was 1.17 mm. Addition of GS seemed to increase the size of the CA beads because higher
viscosity of the dispersion dropped may bring about smaller shrinkage during cross-linking.
The particle and surface morphology of the beads were observed by SEM pictures as shown
in Fig. 6 (left and medium panels). All beads displayed a spherical shape with collapsed
center. The CA beads had a rough surface and some of DS crystals deposited on the bead’s
surface. The surface of the UGS-CA beads showed a numerous of starch granules that had a
different morphology when compared with the GS-CA beads.

The DS content of the beads was over the range of 19.16-24.36 %w/w (Table 1). The
DEE value of the CA beads was 54.25 %. Incorporation of UGS and GS caused obviously
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higher DEE than the CA beads. However, the GS-CA beads provided significantly greater
DEE than the UGS-CA beads. These results suggested that addition of UGS and GS brought
about a denser matrix barrier retarding water leakage from the wet beads during the
preparation process (Dashevsky 1998), leading to decrease of drug loss from the beads.
However, GS molecules, linear amylose and branched amylopectin, which interacted with SA
before cross-linking could create stronger matrix network than the granules of UGS, resulting
in higher efficiency for preventing drug molecule leakage from the wet beads. Thus, higher
DEE of the GS-CA beads was found in this study.
3.3. Water uptake of the beads

The water uptake of the beads in purified water and pH 6.8 phosphate buffer is shown in
Fig. 7a and 7b, respectively. In purified water, the water uptake of the CA beads seemed to
decrease when adding 0.25 and 0.5 %UGS, whereas 1 % UGS could increase the water
uptake at 1 h of the test. In contrast, the water uptake of the CA beads obviously increased
with increasing GS content, and the longer the testing time, the greater the water uptake was
found. Effect of the medium used strongly influenced the water uptake properties of the CA
beads. The water uptake of the beads in pH 6.8 phosphate buffer was significantly higher than
that in purified water. The test in pH 6.8 phosphate buffer could be done at 15 and 30 min,
whereas the wet beads could not be handled at 60 min due to very high swelling and
disintegration of the beads. The water uptake of the CA beads decreased with increasing UGS
contents at 15 min, but the reduction of water absorption properties of the beads at 30 min did
not related to UGS contents. On the other hand, GS caused an increase of the water uptake of
the beads at 15 min, but the decrease of the water uptake was found in 30 min of the test.
Alginate in the form of calcium salt had water-insoluble property that the CA beads existed as
a stable polymer matrix in purifier water, thus a limitation of water absorption of the CA
beads was observed. UGS that had a less water absorption properties could retard the water
uptake of the CA beads. On the other hand, the addition of GS could promote water
absorption of the CA beads in purified water because of higher water absorption properties of
GS, which was a hydrophilic polymer. This result was in agreement with that of the previous
reports using sodium starch glycolate (Puttipipatkhachorn et al., 2005) and xanthan gum
Pongjanyakul & Puttipipatkhachorn, 2007). Moreover, higher water uptake may also occur
when GS could dissolve and erode from the beads in purified water. In contrast with pH 6.8
phosphate buffer, calcium ions cross-linked with alginate were rapidly exchanged with
sodium ion-rich medium (Q@stberg et al. 1994). The partial formation of SA strongly promoted
water uptake into the beads. UGS as insoluble particles embedded in the bead’s matrix and
interacted with SA could retard water uptake of the CA beads. However, the molecules of GS
interacted with SA could strengthen and stabilize the wet beads, resulting in decrease of water
uptake at 30 min when using 1% GS.
3.4. Drug release of the beads

The DS release of the UGS- and GS-CA beads in purified water is shown in Fig. 8a and
8b, respectively. The relationship between the % drug release and square root of time
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provided good linearity with determination coefficient (R?) greater than 0.99, suggesting that
the drug release mechanism was matrix diffusion-controlled. The drug release rate (Ky) of the
0.25%UGS-CA beads was lower than that of the CA beads, whereas increase of UGS content
caused slightly higher Ky, value when compared with the CA beads (Table 1). The Ky result
presented a contradiction on the drug release profile (Fig. 8a) that the UGS-CA beads gave
lower % drug release than the CA beads. This could be due to the difference of the %initial
drug release of the beads. It could be observed that the initial drug release of the CA beads at
15 min was 9.58 % that was obviously higher than the UGS-CA beads, which the %drug
release at 15 min of the 0.25%UGS-, 0.5%UGS-, and 1%UGS-CA beads was found to be
3.35, 5.86, and 3.96 %, respectively. Moreover, the total drug release at 420 min of the UGS-
CA beads tended to lower when compared with the CA beads. In contrast, the GS-CA beads
gave obviously higher Ky than the UGS-CA and CA beads (Table 1). SEM photographs
showed the erosion of the surface of the CA beads after release testing in purified water (Fig.
6, right panel). The erosion of the beads could be occurred because a residual alginate could
release from the beads (Murata, Nakada, Miyamoto, Kawashima, & Seo, 1993), which
occurred from a small amount of calcium ion released in purified water (Jstberg et al., 1994).
The surface morphology of the UGS-CA beads after drug release was similar to that before
drug release. Therefore, the lower initial drug release and total drug release could be
described by the restriction of water uptake of the beads when adding UGS (Fig. 7a). On the
other hand, many pores on the surface of the GS-CA beads were observed after drug release
testing. This was due to the dissolution of GS from the beads’ surface, suggesting that GS was
act as a pore-forming agent in this case that the formation of pore channels could accelerate
drug release from the beads.

The drug release profile of the UGS- and GS-CA beads in pH 6.8 phosphate buffer
showed a sigmoidal curve with a complete release (Fig. 9a and 9b, respectively). The release
data showed good fitting with the zero-order model that R? value higher than 0.99. This result
suggested that the release of drug could be controlled by swelling mechanism. The lag time
and drug release rate (Ko) computed using Eq. 3 is listed in Table 1. The UGS-CA beads
presented obviously longer lag time than the CA beads, whereas shorter lag time of the GS-
CA beads was observed when using 0.5 and 1 %GS. Additionally, the UGS- and GS-CA
beads seemed to increase K, values when compared with the CA beads. The drug release of
the CA beads in pH 6.8 phosphate buffer was depressed by the formation of the gel layer at
the initial stage but gradually enhanced by the increasing water content and the erosion of the
swollen gel phase at the later stage (Sugawara et al., 1994). This phenomenon was due to the
ion exchange process between calcium ion in the beads and sodium ion in the medium. In the
initial stage, incorporation of UGS that retarded water uptake of the CA beads (Fig. 7b) led to
longer lag time of drug release. On the other hand, GS brought about shorter lag time of drug
release, which was attributed to greater water absorption capacity of GS. However, UGS and
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GS added into the beads did not clearly influence the drug release rate because of the very
high swelling and disintegration of the CA beads in this medium.

4. Conclusions

This study shows that SA could interact with the arrowroot (Tacca leontopetaloides L.
Kuntze) starch in the form of granules and gels via hydrogen bonding, leading to viscosity
synergism in the composite dispersions before cross-linking using calcium ions. The UGS-CA
and GS-CA beads loaded with DS present the different surface morphology, and the GS-CA
beads provide significantly higher DEE than the UGS-CA beads. Incorporation of UGS
tended to retard the water absorption of the CA beads, resulting in lower initial drug release
and total drug release of the beads in purified water, and longer lag time of the beads in pH
6.8 phosphate buffer. On the other hand, GS can enhance water uptake process and accelerate
drug release of the beads in both media. This finding indicates that this arrowroot starch in the
forms of UGS and GS displays strong potential to modify the CA beads for drug delivery.
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Figure 1. Particle morphology of arrowroot (Tacca leontopetaloides L. Kuntze) starch
granules.
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Figure 2. Viscosity of 1.5 %w/v SA dispersion incorporating various concentrations of UGS
and GS. Each point is the mean £ S.D., n=3.
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Figure 6. Particle and surface morphology of CA, 1%UGS-CA, and 1%GS-CA beads
containing DS before and after drug release testing in purified water.
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Table 1. Characteristics of CA, UGS-CA, and GS-CA beads containing DS.

Conponents Particle size®  Drug content” EE® (%) Purified water pH 6.8 phosphate buffer
(mm) (Yow/w) K (% min™°°) Lag time” (min) K¢ (% min™?)
1.5 % SA 1.17+£0.18 21.70 £ 0.54 54.25 £ 0.67 1.05+0.03 4.65+1.09 0.77 £0.04
1.5 % SA
+0.25 % UGS 1.02+0.17 22.83 £ 0.57 62.80 £ 0.79 0.75+0.03 26.79 £ 0.40 0.80 £ 0.02
+0.5 % UGS 1.07+£0.19 22.27 £0.04 66.81 £ 0.21 1.38 £ 0.02 24.73 £ 2.80 0.87 +0.03
+1% UGS 1.17+£0.15 19.16 + 0.52 67.05+0.91 1.13+0.06 23.33+0.91 0.79+£0.03
+0.25% GS 1.16 £0.18 24.31 £0.51 66.84 £ 0.70 1.87 £ 0.03 7.46 +£0.28 0.88 +0.01
+0.5% GS 1.22+0.18 24.36 + 0.60 73.07 £ 0.90 2.64 +0.03 2.03+0.45 0.99+0.01
+1%GS 1.24 +0.16 22.03+0.22 77.11+0.39 2.49 +0.05 3.52+0.53 0.78 +0.02

an=500, ° n=3.
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Conclusions

This study demonstrates that SC can molecularly interact with clays, such as MAS and
HS, in the films. Molecular interaction between the amide and amino groups of SC and the
silanol groups of MAS via intermolecular hydrogen bonding results in the formation of
intercalated or exfoliated nanocomposites. Moreover, hydrogen bonding formation between
the amide groups of SC and hydroxyl groups on the surface of tubular HS can be occurred,
but no evidences indicates that SC-HS nanocomposite formed. Clays added can enhance
thermal stability of the SC films. The puncture strength and elongation of the SC films
decrease with increasing clay ratio in the dry state. On the contrary, increasing clay ratio
causes an increase of puncture strength of the wet SC-clay films in acidic medium. The SC-
clay films do not obviously retard the water vapor permeation, but the drug permeability and
diffusivity across the films in acidic medium remarkably decrease when increasing clay ratios.
The SC-clay dispersions can be employed as a film coating material. The SC-MAS coated
tablets present a few film defect and smooth surface morphology. The drug release from the
coated tablets in acidic medium can be modified by varying clay ratios and film coating
levels. The SC-clay films can be used in oral modified-release tablet coatings.

The SC-clay films containing fluconazole (FZ) can be prepared using a spray method.
Incorporation of clay can enhance thermal and mechanical properties of the films. Besides,
the FCZ-loaded SC-clay films presented slower release when compared with the film without
clay due to denser structure of the films. The FZ in the films showed the different
polymorphism when compared with FZ powder, suggesting the polymorphism change of FZ
during recrystallization in film preparation. However, the FZ-loaded SC-clay films still
possess antifungal activity and mucoadhesive property. So, the films display a potential use as
a local delivery system in oral candidiasis.

The SC film covered with CS can be successfully formed by using a spraying method. SC
and CS are able to form the molecular interaction via hydrogen bonding. The complex
structure of SC-HCS bilayer film can enhance the strength of the films, and also provide good
mucoadhesive properties. The release of FZ from the SC-CS bilayer films provides more
sustained-release pattern than that of the SC films. Moreover, FZ released still have an
anticandidal activity. These findings suggested that the SC-CS bilayer films have a good
potential for use as novel delivery system for antifungal drug in treatment of topical
candidiasis.
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The aim of this study was to investigate the effect of clay, magnesium aluminum silicate (MAS), on the properties
of sodium caseinate (SC) dispersions and films. Moreover, the SC-MAS dispersions were evaluated for film
coating of modified-release tablets. The results showed that MAS addition led to particle flocculation and
viscosity synergism in the SC-MAS dispersions. Exfoliated or intercalated nanocomposites of the SC-MAS films
could be formed because of the molecular interaction of both components via hydrogen bonding. The puncture
strength and elongation of the dry SC films decreased with increasing MAS ratios. However, MAS added en-
hanced the puncture strength of the wet films and reduced drug permeability and diffusivity across the films in
acidic medium because of lower water uptake and denser matrix structure of the films. The SC-MAS dispersions
showed strong potential for use as a film coating material with few defects in the coated acetaminophen (ACT)
tablets. The ACT release of the coated tablets in acidic medium was modified by varying the MAS ratios and film
coating levels. In addition, the SC-MAS coated tablets possessed sustained-release behavior for the drug under
simulated gastrointestinal conditions. This finding indicates that the SC-MAS nanocomposite films can be ap-
plied as a tablet coating material to modify drug release.

1. Introduction

Thin film technology is highly important in pharmaceutical manu-
facturing, being employed in, for example, film coatings for masking an
unpleasant taste and odor of drugs and for sustaining drug release in
tablets [1]. The films loaded with drugs have been used as drug delivery
systems [2]. Furthermore, the application of thin films is extended to
the food industry, where the films are developed and used for food
packaging and wrapping. Natural polymers have been widely employed
for these purposes because of their biocompatibility and biodegrad-
ability. Polysaccharides, such as chitosan, have been used as tablet film
coatings [3] and food packaging [4]. In addition, protein-based films,
which were prepared from gelatins [5] and caseins [6], have been ap-
plied as a packaging material. Moreover, casein film coatings for fruits
show a minimum loss of weight and juice level during storage under
ambient conditions [7].

Caseins, biomacromolecules from milk, are composed of 94% pro-
tein and 6% colloidal calcium phosphate [8]. Caseins' molecular
weights are in the range of 19 and 25 kDa. The average isoelectric point
of caseins is approximately 4.6 to 4.8. Caseins in an acidic form (casein
salt) have a low aqueous solubility, but sodium caseinate (SC), the so-
dium salt of casein, is freely soluble in water, except when the pH is

* Corresponding author.
E-mail address: thaned@kku.ac.th (T. Pongjanyakul).
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close to the isoelectric point [9]. Because SCs have distinct hydrophobic
and hydrophilic domains, self-assembly into stable micellar structures
in aqueous solutions can occur when their concentrations are higher
than the critical micelle concentration, 1.0 mg mL~! [10]. Because of
this characteristic, SCs are used as emulsifying and foaming agents in
the food industry. Furthermore, SCs have been applied in the phar-
maceutical industry as a solubilizing agent for poorly soluble drugs
[11,12]. SCs also have a potential use as drug delivery systems, parti-
cularly hydrogels [13], beads [14], microparticles [15,16] and nano-
particles [17,18].

One of the crucial properties of SC is to act as a film forming agent.
SC can be used for tablet film coatings [9,19] and food packaging [6].
Unfortunately, the SC films have several disadvantages, including their
mechanical properties and water vapor permeability [20]. Therefore, it
is necessary to modify the film properties of SC by adding plasticizers
such as glycerin and sorbitol [21,22], cross-linking agents, such as al-
dehydes [22,23], and water insoluble additives, such as fatty acids and
wax [24], and celluloses [25]. Among these modifiers, the addition of
water-insoluble substances is the interesting approach to modify phy-
sicochemical, mechanical, and permeability properties of the SC films.
From the literature reviews, clays could potentially be used to modify
the polymeric film properties and molecular interaction between
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polymers, and clay can create a new type of films called nanocomposite
materials [26-28]. Thus, it is interesting that incorporation of clays
may improve the SC film properties for use as a pharmaceutical film
coating.

Montmorillonite clay (magnesium aluminum silicate (MAS)), is
employed as a pharmaceutical excipient due to its non-toxicity and non-
irritation at levels used in drug formulations [29]. MAS is composed of
many silicate layers, where each silicate layer consists of a central oc-
tahedral sheet of aluminum or magnesium and two external silica tet-
rahedron layers [30]. The silicate layers of MAS can be separated when
hydrated with water, and the silanol groups (-SiOH) on the surface of
the silicate layers show a negative charge that brings about a strong
electrostatic interaction with a positively charged substances, such as
drugs [31], proteins [32], and polymers [33]. Moreover, the silanol
groups can interact with anionic polymers such as xanthan gum [34],
carbomer [35], and sodium alginate [36,37] via hydrogen bonding.
Molecular interaction of polymeric molecules and MAS may create two
types of nanocomposites [30]. The first type is an exfoliated nano-
composite in which the silicate layers of MAS can be completely dis-
persed in the polymer matrix. The latter type is an intercalated nano-
composite in which the space between two silicate layers of MAS can be
occupied by polymeric molecules. The formation of nanocomposites has
a significant influence on the key properties of the films, resulting in
decreased water absorption, swelling and drug permeability compared
to native polymeric films [26].

Therefore, the aims of this work were to prepare and investigate the
SC films with MAS incorporated for use in tablet film coating. The
composite dispersions with various SC-MAS ratios were prepared using
simple mixing. The particle size and zeta potential of the dispersed
phase, as well as the viscosity of the dispersions, was determined before
film casting. Film properties, such as thermal behavior, crystallinity,
mechanical properties, water uptake and erosion, and water vapor and
drug permeability were characterized. Molecular interaction and na-
nocomposite formation between SC and MAS were also examined.
Additionally, the SC-MAS dispersions were evaluated as a tablet film
coating material that acetaminophen (ACT) was used as a model drug in
this study. Film morphology, water uptake and ACT release of the
coated tablets were investigated, as well.

2. Materials and methods
2.1. Materials

SC (sodium salt from bovine milk) and MAS in granular form
(Veegum® HV) were purchased from Sigma-Aldrich Company (St.
Louis, MO) and R.T. Vanderbilt Company, Inc. (Norwalk, CT), respec-
tively. Glycerin and ACT were obtained from Namsiang Co., Ltd.
(Bangkok, Thailand) and Pharma Thai Co., Ltd. (Bangkok, Thailand),
respectively. Spray-dried lactose (Flowlac®100, Thai Meochems Co.,
Ltd., Bangkok, Thailand), microcrystalline cellulose (Ceolus® PH102,
SiamChem-Pharm (1997) Co., Ltd., Bangkok, Thailand), magnesium
stearate (Mallinckrodt, Inc., USA), and colloidal silicon dioxide
(Aerosil® 200, Degussa, Japan) were used for preparing core tablets. All
other reagents were of analytical grade and were used as received.

2.2. Preparation of SC-MAS dispersion

SC (5 g) was dispersed in 80 mL of distilled water. MAS (0, 0.25, 0.5,
or 1g) was dispersed in hot water (10 mL). Next, the MAS dispersion
was mixed with the SC dispersion to obtain SC-MAS ratios of 1:0,
1:0.05, 1:0.1, or 1:0.2 by weight, respectively. The pH of the SC and SC-
MAS dispersions was adjusted to 6.8 using 0.1 M HCI or 0.1 M NaOH
because pH of the dispersion affected ionization of SC [38] and zeta
potential of MAS [39]. All dispersions were adjusted to the final volume
(100 mL) using distilled water prior to testing. Additionally, MAS dis-
persion (1% w/v) at pH6.8 was also prepared and examined for
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comparison.
2.3. Characterization of SC-MAS dispersion

2.3.1. Particle size determination

The particle size of the MAS and SC-MAS dispersions was measured
by using a laser diffraction particle size analyzer (Mastersizer2000
Model Hydro2000SM, Malvern Instruments, Ltd., UK). The samples
were dispersed in 70 mL of distilled water in a sample dispersion unit
and stirred at a rate of 50 Hz for 30 s before measurement. The volume
weighted mean diameters were determined and reported.

2.3.2. Zeta potential measurement

The zeta potential of the dispersions was measured using a laser
Doppler electrophoresis analyzer (Zetasizer Model ZEN 2600, Malvern
Instrument Ltd., UK). The temperature of the samples was controlled at
25°C. The dispersions were diluted to obtain appropriate concentra-
tions (count rates > 20,000 counts s~ ') prior to the measurements.

2.3.3. Viscosity determination

The viscosity of the dispersions was determined using a Brookfield
digital rheometer (Model DV-III, Brookfield Engineering Laboratories,
Inc., Middleboro, MA, USA). The small sample adaptor with spindle no.
31 was used. The temperature of the dispersions was controlled at
35.0 + 1.0°C. The single point viscosity of the dispersions at a shear
rate of 20.40 s~ ! was reported.

2.4. Preparation of SC-MAS films

SC and SC-MAS films were prepared by using a casting/solvent
evaporation method. SC (5 g) was dispersed in 80 mL of distilled water,
and glycerin (30% w/w based on SC content) used as a plasticizer was
added into the SC dispersion. MAS (0, 0.25, 0.5, 1, or 2.5g) was dis-
persed in hot water (10 mL), and the MAS dispersion was mixed with
the SC dispersion to obtain the SC-MAS ratios of 1:0, 1:0.05, 1:0.1,
1:0.2, or 1:0.5 by weight, respectively. The pH of the SC and SC-MAS
dispersions was adjusted to 6.8 using 0.1 M HCl or 0.1 M NaOH. All
dispersions were adjusted to the final volume (100 mL) using distilled
water and stirred for 30 min at room temperature (27 = 2 °C). Then,
20 mL of the SC and SC-MAS dispersions was cast onto a plastic mold
(6.0 cm X 9.5 cm) and dried at 60 °C for 24 h. The dry films were peeled
off and kept in desiccators prior to characterization.

2.5. Characterization of SC-MAS films

2.5.1. Thickness determination

Thickness of the dry and wet films was measured at different places
using a microprocessor coating thickness gauge (Minitest600B,
ElektroPhysik, Germany). The dry films were cut and placed on a
control plate. The probe, which had been connected to the measure-
ment gauge and calibrated using a standard film, gently moved
downward to touch the film, and the film thickness was subsequently
measured. To determine the film thickness in the wet state, the films
were subsequently placed in a small beaker containing 0.1 M HCl or
PH 6.8 phosphate buffer, which was shaken occasionally in a water bath
at 37.0 = 0.5°C for 5min. The samples were taken and blotted to re-
move excess water. The thickness of the wet films was immediately
determined following the procedure mentioned above.

2.5.2. SEM and DSC studies

Surface and film matrix morphologies of the films were observed by
scanning electron microscopy (SEM). The films and cross-sections of
films were mounted onto stubs, coated with gold in a vacuum eva-
porator, and investigated using a scanning electron microscope (Hitachi
S-3000N, Tokyo, Japan). The thermal behavior of the films was in-
vestigated using differential scanning calorimetry (DSC). The DSC
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thermogram of the samples was recorded using a differential scanning
calorimeter (DSC822°, Mettler Toledo, Switzerland). An accurately
weighed sample (2.5-3.5mg) was placed into a 40-pL aluminum pan
without an aluminum cover. The measurements were taken over a

temperature range of 30 to 450 °C at a heating rate of 10 °Cmin .

2.5.3. Molecular interaction studies

Molecular interactions between SC and MAS in the SC-MAS films
were investigated using Fourier transform infrared (FTIR) spectroscopy
(Spectrum One, Perkin Elmer, Norwalk, CT) and the KBr disc method.
All films were crashed and triturated with KBr powder and later pressed
with 10 tons of a hydrostatic press for 10 min. The samples were placed
in a sample holder and scanned from 4000 to 450 cm ™" at the resolu-
tion rate of 4 cm ™. Structure arrangement of MAS in the SC-MAS films
were studied by powder X-ray diffractometry (PXRD) using Cu K, ra-
diation generated at 40 kV and 40 mA as the X-ray source, an angle of
2-30° 26 and a step angle of 0.02° 26s~! (Bruker D8 Advance dif-
fractometer, Bruker BioSpin AG, Germany). The interlayer distance of
the MAS silicate layers was calculated using Bragg's equation:

(@)
where n is 1 (the first order reflection was used), A is the X-ray wave-

length (1.54 A), 0 is the angle of the basal spacing peak of MAS, and d is
the interlayer distance of the MAS silicate layer.

nA = 2dsin®

2.5.4. Determination of mechanical properties

Mechanical properties of the films, including puncture strength and
elongation, were investigated by using a texture analyzer (TA-XT2,
Stable Micro System, Ltd., UK) equipped with a 500 N load cell. Under
dry conditions, the films (2 X 2 cm) were cut and kept in a chamber
with 55% RH at room temperature (27.0 = 2.0°C) for 3 days before
testing. Under wet conditions, the films were cut and shaken in 0.1 M
HCI or pH 6.8 phosphate buffer for 5 min. Next, the excess water of the
wet films was removed by a filter paper. Dry and wet films were fixed
using a film holder between two mounting plates. A 5-mm-diameter
spherical stainless steel puncturing probe was fixed at the load cell and
moved downwards at 0.1 mm s~ . The applied force and displacement
were recorded. The puncture strength and % elongation at the break
were calculated as follows [27]:

F

P t t: th = —

uncture streng " o)

where F is the maximum force for puncture, and A is the cross-sectional

area of the edge of the film located in the path of cylindrical opening of
the film holder.

Elongation (%) = X 100

P —r
Y ®)

where r is the radius of the film exposed in the cylindrical hole of the
film holder, and D is the displacement of the probe from the point of
contact to the point of film puncture.

2.5.5. Water vapor permeability studies

Discs were punched from the films, placed on open 5-mL glass vials
containing 3.5 g silica gel beads and held in place with a screw lid with
a test area of 0.58 cm?. The vials were placed in a desiccator containing
a saturated aqueous sodium chloride solution (75% RH). The desiccator
was kept at room temperature (26.0 + 2.0 °C) with 50 + 2% RH. The
weight change of the vials was recorded periodically over 72h. The
WVP rate was obtained from the slope of the relationship between the
amount of water vapor permeated and time. The WVP coefficient of the
films was calculated using the following equation [36]:

Mh
AAP,

WVP coefficient =

(C)]
where M is the WVP rate, h is the mean thickness of the film, A is the
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area of the exposed film, and AP, is the vapor pressure difference.

2.5.6. Water uptake and erosion studies

Water uptake and erosion of the films were investigated using a
gravimetric method. Films (1.5 cm X 1.5 cm in size) were weighed (W)
and later soaked in 0.1 M HCI that had been incubated at 37.0 + 0.5°C
and shaken occasionally. After a predetermined interval, each film was
withdrawn, blotted to remove excess water, immediately weighed (W),
and then dried in a hot air oven at 50 °C to constant weight (Wg). The
water uptake and erosion can be calculated from the following equation
[37,40]:

W - Wy x 100
Wy 6)

Wo - W x 100
W, (6)

Water uptake (%)

Erosion (%) =

2.5.7. Drug permeability studies

ACT permeability across the films was investigated by using a side-
by-side diffusion cell. The donor and acceptor compartments had a
volume of 3mL each; the film surface area for drug diffusion was
0.66 cm?. The permeation fluid was 0.1 M HCl, and the temperature
was controlled at 37 °C. The films were cut into circular pieces and
gripped between donor and receptor compartments. ACT at the con-
centration of 4 mg mL ™! (3mL) was filled into the donor compartment,
and 3mL of medium was placed in the receptor compartment. Both
compartments were continuously stirred throughout the tests. At pre-
determined intervals, 2.7 mL of medium in the receptor compartment
was collected and replaced with an equal volume of fresh medium. The
amount of ACT in the collected samples was measured by a UV-visible
spectrophotometer (Shimadzu UV1201, Japan) at a wavelength of
265 nm.

Drug permeation through the films was determined under steady
state conditions by means of Fick's first law [41], which can be ex-
pressed as

dQ

Adt o

7
where dQ/Adt is the permeation flux (the slope calculated using the
linear regression analysis of the relationship between the amount of
drug permeated per surface area of the films (A) and time). C, is the
concentration of the drug in the donor compartment, and P, is the
apparent permeability coefficient. The apparent diffusion coefficient
(Dapp) was estimated from the following equation:

h2
" 6Dypp

tL
(8)
where t;, is the lag time, obtained from the x-intercept of the permeation
profiles, and h is the mean thickness of the wet films.

2.6. Preparation of SC-MAS coated tablets

Core tablets containing ACT were prepared using a direct com-
pression method. The core tablets contained acetaminophen powder
(16% w/w), spray-dried lactose (54.75% w/w), microcrystalline cel-
lulose (28% w/w), colloidal silicon dioxide (0.25% w/w), and magne-
sium stearate (1% w/w). The drug powder, microcrystalline cellulose,
spray-dried lactose and colloidal silicon dioxide were mixed using a Y-
shaped mixer for 30 min. Next, magnesium stearate was added and
mixed into the mixture for 5min before tablet compression. The mix-
tures were compressed into tablets using a single punch machine
(YeoHeng Co., Ltd., Bangkok, Thailand), and a biconvex punch and die
measuring 8 mm in diameter was used. Average weight of the core ta-
blets obtained was 253.8 = 4.0mg per tablet (n=20) with
112.4 = 13.3N (n = 10) of hardness. Friability of the core tablets was
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0.25 * 0.09% (n = 3). The drug content in the core tablets was ex-
tracted using 0.1M HCl and measured by UV-visible spectro-
photometer (Shimadzu UV1201, Japan) at a wavelength of 265 nm. The
core tablets had 39.6 = 0.2mg each of acetaminophen content
(n = 3).

The 5% w/v SC dispersion and SC-MAS dispersions at the ratios of
1:0.05, 1:0.1, and 1:0.2, which were prepared following the method in
Section 2.4, were used as a coating material. The core tablets obtained
were coated using a side-vented pan coating machine (Thai Coater
Model FC15, Pharmaceuticals and Medical Supply, Thailand). The core
tablets (900 g) were warmed in the coating pan at an inlet temperature
of 70-75°C, and the coating pan was rotated at a rate of 10 revolu-
tions min~'. The spray rate of the coating dispersions was 4 mL min !
under spray pressure of 0.38 mPa. After the coating process, the coated
tablets were stored in a desiccator prior to further examination.

The effect of SC-MAS ratio on the characteristics of the coated ta-
blets was investigated. The core tablets were coated with SC film and
SC-MAS films at the ratios of 1:0.05, 1:0.1, and 1:0.2 at a mean weight
gain of 3.3% w/w. To investigate the effect of coating level, the core
tablets were coated with the SC-MAS (1:0.1) films at the mean weight
gains of 3.3, 6.1, and 8.2% w/w.

2.7. Evaluation of SC-MAS coated tablets

2.7.1. SEM studies

Surface and film matrix morphology of the coated tablet were ob-
served by scanning electron microscopy (SEM). The coated tablets and
cross-sections of tablets were mounted onto stubs, coated with gold in a
vacuum evaporator, and investigated using a scanning electron micro-
scope (Hitachi S-3000N, Tokyo, Japan).

2.7.2. In vitro drug release studies

In vitro drug release from the coated tablets was studied using the
USP dissolution apparatus I (basket) with 900 mL of medium. The
dissolution media were 0.1 M HCl and pH 6.8 phosphate buffer, and the
temperature of system was controlled at 37.0 + 1.0°C. The baskets
were rotated at a rate of 50 revolutions min~'. The simulated gastro-
intestinal conditions used to test drug release were 0.1 M HCl (900 mL)
for 2h, and then the medium was changed to pH 6.8 phosphate buffer
(900 mL). At predetermined intervals, samples were collected and re-
placed with an equal volume of fresh medium. The concentration of
ACT released was analyzed by UV-visible spectrophotometer
(Shimadzu UV1201, Japan) at wavelength of 265 nm.

2.7.3. Water uptake studies
Water uptake of the coated tablets in both 0.1 M HCl and pH 6.8
phosphate buffer was determined using USP dissolution apparatus I
(basket), and the test conditions were the same as in the drug release
study. The coated tablets were weighed (W;), placed into baskets and
immersed into the medium. At predetermined intervals, wet coated
tablets were collected, carefully blotted with filter paper to remove
surface water and weighed (W.). Water uptake of the coated tablets
could be calculated as follows [42]:
Water uptake (%) = We =W X 100
W 9

3. Results and discussion
3.1. Characteristics of SC-MAS dispersions

The SC dispersion was milky with viscosity of 2.34 mPa as shown in
Table 1. SC possessed a negative charge with zeta potential value of
—18.36 mV because the pH of the dispersion (pH = 6.8) was higher
than the SC isoelectric point (4.6 to 4.8), where the carboxyl groups of
SC could be ionized. Unfortunately, the particle size of SC could not be
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Table 1
Characteristics of SC-MAS dispersions.

Component Particle size (um)  Zeta potential (mV)  Viscosity (mPas)
5% w/v SC ND —18.36 = 1.63 2.34 = 0.06
dispersion
1% w/v MAS 4.60 = 0.01 —19.16 = 1.80 22.7 = 0.46
dispersion
SC-MAS dispersion
1:0.05 30.24 + 2.89 —33.23 + 2.46 3.66 = 0.06
1:0.1 26.71 + 5.06 —31.21 = 2.42 4.17 = 0.16
1:0.2 23.29 = 2.78 —33.34 = 213 6.32 = 0.38

Data are mean * S.D., n = 3. ND = could not be determined.

determined due to its very small size. The MAS dispersion (1% w/v)
showed a negative charge with 4.60-um particle size, and the viscosity
was observed to be 22.7 mPa. Incorporation of MAS into the SC dis-
persion resulted in greater particle size and a higher zeta potential
value of the dispersed phase. Moreover, the viscosity of the SC-MAS
dispersions was higher than the viscosity of the SC dispersion and in-
creased with increasing MAS content. However, the SC-MAS (1:0.2)
composite dispersion (containing MAS equivalent to 1% w/v) gave
remarkably lower viscosity than the 1% w/v MAS dispersion.

The silicate layers of MAS could be separated in water, and the
three-dimension structure of the silicate layers could then be created,
resulting in a higher viscosity of the MAS dispersion [43]. When MAS
was incorporated into SC dispersion, the three-dimensional structure of
the MAS could not be formed, leading to lower viscosity of the SC-MAS
(1:0.2) dispersion compared to the 1% w/v MAS dispersion. However,
adding the MAS into the SC dispersion caused a viscosity synergism that
could be observed from the increase in the viscosity of the SC dispersion
when adding MAS. In addition, the larger particle size of the dispersed
phase with a higher density of negative charge was formed because of
the feasibility of the formation of the SC-MAS flocculates [27,33]. These
findings indicated that the molecular interaction between SC and MAS
in the dispersion could readily occur after simple mixing.

3.2. Appearance and thickness of the SC-MAS films

The SC films were prepared using a casting/solvent evaporation
method. Actually, SC could not form a good continuous film; therefore,
plasticizers were needed, and glycerin with 30% w/w of SC content was
used in this study. Thus, the SC films (with glycerin) obtained were
quite transparent and provided a good homogeneous sheet for further
investigation. In the case of the SC-MAS films, the SC-MAS dispersions
prepared had no sedimentation of the dispersed phase when allowed to
settle for 12h, so the SC-MAS films obtained after the drying process
showed an opaque continuous sheet at all SC-MAS ratios used.
However, the SC-MAS films at the ratio of 1:0.5 had a high brittleness,
and the films were liable to break easily, thus this film was excluded
from this study. Using SEM, the SC films had a quite smooth surface
(Fig. 1a), whereas a rougher film surface was observed when adding
MAS (Fig. 1b). Moreover, the incorporation of MAS resulted in a dif-
ferent matrix structure for the films. The dry thickness of the SC films
was 133.0 um, and incorporation of MAS into the films resulted in an
increase in the film thickness (Table 2). The wet thickness of the films
was also determined after immersing in 0.1 M HCI for 5 min. The results
showed that the thickness of the wet films was greater than the films
with a dry thickness, indicative of the swelling property of the films
under acidic conditions. However, the wet film thickness in pH 6.8
phosphate buffer was not determined because the wet films could not
be handled due to very high swelling property in this medium.

3.3. Thermal properties of the films

DSC thermograms of the films are displayed in Fig. 2. MAS showed a
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Fig. 1. Surface and cross-section morphologies of SC film (a) and SC-MAS (1:0.2) film (b).

broad endothermic peak at approximately 75 °C due to a dehydration of
the water residue, whereas SC powder presented two exothermic de-
gradation peaks at 290 and 357 °C. The formation of the SC films
without glycerin caused a shift of the exothermic peaks to 296 and
358°C. Addition of glycerin, a plasticizer, obviously affected the
thermal behavior of the SC films because the small exothermic peak
appeared at 308 °C for the SC film with glycerin. Furthermore, the film
with MAS incorporated resulted in a shift of the exothermic peak to a
higher temperature, and the peak intensity decreased with increasing
MAS ratios. The thermal patterns of the SC-MAS films were remarkably
different from those of SC-MAS physical mixtures. The results showed
that MAS could enhance the thermal stability of the SC films.

3.4. Molecular interaction and nanocomposite formation of the films

Molecular interaction of the components in the films was in-
vestigated using FTIR spectroscopy and PXRD. The FTIR spectrum of
MAS showed the O—H stretching of SiOH (3610 cm ™Y, the O—H
stretching of H,O (3434 cm ™ 1), the O—H bending of H,0 (1638 cm ™ 1),

and the Si—O—Si stretching (1016 cm ™) [36], as shown in Fig. 3. SC
presented the N—H stretching overlapped with the O—H stretching at
3399cm ™, the C—H stretching at 2934 and 2963cm ™!, the C=0
stretching (amide I) at 1657 cm™ !, the N—H bending (amide II) at
1536 cm ™! and the C—N stretching at 1237 cm ™! [16,44]. The film
formation of SC (without glycerin) caused a shift of the N—H stretching
(with the O—H stretching) of amide I and amide II because of hydrogen
bonding with the water residues. Incorporation of glycerin had an im-
pact on the FTIR pattern of the SC films, and the N—H stretching (with
the O—H stretching) showed a sharper peak and moved to a lower
wavenumber (3429 cm 1), and the C—H stretching peak of SC was also
shifted to a lower wavenumber, suggesting the formation of inter-
molecular hydrogen bonding and greater flexibility of the main struc-
ture of the SC molecules. In addition, the SC film with glycerin also
presented a new peak at 1134 cm ™! that was the C—O stretching peak
of glycerin. The SC-MAS films showed a different FTIR pattern when
compared with the SC-MAS physical mixtures. MAS added into the SC
films caused a shift of the N—H stretching (with O—H stretching), and
the peaks of amide I and amide II. These changes could clearly be

Table 2
Thickness and film permeability of SC and SC-MAS films.
Film Dry thickness® Wet thickness® WVP rate” WVP coefficient” x 10*  Acetaminophen permeation®
(um) (um) (mgem~2h™!) (mgmm~'h~! Flux Lag time (min) P,pp X 10* Dapp X 107
mm Hg ™) (umem ™ 2min~ 1) (cms™ 1) (em?s™ 1)
SC film 133.0 = 6.8 220.8 * 27.7 2.44 * 0.20 4.12 + 0.33 71.0 = 3.6 1.87 = 0.20 296 *= 0.15 7.29 = 0.72
SC-MAS film
1:0.05 128.8 = 2.2 195.3 = 17.0 2.31 % 0.19 4.25 + 0.35 42.2 = 0.8 1.71 = 0.44 1.76 = 0.44 6.50 = 1.76
1:0.1 141.2 = 4.8 197.7 = 4.0 2.05 = 0.29 4.12 + 0.58 36.5 = 1.3 1.94 + 0.24 1.52 = 0.05 5.66 = 0.66
1:0.2 169.4 = 8.1 250.0 + 16.4 1.65 * 0.37 4.74 = 1.06 16.7 = 0.6 3.40 = 0.03 0.69 = 0.03 5.11 = 0.04
2 Data are mean * S.D.,n = 6.
Y Data are mean + S.D,n=>5.
¢ Data are mean + S.D., n = 3.
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Fig. 2. DSC thermograms of MAS, SC, SC-MAS physical mixture, SC film, and SC-MAS films.
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Fig. 3. FTIR spectra of MAS, SC, SC-MAS physical mixture, SC film, and SC-MAS films.
observed in the SC-MAS (1:0.2) films. This result indicated that the The structure arrangement of MAS in the SC-MAS films was in-
silanol groups of MAS could interact mainly with the amide and amino vestigated using PXRD. The PXRD pattern of MAS showed the basal
groups of SC via an intermolecular hydrogen bonding mechanism. spacing peak at 7.0° 20 (Fig. 4), and the interlayer distance of the si-
These interactions could occur when mixing MAS with SC in the dis- licate layers was 1.26 nm when calculated using Eq. (1) [36]. The
persion, leading to the viscosity synergism that was mentioned above. crystallinity of the SC powder showed broad peaks at approximately 8
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Fig. 4. PXRD patterns of MAS, SC, SC-MAS physical mixture, SC film, and SC-MAS films.

and 20° 20, similar to the SC film with glycerin, indicative of an
amorphous form of the SC powder and film. Addition of MAS at all
ratios in the SC films brought about the disappearance of the basal
spacing peak of the MAS silicate layers, whereas this peak of MAS was
located at approximately 7° 20 in the SC-MAS physical mixtures at the
ratios of 1:0.1 and 1:0.2. Due to the limitation of detection of PXRD (the
lowest angle = 2° 20), the basal spacing peak of the MAS silicate layers
at 20 lower than 2° may be occurred. These results indicated that the
interlayer distance of the silicate layers was possibly higher than
4.4 nm, or the complete separation of the MAS silicate layers in the SC
matrix may be formed as well, suggesting a formation of intercalated or
exfoliated nanocomposites, respectively. The exfoliated nanocompo-
sites could be created because low amounts of clay were added [27,30].
Additionally, glycerin could interact with MAS by hydrogen bonding
and could induce a formation of intercalated nanocomposites in algi-
nate-MAS films when used as a plasticizer [45]. Therefore, glycerin may
involve the nanocomposite formation of the SC-MAS films. However,
the SC-MAS flocculates formed in the dispersion and FTIR data of the
films could prove that SC could interact strongly with MAS in the films
by hydrogen bonding, which was the main interaction for hindering the
structure arrangement of the MAS silicate layers, leading to the film
structures of intercalated or exfoliated nanocomposites in this study.

3.5. Water uptake and erosion of the films

The water uptake and erosion of the films were tested in both 0.1 M
HCI and pH 6.8 phosphate buffer. When the films were immersed in an
acidic medium, they still provided a continuous sheet because sodium
caseinate was changed to casein salt that had a water-insoluble prop-
erty [9]. Therefore, both parameters could be determined under acidic
conditions. Unfortunately, the wet films in pH 6.8 phosphate buffer
could not be handled properly and blotted to remove excess water due
to very high swelling and some matrix dissolutions of the films, leading
to a lack of the data for water uptake and matrix erosion in this
medium. Fig. 5 presents the water uptake and erosion of the films in
0.1 M HCL The SC films provided the highest water uptake at 15 min of
the test because casein in the acidic form in the hydrated films may
have a weak intermolecular bonding, leading to a large aqueous pore in
the matrix of the films. However, the wet SC films at 60 and 120 min
could not be handled due to very high water imbibition. The water
uptake of the SC films decreased with increasing MAS ratios (Fig. 5a).
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Apart from film water uptake, the SC films showed 21.3% erosion at
15 min of the test, whereas erosion of the SC-MAS films was found over
the range of 21-26% (Fig. 5b). Film erosion could occur by leaching of
the added water-soluble plasticizer, such as glycerin [45]. This finding
suggested that addition of MAS into the SC films retarded the water
absorption process of the films and resulted in a denser matrix structure
that could be attributed to SC-MAS nanocomposite formation, reflecting
water-filled channels in the film matrix and matrix strength of the wet
films under acidic conditions.

3.6. Mechanical properties of the films

Fig. 6 shows the stress-strain (puncture strength-elongation) curves
of the films. It was found that addition of MAS resulted in an obvious
change of mechanical properties of the dry and wet CS films. The
puncture strength and % elongation at break of the films in dry and wet
stages are illustrated in Fig. 7. The SC films in the dry state provided the
highest puncture strength and % elongation. Both parameters decreased
with increasing MAS ratios in the films. These results were in agreement
with the previous reports about the effect of solid materials added into
polymeric films [27,46]. This finding could probably be attributed to
the presence of the MAS particles hindering the formation of a con-
tinuous three-dimensional SC network.

The mechanical properties of the wet films tested in 0.1 M HCI are
also shown in Fig. 7. The puncture strength of the wet SC films was
remarkably lower than that of the dry state, whereas the % elongation
of the SC film in both states was comparable. Increasing MAS ratios in
the SC films resulted in an increase in the puncture strength due to the
decrease in the water uptake of the SC-MAS films with higher MAS
ratios (Fig. 5a). However, the % elongation of the SC-MAS films was
lower than the % elongation of the SC film, but they still had 11%-15%
elongation for all MAS ratios. The results were similar to the effect of
clay additive on the mechanical properties of wet polymethacrylate
films [27]. These findings suggested that the molecular interaction and
nanocomposite formation of SC with MAS could enhance the strength of
the films when the films were exposed to an acidic medium, potentially
a crucial advantage when used as sustained release film coatings for
tablets in an acidic condition. In addition, these films provided good
strength for mechanical stress within the gastrointestinal tract.
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Fig. 5. Water uptake (a) and erosion (b) of the SC film and SC-MAS films at various ratios in 0.1 M HCI. Each value indicates mean *+ SD, n = 5.

3.7. Water vapor and drug permeability of the films

Water vapor permeation (WVP) rate and coefficient of the films are
listed in Table 2. WVP rate of the SC films obviously decreased with
increasing MAS ratios. However, the WVP coefficients were calculated
using Eq. (4) that had no effect on dry film thickness. This parameter
showed that MAS added did not influence the WVP properties of the SC
films. The result suggested that the SC-MAS nanocomposite formation
did not clearly increase tortuosity of water vapor pathways in the film
matrix.

Drug permeability of the films in 0.1 M HCl was determined using
ACT as a model drug. The drug permeation profiles obtained presented
good linearity (R> > 0.98) for the relationship between drug per-
meated and time, indicating that the drug permeation reached a steady
state with a high drug concentration in the donor compartment and
could be described using Fick's first law. The drug permeation para-
meters are listed in Table 2. The drug permeation flux and P,,, value

()

were obviously reduced when increasing MAS ratios in the films,
whereas the longer lag time for drug permeation was found. Decreasing
of the Dy, values occurred when MAS added in the SC films was in-
creased.

The diffusive transport of drug in a polymeric film can be described
using two mechanisms [37,47]. The first mechanism is the partition
mechanism of the drug into polymeric films, which is dependent upon
drug affinity with film polymer, and the diffusion process in the
polymer fraction progressing across the films. The other mechanism is a
pore mechanism where the drug diffuses within the structure of the
hydrated films via water-filled channels. In this study, both mechanisms
could be applied to describe the diffusion of ACT across the SC-MAS
films in an acidic medium. The partition mechanism possibly pre-
dominated in the initial stage of the permeation process, which could be
observed from a longer lag time when the MAS added was increased.
However, ACT had a weak affinity with MAS [36] because it was a non-
electrolyte molecule [48,49], which caused less partitioning of the drug
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Fig. 6. Stress-strain curves of SC films and SC-MAS films at different ratios in dry (a) and wet (b) states.
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with the SC-MAS films in the steady state of the permeation process.
Thus, the film permeation of ACT was diffused mainly through aqueous-
filled channels of the films. Increase of MAS ratios resulted in lower
water uptake in the films that meant smaller water-filled channels (or
higher tortuosity) in the matrix of the films, leading to the reduction of
the drug diffusivity in the matrix network under the same concentration
gradient [50,51]. Thus, decrease of D,p, values of the drug was ob-
tained in this study.

3.8. Use of SC-MAS films for tablet film coatings

The SC and SC-MAS films at different ratios were applied as a
coating material for tablets. The appearance of the SC and SC-MAS
coated tablets is shown in Fig. 8. A few defects of the coated tablets
were found by visible observations. The surface and cross-sectional
morphology of the SC-coated films showed features similar to the fea-
tures of the SC-MAS coated films (Fig. 8). The effect of SC-MAS ratios on
drug release and water uptake of the coated tablets was investigated in
this study. The ACT core tablets were coated with SC and SC-MAS films
at the mean weight gain of 3.3% w/w. The drug release and water
uptake using 0.1 M HCI are shown in Fig. 9a and c, respectively. The

core tablets displayed a fast release, and complete release was found
within 30 min. The SC-coated tablets showed slower drug release than
the core tablets, suggesting that the SC films possessed a stable wet film
around the tablets when SC was changed to casein salt, water-insoluble
property, under acidic conditions. Then, the wet coated films could
retard the diffusion of the dissolved drug. Incorporation of MAS into the
coated films could modulate the drug release pattern. The higher the
MAS ratios in the coated films, the slower the drug release in the acidic
medium was obtained. Moreover, the water uptake of the coated tablets
showed that the coated tablets with SC-MAS films at the ratios of 1:0.05
and 1:0.1 had similar %water uptake when compared with the SC
coated tablets, while the lowest water uptake was obtained from the SC-
MAS (1:0.2) coated tablets (Fig. 9c). The results showed that the SC-
MAS coated films could possibly slow down the water penetration
process into the coated tablets before drug dissolution and drug release.
Additionally, the lower drug diffusivity across the SC-MAS films with
higher ratios of MAS (Table 2) also led to slower drug release from the
coated tablets.

Effects of film coating level on drug release and water uptake of the
coated tablets in 0.1 M HCl are shown in Fig. 9b and d, respectively. The
drug release from the SC-MAS (1:0.1) coated tablets decreased with
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level.

increasing film coating levels (Fig. 9b). The 8.2% weight gain coating
provided a sustained-release pattern of drug for 10 h. Increasing film
coating level could obviously retard the water absorption process of the
coated tablets (Fig. 9d). This finding suggested that the higher coating
level of the SC-MAS (1:0.1) coated tablets could retard drug release
from the coated tablets due to slower water uptake for drug dissolution
and longer pathway lengths for drug diffusion.

Apart from acidic conditions, the water uptake and drug release of
the coated tablets were also tested in pH 6.8 phosphate buffer as shown
in Fig. 10. The drug release and water uptake of the coated tablets in
pH 6.8 phosphate buffer were greater than the drug release and water
uptake in an acidic medium. The SC and SC-MAS (1:0.05) coated tablets
showed fast release comparable to the core tablets (Fig. 10a). Increasing
the MAS ratios caused more sustained drug release, while the coated
tablets with 6.1 and 8.2% weight gain gave similar drug release profiles
but slower than those with 3.3% weight gain. The water uptake study
could be only tested within 5 min due to very fast swelling of the coated
films. The results showed that the presence of MAS in the coated films
provided greater water uptake than the SC coated tablets, and the in-
crease of film coating levels led to higher water uptake of the coated
tablets (Fig. 10b). SC could still have swollen in the neutral medium
although it interacts and creates nanocomposites with MAS. Swelling of
SC loosened the film matrix structure and increased the matrix volume
for absorbing water, leading to higher water uptake when increasing
the film coating level. Moreover, MAS had water absorption capacity as
well. Therefore, the presence of MAS could promote water uptake of the
coated tablets. The other factor after swelling of the coated films was
dissolution or erosion of SC from the films. This phenomenon may re-
sult in faster drug release from the coated tablets, irrespective of the
MAS ratios and film coating levels.

The simulated gastrointestinal conditions starting with 0.1 M HCl
for 2h followed by pH 6.8 phosphate buffer were used to test the drug
release from the SC-MAS (1:0.1) coated tablets, which is shown in
Fig. 11. The drug release from the SC-MAS coated tablet proceeded
continuously when the dissolution medium was changed from acidic
medium to pH 6.8 phosphate buffer. The drug release patterns obtained
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in this test were like those using 0.1 M HCl (Fig. 9b). The results sug-
gested that SC in the coated films, which had been changed to casein
salt under acidic conditions, did not readily hydrate and swell when
passing to pH 6.8 phosphate buffer. Thus, the drug released from the
coated tablets was controlled by the drug diffusion process across the
coated films through 8 h of the tests. This finding suggested that the
release of the drug could possibly occur continuously when the SC-MAS
coated tablets were transferred from the stomach to the small intestine
in the gastrointestinal tract.

4. Conclusions

This study demonstrates that SC can interact on a molecular level
with MAS in the dispersions after simple mixing, resulting in SC-MAS
flocculation and viscosity synergism. The SC-MAS films can be prepared
successfully by the casting method. Molecular interaction between the
amide and amino groups of SC and the silanol groups of MAS via in-
termolecular hydrogen bonding results in the formation of exfoliated
nanocomposites. Addition of MAS can enhance the thermal stability of
the SC films. The puncture strength and elongation of the SC films
decreases with an increasing MAS ratio in the dry state. In contrast,
increasing the MAS ratio causes an increase of puncture strength of the
wet SC-MAS films in an acidic medium. The SC-MAS films do not ob-
viously retard the water vapor permeation, but the drug permeability
and diffusivity across the films in an acidic medium remarkably de-
crease when increasing MAS ratios because the nanocomposite matrix
structure possesses smaller water-filled channels with higher tortuosity.
The SC-MAS dispersions can be employed as a film coating material of
ACT tablets. The SC-MAS coated tablets present several film defects and
smooth surface morphology. The ACT release from the coated tablets in
an acidic medium can be modified by the varying MAS ratios and film
coating levels. The SC-MAS coated tablets also display a sustained-re-
lease pattern of the drug in simulated gastrointestinal condition. This
finding indicates that the SC-MAS nanocomposite films can be used in
modified-release oral tablet coatings.
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Polysaccharide-protein composites offer potential utility for the delivery of drugs. The objectives of this work
were to investigate the molecular interactions between sodium alginate (SA) and sodium caseinate (SC) in dis-
persions and films and to characterize calcium alginate (CA) beads mixed with SC for the delivery of fluconazole
(FZ) and clotrimazole (CZ). The results demonstrated that SA could interact with SC, which caused a viscosity
synergism in the dispersions. Hydrogen bonding between the carboxyl or hydroxyl groups of SA and the
amide groups of SC led to the formation of soluble complexes that could reinforce the CA beads prepared by cal-
cium cross-linking. The SC-CA beads provided higher drug entrapment efficiency, lower water uptake and ero-
Sodium caseinate sion, and slower drug release than for the CA beads. The loaded FZ was an amorphous form, but CZ crystals
Molecular interaction were embedded in the bead matrix due to the low water solubility of this drug. However, SC micellization
Beads could enhance the water solubility and efficacy of CZ against Candida albicans. This finding indicates that SA

Keywords:
Sodium alginate

Anticandidal can interact with SC via hydrogen bonding to form complexes and that the anticandidal-loaded SC-CA beads
Drug delivery can be used as drug delivery systems and drug reservoirs in tablets for oral candidiasis.

© 2018 Elsevier B.V. All rights reserved.
1. Introduction added into the divalent ion-rich solution. This method is known as

Polysaccharide-protein blends offer a great potential for use in food
and pharmaceutical technologies. Molecular interactions between poly-
saccharides and proteins lead to the formation of complexes that are de-
pendent on the type of interaction bonding. Basically, these interactions
can be classified as covalent and non-covalent interactions [1]. Covalent
interactions are highly specific and are characterized by strong binding
and irreversible interactions between proteins and polysaccharides. In
contrast, non-covalent interactions are non-specific and occur via elec-
trostatic forces, hydrogen bonding, and hydrophobic interactions,
resulting in the formation of soluble or insoluble complexes that are de-
pendent upon weak or strong interactions, respectively [2].
Polysaccharide-protein complexes have been characterized and applied
as emulsifiers [3], film formers [4], and micro/nanomatrix formers for
the delivery of drugs and nutrients [5-7].

Sodium alginate (SA) is a natural anionic polysaccharide found in
marine brown algae. SA is composed of (1-4)-linked 3-p-mannuronic
acid and o-L-guluronic acid [8]. It has regions that are rich in
mannuronic acid units, guluronic acid units and regions in which both
monomers are equally prevalent. SA can be cross-linked with divalent
cations, such as calcium ions, to form microparticles and beads, the
structures of which are dependent on the droplet size of the dispersions
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E-mail address: thaned@kku.ac.th. (T. Pongjanyakul).
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0141-8130/© 2018 Elsevier B.V. All rights reserved.

ionotropic gelation [9]. The calcium alginate (CA) in the form of micro-
particles or beads has been widely used as a delivery system of drugs
[10-12] and proteins [13]. Reinforcement of the CA beads can be
made before the crosslinking process via the incorporation of water-
soluble [14,15] and water-insoluble polymers [16], clays [14,17], and
proteins [18] into the drug-loaded SA dispersion. This approach for the
CA beads leads to an improvement of the drug entrapment efficiency
(DEE) and a retardation of the drug release. Thus, it is important to iden-
tify a natural substance to modify the characteristics of the CA beads.
One of these natural proteins is casein, which can interact with several
polymers, such as pectin [19] and starch [20]. Casein may have the po-
tential to interact with SA and to improve CA bead properties.

Caseins are composed of 94% protein and 6% colloidal calcium phos-
phate [21], and the molecule weights of caseins are in the range of
19-25 kDa, with an isoelectric point of 4.6-4.8. They are composed of
four different peptides: oSy, &S,, 3, and K caseins [22]. Caseins in the
acidic form demonstrate low aqueous solubility, but sodium caseinate
(SC), the sodium salt of casein, is freely soluble in water [23]. Due to
the amphiphilic properties of SC molecules, self-assembly into stable
micellar structures in aqueous solutions occurs when the SC concentra-
tion is higher than 1.0 mg mL™!, a critical micelle concentration [24].
The core of the micelles consists of aS;, aS,, and  caseins, whereas Kk
caseins are located on the surface of the micelles [22]. Due to this char-
acteristic, SC has been pharmaceutically applied as a solubilizing agent
for poorly soluble drugs [25,26]. Furthermore, SC has a potential use
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as a drug delivery system, particularly in the form of microparticles
[27,28] and nanoparticles [29,30].

Polysaccharide-protein composites between SA and SC have been
previously investigated in the form of dispersions and microparticles.
A phase separation of SA and SC in the composite dispersion was pre-
pared, and the rheology and viscosity of each phase was characterized
by Simeone et al. [31]. The SC-rich phase and SC solution showed New-
tonian flow, whereas a shear-thinning system was found in the SA-rich
phase and SA solution. The drug-loaded microparticles were prepared
by dropping the SA-casein dispersions at a basic pH into calcium chlo-
ride solution [32], resulting in a sustained release of the drug from the
microparticles. Moreover, CA microgel particles prepared using a
spray aerosol method could interact with SC, which was detected by
zeta potential studies and the dye-binding method [33]. The viscosity
synergism of SA and SC in the composite dispersion after simple mixing
has not been well described in literature reviews. Furthermore, the mo-
lecular interactions between SA and SC and the characteristics of CA
beads incorporated with SC for drug delivery are not yet known.

Therefore, the aims of this study were to examine the molecular in-
teractions between SA and SC in composite dispersions and films and to
characterize the SC-CA beads for the delivery of anticandidals. The com-
posite SA-SC dispersions were prepared, and the zeta potential and vis-
cosity of the dispersions were investigated. The solid-state molecular
interactions between SA and SC in the films were examined using DSC
and FTIR spectroscopy. Then, the SA-SC beads were prepared using
ionotropic gelation. The drugs incorporated into the beads were flucon-
azole (FZ) and clotrimazole (CZ), which were used for candidiasis treat-
ments. The particle size and morphology, DEE, water uptake and
erosion, in vitro drug release and anticandidal activity of the released
drug were investigated. The anticandidal-loaded SC-CA beads may be
utilized as a model delivery system and as drug reservoirs in tablets
for oral candidiasis treatment.

2. Materials and methods
2.1. Materials

Alginic acid sodium salt from brown algae (100-300 cP at 25 °C) was
purchased from Sigma-Aldrich, Inc. (MO, USA). The ratios of
mannuronic acid to guluronic acid residues were 1.6 [34]. Casein so-
dium salt from bovine milk (MW = 19-25 kDa) was also obtained
from Sigma-Aldrich, Inc. (MO, USA). FZ and CZ were purchased from
Hubei Yuancheng Gongchuang Technology Co., Ltd. (Wuhan, China)
and Changzhou Yabang Pharmaceutical Co., Ltd. (Jiangsu, China), re-
spectively. Sodium lauryl sulfate (SLS) was obtained from S. Tong
Chemicals Co., Ltd. (Bangkok, Thailand). Candida albicans ATCC 10231
was a gift from the Biofilm Research Group, Faculty of Dentistry, Khon
Kaen University (Khon Kaen, Thailand). All other reagents used were
of analytical grade and used as received.

2.2. Preparation of SA-SC dispersions

SC(0,0.5,1 and 2 g) was dispersed in purified water (75 mL) at 25
°C. Next, SA (2 g) was gently added and stirred using a magnetic stirrer
for 2 h. The SA-SC dispersions were then adjusted to the final volume
(100 mL). The zeta potential and viscosity of the dispersions obtained
were characterized. Moreover, the SC dispersion in the concentration
of 2%w/v was also prepared and characterized for comparison.

2.3. Characterization of SA-SC dispersions

2.3.1. Zeta potential measurement

The zeta potential of the SA-SC dispersions was measured using a
laser Doppler electrophoresis analyzer (Zetasizer Model ZEN 2600,
Malvern Instrument Ltd., UK). The samples were kept at 25 °C, and the
dispersions were diluted using deionized water to obtain the

appropriate concentrations (count rates >20,000 counts per second)
prior to measurement.

2.3.2. Viscosity determination

The viscosities of the dispersions were determined using a small
sample adapter of a Brookfield Digital Rheometer (Model DV-III, Brook-
field Engineering Labs Inc., Stoughton, MA) at 30 + 2 °C. A spindle #31
was used at the shear rate over the range of 6.8-27.2 s~ '. The shear
stress and viscosity at different shear rates were recorded.

2.4. Solubility of FZ and CZ

The solubility of FZ and CZ was determined in various media at 37 °C.
Excess amounts of drug powder were added to 10 mL of medium in a
test tube. Next, the mixture was sonicated for 2 h and shaken in a hori-
zontal water bath shaker at a rate of 80 oscillations min~" at 37 °C for
5 days to achieve solubility equilibrium for the drug. A clear supernatant
(1 mL) was collected, and the concentration of the drug in saturated so-
lution (solubility value) was analyzed using HPLC.

2.5. Molecular interaction studies between SA and SC

2.5.1. Preparation of films

The molecular interactions between SA and SCin the solid state were
investigated. SA, SC and SA-SC films were prepared using a casting/sol-
vent evaporation method. The 2%w/v SA, 2%w/v SC, and 2%w/v SA-2%w/
v SC dispersions were prepared following the method mentioned above,
and the dispersions (20 mL) were then poured into a plastic plate (6 cm
x 9.5 cm) and dried using a hot air oven at 50 °C. The dried films were
peeled off and kept in a desiccator prior to use.

2.5.2. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra of the films were determined using the KBr disc
method. Each sample was gently triturated with KBr powder at a weight
ratio of 1:100 and then pressed with a hydrostatic press at 10 tons for
10 min. The discs were placed in a sample holder and scanned from
4000 to 450 cm ™! at a resolution of 4 cm ™' (Spectrum One, Perkin
Elmer, Norwalk, CT).

2.5.3. Differential scanning calorimetry (DSC)

A DSC thermogram of the films was recorded using a differential
scanning calorimeter (DSC822, Mettler Toledo, Switzerland). Samples
(2.5-3.0 mg) was accurately weighed and placed in a 40-pL aluminum
pan without an aluminum cover. The samples were heated from 30 to
450 °C at a heating rate of 10 °C min~".

2.6. Preparation of drug-loaded beads

SC(0,0.5,1 or 2 g) was dispersed in purified water (75 mL) at 25 °C.
Next, FZ (0.25 g) or CZ (0.25 g) was gently added into the SC dispersion,
and the SC dispersions containing the drugs were stirred and incubated
at 25 °C overnight. Next, SA (2 g) was added to the SC dispersions con-
taining the drugs. The composite dispersions were stirred at 25 °C for
2 h and adjusted to a final volume of 100 mL. The composite dispersions
obtained were dropped through a nozzle (0.8 mm inner diameter) into
a 2%w/v calcium chloride solution (240 mL) with gentle agitation. The
gel beads were cured in a calcium chloride solution for 30 min, washed
with 240 mL of purified water, blotted to remove excess water, and then
dried at 50 °C using a hot air oven for 24 h.

2.7. Characterization of beads

2.7.1. Particle size and morphology

The particle size of the drug-loaded beads was determined using an
optical microscope (Olympus CH300RF200, Olympus Optical Co., Ltd.,
Japan). Three hundred beads were randomized, the Feret's diameters
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were measured, and the mean diameters of the beads were calculated.
The particle morphology of the beads was also observed using scanning
electron microscopy (SEM). The samples were mounted onto dummies,
coated with gold in a vacuum evaporator, and then viewed using a scan-
ning electron microscope (Hitachi Se3000 N, Tokyo, Japan).

2.7.2. Drug content and entrapment efficiency

The drug-loaded beads (50 mg) were immersed in pH 6.8 phosphate
buffer (10 mL) to completely disintegrate the beads. The mixture was
sonicated for 4 h and incubated in a shaking water bath overnight.
Next, the mixture was mixed with the mixed solvent (acetonitrile:
water (7:3) for FZ and acetonitrile: dipotassium phosphate (3:1) at
pH 5.8 for CZ), sonicated for 15 min, and adjusted to a final volume of
50 mL. The mixture was filtered using a 0.2-pum nylon membrane before
HPLC analysis. The amount of drug was determined using HPLC analysis.
The ratio of the actual to theoretical drug contents in the beads was
termed as the DEE [35].

2.7.3. DSC and FTIR spectroscopy

The FTIR spectra and DSC thermogram of the beads were investi-
gated using the same procedure described in Sections 2.5.2 and 2.5.3,
respectively.

2.74. In vitro drug release studies

The FZ released from the beads was investigated using pH 5.8 simu-
lated salivary fluid (SSF) as a release medium. The SSF consisted of
2.38 g Na,HPOQ,4, 0.19 g KH,PO,4 and 8 g NaCl per liter of purified
water, and the final pH was adjusted to 5.8 using phosphoric acid. The
beads equivalent to 50 mg of FZ were weighed and place in an Erlen-
meyer flask containing 100 mL of release medium. The flasks were incu-
bated in a water bath at 37 °C with shaking at 90 oscillations min~!. At
different time intervals, samples (5 mL) were collected and replaced
with fresh medium. The amount of FZ released was analyzed using
HPLC.

Due to the very low solubility of CZ, testing of the release system was
changed to use the USP dissolution apparatus 2 with paddle method,
(Hanson Research, Northridge, USA) because it was necessary to in-
crease both the release medium volume and stirring efficiency to main-
tain a sink condition. Moreover, the release medium used was SSF with
0.1%w/v SLS added for the dissolution enhancement of CZ. The beads
were equivalently weighed to 5 mg of CZ and placed in a vessel contain-
ing 350 mL of release medium at 37.0 4 1° C. The paddles were rotated
at a rate of 50 revolution min~"'. Samples (7 mL) were collected and re-
placed with fresh media at various time intervals. The amount of CZ re-
leased was analyzed using HPLC.

2.7.5. Water uptake and erosion studies

The drug-loaded beads were placed in a small basket, immersed in
SSF, and shaken occasionally in a water bath at 37 °C. After a
predetermined time interval, each basket was withdrawn, blotted to re-
move excess water and immediately weighed on an analytical balance.
The wet beads after soaking for 60 min were dried at 50 °C using a hot
air oven until a constant weight of the beads was obtained. The water
uptake and erosion of the beads were determined according to the fol-
lowing equations [36]:

Water uptake (%) = (W“{/V—_W') x 100
i
Erosion (%) = W x 100

1

where W,, is the weight of the wet beads, Wi is the initial weight of the
beads, Wy is the weight of the beads after drying process, and R. is the
mean amount of drug released at 60 min obtained from in vitro release
studies.

2.7.6. Anticandidal activity study

The FZ and CZ released from the beads were tested for antimicrobial
activity against C. albicans using by an agar diffusion method that has
been used for evaluating antifungal activity of drug formulations
[37-39]. C. albicans was inoculated into 20 mL of Sabouraud dextrose
broth. At the exponential period of growth, the culture broth was di-
luted. The concentration of C. albicans was diluted to 10° CFU mL™".
Next, plates with Sabouraud dextrose agar (20 mL) were prepared in
which 200 pL of the microbe suspension was added and spread uni-
formly with sterile cotton swabs. The agar was punched using a Pasteur
pipet to make 6-mm diameter holes, and four holes were made in each
plate. The 45 pL solutions of the negative control, positive control and
release medium from the drug release testing were dropped into the
holes. All plates were incubated at 32.0 4- 1.0 °C for 24 h. Next, the diam-
eters of the inhibition zones were measured. The negative controls in-
cluded SSF with or without 0.1%w/v SLS for CZ or FZ, respectively. The
positive controls included 80 and 2.0 ug mL™! of FZ and CZ in SSF with
or without 0.1%wy/v SLS, respectively. To test the anticandidal activities,
the FZ and CZ release media were collected at 60 and 120 min from the
start of the release studies, respectively. In addition, this method was
validated by investigating relationship between drug concentration
and inhibition zone. The inhibition zones of FZ concentrations of 60,
80, and 100 pug mL~! were found to be 8.19 + 0.85, 10.27 + 0.31, and
11.53 4 0.24 mm (n = 3), respectively, whereas CZ in concentrations
of 1,2, and 5 ug mL~! provided 17.75 + 0.37, 19.89 + 0.08, and 21.06
4 0.84 mm (n = 3) of inhibition zone, respectively.

2.8. HPLC analysis

The concentration of FZ or CZ in the samples was analyzed using an
HPLC system that consisted of Waters 1525 binary pumps, 2489 dual
absorbance detector and Waters Breeze Software 2.0 versions (Waters
Corporation, MA, USA). A reversed-phase HPLC using a C-18 column
(Mightysil RP-18 GP, 4.6 mm x 150 mm, 5-pum particle size; Kanto
Chemical Co., Inc., Tokyo, Japan) was employed. The mobile phases of
FZ and CZ were acetonitrile: water (30:70) and acetonitrile: 0.025 M
dipotassium phosphate (K;HPO4) (3:1) at pH 5.8, respectively. The
flow rate of the mobile phases was 1 mL min~'. The detection wave-
length was set at 210 nm. The retention times of FZ and CZ were approx-
imately 3.1 and 4.5 min, respectively. Under these conditions, good
linearity and reproducibility were shown over the range of 10-120
pg mL~! for FZ and 0.2-100 pug mL ™! for CZ.

3. Results and discussion
3.1. Molecular interaction between SA and SC

The molecular interaction between SA and SC was investigated in
the form of dispersions and films. The SA-SC dispersions showed
white turbid liquids due to the milky appearance of SC when dispersed
in water. The pH of all dispersions in this study was found in the range of
5.9-6.5. The zeta potential of the 2%w/v SC dispersion was —13.3 +
0.87 mV (n = 3), whereas that of the 2%w/v SA dispersion was found
to be —96.6 & 3.75 mV (n = 3). The pH of the SA-SC dispersions was
higher than the pK, (3.38-3.65) of SA [8] and the isoelectric point
(4.6-4.9) of SC [23]. This led to ionization of carboxyl groups on SA
and SC molecules to display a negative charge. The 2%w/v SA disper-
sions incorporated with 0.5, 1, and 2%w/v SC also presented a negative
charge of zeta potential values that were determined to be —56.5 +
3.12, —46.7 + 1.06,and — 41.4 4- 0.15mV (n = 3), respectively. The in-
crease in SC content caused a decrease in zeta potential values of the SA-
SC dispersions. Apart from the zeta potential, the viscosity of the disper-
sions was also reported, and the relationship between the shear rate
and viscosity of the dispersions is shown in Fig. 1. The 2%w/v SC disper-
sion showed very low viscosity, but it still presented a shear-thinning
system because the viscosity value decreased with an increasing shear
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Fig. 1. Relationship between the shear rate and viscosity of the SA, SC, and SA-SC
dispersions. Each value indicates the mean 4 SD, n = 3.

rate [40]. The 2% SA dispersion presented higher viscosity than the 2% SC
dispersion, and demonstrated shear-thinning behavior as well. The ad-
dition of SC resulted in an increase in the viscosity of the SA dispersion,
such that the higher the amount of SC that was added, the higher the ob-
served viscosity of the SA-SC dispersion (Fig. 1). These results suggested
that the viscosity synergism could be explained by a molecular interac-
tion between both components.

DSC and FTIR spectroscopy were used to investigate the solid-state
molecular interactions of SA and SC in this study. The SA films showed
a small exothermic peak at 224 °C and was followed by an endothermic
peak at approximately 230 °C (Fig. 2a). This finding may be due to a re-
crystallization and phase transition of SA after heat induction [41,42].
The first and second exothermic degradation peaks were found at 251
°C and 367 °C, respectively. The SC films presented two exothermic
peaks at 297 °C and 353 °C (Fig. 2a). The SA-SC films showed an exo-
thermic peak at 225 °C and was followed by an endothermic peak at ap-
proximately 230 °C. The first degradation peak of SA was slightly shifted
to a higher temperature (253 °C). Moreover, both exothermic peaks at
343 °C and 381 °C were found for the composite films. Changes in the
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thermal properties of the SA-SC films suggested that molecular interac-
tions occurred after a simple mixing of both components.

The FTIR spectra of the SA, SC, and SA-SC films are illustrated in
Fig. 2b. The SA films showed absorption peaks at 3445 cm™' (O—H
stretching), 1617 cm™! (COO~ asymmetric stretching), 1412 cm ™!
(COO~ symmetric stretching) and 1030 cm ™! (C—O0—C stretching),
which were similar to previous studies [41,42]. For the SC films, the
peak at 3436 cm™! corresponded to the O—H stretching vibrations,
which overlapped with the N—H stretching vibrations. The strong
peak at 1638 cm ™' was due to the (=0 stretching vibrations of the
amide I groups, and the peaks at 1535 and 1242 cm™' were from
N—H bending (amide II) and C—N stretching vibrations, respectively
[28,43]. The spectra of the SA-SC films showed that the O—H stretching
peaks coupled with the N—H stretching peaks and moved to lower
wavenumbers, while the peaks of amide I and II were shifted to higher
wavenumbers. Moreover, the C—0—C stretching peaks of SA also
shifted to 1038 cm™!. These results suggested that the carboxyl and hy-
droxyl groups of SA could strongly interact with the amide I and II
groups of SC via intermolecular hydrogen bonding.

Taken together, the present model of the SA-SC composites is illus-
trated in Fig. 3. SA side chains could possibly interact with SC micelles
that are covered with Kk-caseins. The outer parts of the surface are
known as caseinomacropeptide chains [22], and the amino acids in
this chain may potentially interact with SA. For example, the last three
amino acids in the sequence of k-caseins are threonine, alanine and va-
line [44]. The amide I and II groups of these amino acids could interact
with the hydroxyl and carboxyl groups of SA via hydrogen bonding,
resulting in the formation of SA-SC soluble complexes and an enhanced
complexity of the matrix network in the dispersions. This result may not
only lead to a suppression of the overall negative charge and a decreas-
ing zeta potential value but also an enhancement of the viscosity of the
composite dispersions. In addition, the SA-SC complexes influence the
thermal behavior of the composite films.

3.2. Particle characteristics and DEE of the beads

The particle sizes of the beads are listed in Table 1. The CA beads
loaded with FZ or CZ showed a comparable particle size of approxi-
mately 825-855 pm. The CA beads showed a relatively spherical shape
with a few fractures on the particle surface. However, the CZ-loaded
CA bead presented a rougher surface than that of the FZ-loaded CA
beads (Fig. 4). The particle size of the SC-CA beads tended to increase
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Fig. 2. DSC thermogram (a) and FTIR spectra (b) of SA, SC, and SA-SC films.
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Fig. 3. Schematic presentation of the molecular interactions between SA and SC.

with increasing SC content (Table 1) because the higher density and en-
hanced viscosity of the SC-SA dispersion in the droplets may cause
lower shrinkage during cross-linking with calcium ions. The SEM
image also demonstrated that the 2%SC-CA beads containing FZ or CZ
were larger than the CA beads containing the drugs, but a different sur-
face morphology was observed (Fig. 4).

The FZ and CZ drug content of the beads decreased with increasing
SC amounts (Table 1) due to an increase in the polymer content in the
bead preparation [45]. The DEE of the CA and SC-CA beads with FZ
was in the range of 19.3-23.3%. An increase from 0.5 to 1% SC appeared
to decrease the %DEE, but the addition of 2% SC resulted in an increase in
the %DEE (Table 1). The loss of FZ from the beads was due to water

Table 1

Components and characteristics of SC-CA beads loaded with FZ or CZ.
Components Particle size® (um) Drug content® (%w/w) DEE® (%) Tys4” (min) Tso%” (min)
0.25%w/v FZ
2%w/v SA 8252 + 1234 2.19 4+ 0.03 2191 £ 0.26 - <2
+0.5%w/v SC 855.6 £+ 101.6 1.75 £ 0.03 19.27 + 0.36 - 4.23 £ 0.99
+1.0%w/v SC 978.1 £ 125.0 1.53 £ 0.03 19.86 + 0.36 - 6.29 + 1.68
+2.0%w/v SC 1117.8 £ 173.6 137 £ 0.03 2327 4048 - 7.79 £ 0.63
0.25%w/v CZ
2%w/v SA 849.7 + 78.4 10.26 + 0.01 93.25 £+ 0.08 163.62 + 4.57 >240
+0.5%w/v SC 832.8 £ 86.7 742 4+ 0.07 81.59 £ 0.73 161.96 + 2.24 >240
+1.0%w/v SC 896.2 + 78.6 6.56 4+ 0.05 85.23 £ 0.64 186.64 + 6.66 >240
+2.0%w/v SC 1100.3 + 1143 5.64 + 0.03 95.59 + 0.47 195.76 + 8.43 >240

-: Could not be calculated.

2 n = 300.
bn=3
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Fig. 4. Particle and surface morphology of CA and 2%SC-CA beads prepared using 0.25% FZ or CZ.

leakage from the beads during the preparation period. Moreover, FZ was
slightly soluble in water, such that the water solubility of FZ was found
to be 6.69 + 0.08 mg mL~! (n = 3) in this study. The complete dissolu-
tion of 0.25% FZ in the dispersions before the cross-linking process

elicited a loss of FZ in the water leakage process. Incorporation of 2%
SC could increase the %DEE of the CA beads due to the interaction be-
tween SA and SC, which created a denser matrix network that func-
tioned as a barrier to prevent water leakage from the beads.
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The %DEE of the CA or SC-CA beads for CZ was remarkably greater
than that for FZ (Table 1) because water solubility of the drug mainly in-
fluenced the DEE values [46]. CZ was practically insoluble in water and
the solubility was found to be 3.47 & 0.44 ug mL™' (n = 3). Thus, CZ
particles were suspended in the dispersion before cross-linking,
resulting in very low CZ loss during the water leakage process of the
wet beads. However, the addition of SC in the dispersion could enhance
CZ solubility, such that the CZ solubility in the 0.5, 1, and 2%w/v SC dis-
persions was 4.13 + 0.23,7.75 + 1.31,and 19.20 + 1.12 ygmL™' (n =
3). These results revealed the micellization property of SC that has been
previously reported with many hydrophobic drugs [25,26,47,48]. En-
hancement of CZ solubility may cause a decrease in the %DEE for the
CA beads using 0.5 and 1%SC. However, a denser matrix network of
the 2%SC-CA beads could prevent drug loss during cross-linking. Thus,
a higher %DEE was obtained.

3.3. DSC and FTIR patterns

The molecular interactions of the CA or 2%SC-CA beads loaded with
drugs were investigated using FTIR spectroscopy as shown in Fig. 5.
The CA beads without drugs presented a change in the FTIR spectra
compared to the SA films (Fig. 2). The higher wavenumber shifts of
the COO™ (asymmetric) and COO™ (symmetric) stretching peaks to
1626 and 1435 cm ™!, respectively, and the lower wavenumber shift of
O—H stretching peak to 3436 cm™' was observed. The 2%SC-CA beads
without drugs caused shifts of the amide I (1643 cm™!) and amide II
(1544 cm™') peaks of SC, and the FTIR spectrum of these beads was
similar to that of a freeze-dried casein-CA microparticle previously re-
ported [32]. The addition of FZ into the CA beads resulted in a shift of
the COO~ (symmetric) stretching peak to 1425 cm ™. Moreover, the
amide II peak of SC in the SC-CA beads moved to a higher wavenumber
with the addition of FZ. The 2%SC-CA beads loaded with CZ showed a
shift of COO™ (symmetric) stretching peak of SA. However, the SA-CA
beads loaded with FZ or CZ did not present the peak characteristics of
FZ or CZ. This result is likely to be due to a very low amount of drug in
the beads when compared with SC and CA. These results suggested
that the SC-CA beads still demonstrated FTIR features characteristic of
the molecular interactions between SC and SA after cross-linking with
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calcium ions, and FZ and CZ loaded into the beads could possibly inter-
act with SA or SC via hydrogen bonding.

DSC thermograms of the CA and 2%SC-CA beads with drugs are pre-
sented in Fig. 6. The thermal behavior of the CA beads without drug
showed an endothermic peak followed by an exothermic peak approx-
imately 190-210 °C and exothermic degradation peak at 297 °C. Incor-
poration of SC did not affect the DCS thermogram of the CA beads. FZ
had a sharp melting peak at 142 °C. The SC-CA beads loaded with FZ
did not show the melting peak of FZ. This result suggested that FZ was
completely dissolved and dispersed as an amorphous form in the bead
matrix. In contrast, the CA and SC-CA beads presented a small melting
peak of CZ at approximately 142-148 °C, suggesting that some CZ crys-
tals were embedded in the bead matrix due to the low solubility of CZ.

3.4. Water uptake and erosion

The SSF with or without 0.1%SLS was used to test the water uptake
and erosion of CA or SC-CA beads containing FZ or CZ, respectively,
such that the medium used was the same as that used during drug re-
lease testing. The % water uptake of the beads increased with an in-
crease in the testing time. The water uptake and erosion of the CA and
SC-CA beads loaded with FZ and CZ at 1 h of the test are presented in
Fig. 7. The % water uptake of the CA beads gradually decreased when
adding the SC dispersions of 0.5 and 1%, but the 2%SC-CA beads showed
a higher % water uptake than that of the 1%SC-CA beads. The beads with
FZ and CZ showed a similar effect as the addition of SC on water uptake
results, but the % water uptake of the beads with CZ was greater than
with FZ (Fig. 7a and b). The use of 0.1% SLS for CZ raises the question
about the effect of this surfactant on water uptake values. To prove
the effect of SLS, the water uptake of the CA beads containing CZ in
SSF without 0.1% SLS was examined, and the result was 1114.72 +
75.08% water uptake at 1 h. This result indicated that the SLS did not af-
fect the water uptake of the CA beads with CZ. For erosion results, incor-
poration of SC decreased % erosion of the beads. The % erosion of the
beads with FZ was higher than that with CZ.

The water uptake of the CA beads occurred because CA could be
changed to SA when exposed to a medium containing monovalent cat-
ions [49], for example, the SSF used in this study. The water absorption
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Fig. 5. FTIR spectra of CA and 2%SC-CA beads prepared using 0.25% FZ or CZ.
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Fig. 6. DSC thermograms of CA and 2%SC-CA beads prepared using 0.25% FZ or CZ.

properties of the CA beads decreased with an increase in SC content,
suggesting that the molecular interaction between SA and SC induced
a denser matrix structure of the beads. This also led to a decrease in
the dissolution of soluble substances in the matrices, such as SA, SC,
and SC micelles. Moreover, this study showed that the incorporation
of 1%SC in the beads could create the densest matrix structure of the
beads, in which the lowest % water uptake was obtained. However,
the % water uptake of the beads containing FZ was remarkably lower
than for those of the beads containing CZ, whereas opposite results of
% erosion were obtained. It is possible that the CZ particles suspended
in the SA or SA-SC dispersions may hinder the cross-linking process of
SA promoted by calcium ions, in contrast with FZ, which was completely
dissolved when a similar concentration of 0.25%w/v was used. This re-
sult may lead to higher free SA remaining in the beads containing CZ,
which could cause greater water uptake at the time of the investigation.
Furthermore, the gel formation of SA and SC embedded in the beads
containing CZ possibly acted as a barrier to prevent the soluble
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substances from leaching out of the beads. Thus, a lower % erosion of
the beads containing CZ was obtained.

3.5. In vitro drug release

The SSF was used as a release medium for the beads containing FZ.
For the beads loaded with CZ, 0.1% SLS was added to enhance CZ solubil-
ity. The CZ solubility in SSF without and with 0.1% SLS was 3.04 4 0.52
and 159.81 + 2.13 uyg mL™' (n = 3), respectively. The use of 0.1% SLS
yielded a 52.3-fold increase in CZ solubility in SSF. For FZ, a 6.16 +
0.03 mg mL™! (n = 3) solubility value was observed in SSF. Thus, the
expected maximum of drug concentration in the release system was
lower than 10% of drug solubility [50], resulting in a perfect sink condi-
tion of the release testing system.

The FZ release profiles showed a complete release after testing
within 60 min (Fig. 8a). Tsoy, the time to achieve release of 50% of
drug content, was calculated as a drug release rate for comparison.
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Fig. 7. Water uptake and erosion of CA beads prepared using various contents of SC and 0.25% FZ (a) or CZ (b). Each value indicates the mean + SD, n = 3.
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Fig. 8. Drug release profiles of CA and SC-CA beads loaded with 0.25% FZ (a) or CZ (b). Each value indicates the mean + SD, n = 3.

The higher the Tsoy value was, the slower the drug release rate obtained.
These results showed that the CA beads presented the most rapid drug
release, whereas the drug release seemed to be slower (higher Tsgg
value) with the addition of SC into the beads (Table 1). The higher the
amount of SC added, the greater the Tsqy value that was obtained. The
FZ release from the beads was faster than the release of CZ as shown
in Fig. 8b. Less than 50% of the CZ amount in the beads was released
within 240 min of the test. Thus, T,s4 was used for comparison
(Table 1). An increase in the amount of SC added resulted in higher
Tosy values, indicating that the addition of SC to the beads could possibly
retard CZ release, although it enhanced the solubility of CZ. These results
suggested that the addition of SC into the CA beads could slow down the
release of drug due to the denser matrix structure and lower water up-
take of the SC-CA beads.

3.6. Anticandidal activity

The anticandidal activity of FZ and CZ after release from the beads
was investigated in this study. The concentration of FZ or CZ in the sam-
ples and inhibition zone are presented in Fig. 9. The FZ in the concentra-
tion of 80 pg mL™" (positive control) provided an inhibition zone
diameter of 9.57 4+ 0.94 mm (n = 3). The concentrations of FZ released
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from the CA and SC-CA beads were over the range of 80.1-89.8 uyg mL ™!,
which could inhibit C. albicans with an inhibition zone diameter of
9.0-12.9 mm (Fig. 9a). The inhibition zone seemed to increase with in-
creasing FZ concentrations during the release testing. The SC loaded in
the beads did not obviously affect the antimicrobial activity of FZ.

The 2 ug mL™" concentration of CZ, which served as a positive con-
trol, showed a 19.89 4+ 0.08 mm (n = 3) inhibition zone (Fig. 9b). The
CA beads demonstrated an obvious decrease of inhibition zone, al-
though the CZ concentration (2.02 ug mL™") was similar to the positive
control. This result suggested a lower efficiency of CZ released from the
CA beads. However, the decrease in CZ concentration with increasing
amounts of SC in the CA beads still provided the similar results of inhi-
bition zone when compared to the positive control, suggesting that a
higher efficiency of CZ released. One potential explanation is that
some of the CZ released may be in the form of CZ-loaded SC micelles,
which would likely be nanoparticles. The SC nanoparticles could en-
hance the antimicrobial activity of lipophilic substances, for example,
thymol-loaded SC nanoparticles [51]. Moreover, CZ loaded in lipid
nanoparticles showed more activity against C. albicans than did a CZ so-
lution [52]. These results differed from that of FZ because FZ is a hydro-
philic molecule that shows low affinity with the hydrophobic core of SC
micelles. This result led to a low probability to form FZ-loaded SC
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Fig. 9. Anticandidal activity of 0.25% FZ (a) or CZ (b) released from CA beads prepared using varying amounts of SC. Each value indicates the mean 4 SD, n = 3.
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micelles. However, these anticandidal activity studies suggested that CZ
and FZ loaded in the CA or SC-CA beads are still effective against
C. albicans.

4. Conclusions

SA can interact with SC by simple mixing of the dispersions. Com-
plexation between SA and SC occurs due to intermolecular hydrogen
bonding between the carboxyl or hydroxyl groups of SA and amide I
or Il groups of SC, resulting in viscosity synergism for the composite dis-
persions. The SC-CA beads with FZ or CZ added can be prepared using
calcium ions as a cross-linking agent. FZ is present in an amorphous
form, whereas the crystalline form of CZ is found in the beads, and the
form is dependent on the water solubility of the drugs. The CA beads
can be reinforced by incorporating SC, resulting in an increase in %DEE
when using 2%SC, a decrease in water uptake and erosion, and a retarda-
tion of drug release. Moreover, the solubility of CZ can be enhanced by
micellization of SC, thereby becoming more effective against
C. albicans for CZ released from the SC-CA beads. This study shows
that the molecular interactions between SA and SC can reinforce the
CA beads, and the SC-CA beads show good potential for delivery of
anticandidals to treat oral candidiasis.
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ARTICLE INFO ABSTRACT
Article history: Arrowroot (Tacca leontopetaloides L. Kuntze) starch in gelatinized and ungelatinized forms was used to modify
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the characteristics of calcium alginate (CA) beads containing diclofenac sodium (DS). Sodium alginate (SA)
was able to molecularly interact with ungelatinized starch (UGS) granules and gelatinized starch (GS) gel via hy-
drogen bonding mechanisms in the dispersions, leading to viscosity synergism before cross-linking. The GS-CA
beads provided a significantly higher DS entrapment efficiency than the UGS-CA beads. The added UGS retarded
the water uptake of the CA beads, resulting in slower DS release profiles in purified water and a longer lag time of
DS release in pH 6.8 phosphate buffer. On the other hand, GS enhanced water uptake and accelerated the DS re-
lease of the beads in both media. Moreover, the 1%GS-CA beads displayed slower DS release than the CA and 1%
UGS-CA beads in pH 6.8 phosphate buffer when simulated gastro-intestinal (GI) condition was used. This study
shows that UGS and GS obtained from Tacca leontopetaloides L. Kuntze have good potential to improve drug en-
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Drug delivery trapment efficiency of the CA beads, and the DS-loaded GS-CA beads can be used as multiunit dosage forms for
sustaining drug release in simulated GI condition.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction intestine. In addition, CA beads are suitable for delivery of nonsteroidal

Polysaccharides obtained from natural sources have been widely
employed in the food, biomedical and pharmaceutical fields. Polysac-
charides can be used as an important ingredients and additives in
pharmaceutical products because of their biodegradability and biocom-
patibility [1, 2]. Among known biopolysaccharides, sodium alginate
(SA), which found in marine brown algae, has been popularly used in
pharmaceutical applications as a tablet disintegrant, matrix-forming
agent, film former and gelling agent [3]. SA consists of a-L-guluronic
and B-p-mannuronic acids and is composed of homopolymeric blocks
and blocks with an alternating sequence [4]. Gelation occurs by cross-
linking uronic acid with divalent cations—for example, calcium ions—
in so-called ionotropic gelation [5]. Formation of calcium alginate (CA)
beads is achieved by dropping a drug-containing SA dispersion into a
calcium chloride solution [6, 7]. CA bead matrix systems have been in-
vestigated as controlled release systems for drugs [8, 9] and proteins
[10, 11]. Drug release from CA beads depends on the swelling of the
beads and diffusion of the drug in the gel matrix [7]. The beads also
have potential as a pulsatile release system for macromolecular drugs
[12]. Moreover, they can protect acid-sensitive drugs from gastric juices,
with the drug consequently released from the beads into the small

* Corresponding author.
E-mail address: thaned@kku.ac.th (T. Pongjanyakul).
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anti-inflammatory drugs (NSAIDs) that cause gastric irritation [13, 14].
Modification of the CA beads characteristics can be achieved by in-
corporating substances in a drug-loaded SA dispersion before the
cross-linking process, resulting in a higher drug entrapment efficiency
(DEE) and slower drug release. Water-soluble polymers, such as chon-
droitin sulfate [15], konjac glucomannan [16], gelatin [17], sodium
starch glycolate [18], xanthan gum [19], gum Arabic [20, 21], and agar
[22], have been used for this purpose. Furthermore, addition of water-
insoluble substances, such as chitin [23] and clays [18, 24-26], can en-
hance the DEE and retard drug release from the beads. These modifica-
tions are achieved through molecular interactions between the carboxyl
groups of alginate and functional groups of the additives. Additionally,
starch is a potential material for CA bead modification. Not only starch
granules [27, 28] but also starch gels [29, 30] can be used to modify CA
beads containing drugs and cells. As determined from a literature re-
view, comparative studies of the effect of starch granules and gel on
the characteristics of CA beads for drug delivery are not yet available.
Starch consists of amylose, a linear polysaccharide of glucose linked
via a-1-4 glycosidic bonds, and amylopectin, a branched polysaccha-
ride of glucose with an additional linkage of ai-1-6 glycosidic bonds,
at different ratios depending on its source [31]. In nature, starch is
insoluble in water because it has numerous crystalline regions in its
granules. Hydration of starch can be increased by heat treatment, in
which the starch dispersion appears as a viscous transparent liquid.
This phenomenon is called gelatinization [32]. Tacca leontopetaloides
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starch (Polynesian arrowroot starch) has been used for the treatment of
stomach ailments such as diarrhea and dysentery [33]. This starch was
also used as a main material to develop a therrmoplastic film [34], and
a filler in tablets [35]. Thus, this study focused on one of the traditional
starches in Thailand—arrowroot starch extracted from Tacca
leontopetaloides L. Kuntze (green stem Tacca). This arrowroot starch
has been used as a main ingredient or additive in some Thai desserts be-
cause it provides a highly viscous and desirably textured paste after ge-
latinization. These characteristics indicate its good potential for
modifying the properties of CA beads, such as DEE and drug release
patterns.

Therefore, the objective of this study was to investigate the effects of
ungelatinized and gelatinized starch (UGS and GS) from Tacca
leontopetaloides L. Kuntze on the characteristics of CA beads containing
diclofenac sodium (DS). DS is a NSAID that has been used in the treat-
ment of rheumatic disorders. It is a sodium salt of a weak acid with a
pK; of 4, and it also has a short biological half life (1-2 h) [36]. A long-
term oral administration of DS often caused gastro-intestinal (GI) dis-
turbances and peptic ulceration due to high local concentration of
drug in GI tract when oral DS tablets were administered [36]. Alterna-
tively, multiunit dosage forms of DS, for example small beads, could
be widely dispersed in the GI tract to reduce local irritation of the
drugs [37]. Moreover, the small beads containing DS may offer a
sustained-release pattern for a prolonged action. In this study, the phys-
ical properties of the UGS-CA and GS-CA beads containing DS, such as
the particle size, particle and surface morphology, DEE, water uptake
and drug release behavior, were investigated. Furthermore, molecular
interactions between SA and UGS or GS in the form of dispersions and
films were examined to describe the property changes in the DS-
loaded CA beads with incorporation of UGS or GS.

2. Materials and methods
2.1. Materials

SA (viscosity grade of 300 cP and mannuronic acid-to-guluronic acid
ratio = 0.59) was obtained from Onimax Co., Ltd. (Bangkok, Thailand).
Commercial arrowroot (Tacca leontopetaloides L. Kuntze) starch was
purchased from Choothin (Bangkok, Thailand). This starch has 24.53%
amylose with a low protein content of 0.11%, and its gelatinization tem-
perature is 72.25 °C[38]. The particle morphology of the starch granules
is shown in Fig. 1. DS was obtained from Bang Trading 1992 Co., Ltd.
(Bangkok, Thailand). All other reagents were of analytical grade and
used as received.

Fig. 1. Particle morphology of arrowroot (Tacca leontopetaloides L. Kuntze) starch granules.

2.2. Characterization of UGS-SA and GS-SA dispersions and films

2.2.1. Preparation of UGS-SA and GS-SA dispersions

SA (1.5 g) was dispersed in 75 mL of purified water. Arrowroot
starch (0.25, 0.5, or 1 g) was dispersed in purified water (20 mL).
Next, the UGS dispersion was added and mixed into the SA dispersion.
The final volume of the UGS-SA dispersion was adjusted to 100 mL
using purified water. For GS, the UGS dispersions were incubated and
stirred in a water bath at 80 °C for 10 min to obtain a viscous dispersion,
and the dispersion was cooled to room temperature. Next, the GS dis-
persion was mixed into the SA dispersions; then, the GS-SA dispersions
were adjusted to a final volume of 100 mL. The viscosity of all disper-
sions was determined, and 1.5% w/v SA, 1 % w/v UGS, and 1% w/v GS dis-
persions were prepared and used as the control in this study.

2.2.2. Viscosity determination

The viscosities of the dispersions were measured using a Brookfield
Digital Rheometer (Model DV-III, Brookfield Engineering Labs, Inc.,
Stoughton, MA) at 30.0 4 2.0 °C. A small sample adapter with a no. 31
spindle was used. The apparent viscosity of the dispersions at a
13.6 s~ ! shear rate was reported.

2.2.3. Preparation of UGS-SA and GS-SA films

Dispersions of 1.5% w/v SA containing UGS or GS at concentrations of
0.25,0.5 and 1 % w/v were prepared using the procedure mentioned in
Section 2.2.1. Dispersions of 1% w/v UGS and GS were also prepared.
Next, 20 mL of each of the dispersions was poured into a plastic mold
(5.9 cm x 9.4 cm) and dried at 50 °C using a hot air oven for 24 h.
After drying, the films were kept in desiccators with a relative humidity
of 40 + 2% before characterization.

2.2.4. Molecular interaction studies

The thermal properties of the films were examined using differential
scanning calorimetry (DSC). The sample (2.5-3.0 mg) was weighed and
placed in an aluminum pan. The sample was heated over a range of
30-450 °C at a heating rate of 10 °C min~! (DSC822, Mettler Toledo,
Switzerland). DSC thermograms were recorded. Fourier transform in-
frared (FTIR) spectra of the films were also obtained. The sample was
gently triturated with KBr powder at a weight ratio of 1:100 and then
pressed with a hydrostatic press at 8 tons for 10 min. The discs obtained
were placed in a sample holder and scanned from 4000 to 450 cm ™! ata
resolution of 4 cm™! (Spectrum One, Perkin Elmer, Norwalk, CT).

Particle size analysis of the dispersed phase of the UGS and GS dis-
persions was performed, and used for describing molecular interaction
between SA and arrowroot starch. The 1% UGS and GS dispersions
were prepared using the method mentioned in Section 2.2.1. The parti-
cle size of the samples was determined using a laser diffraction particle
size analyzer (Mastersizer2000, Malvern Instrument Ltd., UK). The sam-
ples were dispersed in 70 mL of purified water in a small volume sample
dispersion unit and stirred at a rate of 50 Hz for 30 s before the measure-
ment. The size-frequency distributions were plotted and the mean par-
ticle sizes were reported.

2.3. Preparation of DS-loaded beads

SA (1.5 g) was dispersed in 75 mL of purified water, and then, DS
(1 g) was gently added and dissolved in the SA dispersion. Next, arrow-
root starch (0.25, 0.5, or 1 g) was dispersed in purified water (20 mL)
and prepared as UGS or GS dispersions using the method described in
Section 2.2.1. The UGS or GS dispersions were poured and blended
into the DS-loaded SA dispersions. The final volume of the dispersions
was adjusted to 100 mL. Then, the resulting dispersion (20 mL) was
dropped into 1% w/v CaCl; solution (200 mL) through a nozzle (0.5-
mm inner diameter) with gentle stirring. The gel beads were cured in
a calcium chloride solution for 1 h, rinsed with 50 mL of purified
water, blotted to remove excess water, and dried at 50 °C for 8-9 h.
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2.4. Characterization of DS-loaded beads

2.4.1. Particle size and morphology

The particle size of the beads was measured using an optical
microscope (Olympus CH30, Japan). Two hundred beads were ran-
domly selected, and their Feret's diameters were determined. The parti-
cle and surface morphologies of the beads and arrowroot starch
granules were observed using scanning electron microscopy. The sam-
ples were mounted on dummies, coated with gold in a vacuum evapo-
rator (Model Emitech K500X, Ashford, Kent, England) at a pressure of
9 x 10~ mbar for 4 min, and then viewed using a scanning electron mi-
croscope (Hitachi Se3000 N, Tokyo, Japan).

2.4.2. Determination of the drug content and entrapment efficiency

DS-loaded beads (50 mg) were immersed in pH 6.8 phosphate
buffer (75 mL) to completely disintegrate the beads. The mixture was
sonicated for 15 min and incubated in a shaking water bath at 37 °C
for 12 h. Then, the mixture was adjusted to a final volume of 100 mL
and filtered using a 0.45 yum nylon membrane. The concentration of DS
in the filtrates was analyzed using a UV-visible spectrophotometer
(Shimadzu UV1201, Japan) at 260 nm. The DS content was calculated
as the weight percentage of the beads. The DEE was calculated accord-
ing to the ratio of the actual to theoretical drug contents in the beads
[16].

2.4.3. Water uptake studies

DS-loaded beads were placed in a small basket, soaked in purified
water, 0.1 M HClI or pH 6.8 phosphate buffer, and shaken occasionally
in a water bath at 37 °C. At 15, 30, and 60 min of the test, each basket
was withdrawn, blotted to remove excess water and immediately
weighed on an analytical balance. The water uptake of the beads was
determined according to the following equation:

Water uptake (%) = (W‘A{/Vi_w’) x 100 (1)
i

where W,, is the weight of the wet beads and W; is the initial weight of
the beads.

2.4.4. In vitro drug release

Due to the water-insoluble property of DS in an acidic medium, the
release media used in this study were purified water and pH 6.8 phos-
phate buffer. Release of DS from the beads was investigated using a
USP dissolution apparatus I (Hanson Research, Northridge, USA). A
bead amount equivalent to DS 25 mg was weighed and added to
750 mL of the release medium at 37 °C. The baskets were rotated at a
rate of 50 revolutions min~'. The simulated GI conditions used to test
drug release were performed using 0.1 M HCI (750 mL) for 2 h, followed
by pH 6.8 phosphate buffer (750 mL). Samples (7 mL) were collected
and replaced with fresh media at various time intervals. The concentra-
tion of DS released was analyzed using a UV-visible spectrophotometer
at 260 nm. The release data from the DS-loaded beads in purified water
or pH 6.8 phosphate buffer were fitted using the Higuchi model
(Eq. (2)) or the zero-order model (Eq. (3)), respectively, which are
expressed as the following equations [39]:

Q = Kyt®? )
Q =Kot +B 3)

where Q is the percentage of drug released at a given time (t), Ky is the
Higuchi release rate, Ky is the zero-order release rate, and B is a constant
value used for computing the lag time of DS released from the beads
when Q equals zero.

3. Results and discussion
3.1. Molecular interaction of SA with GS or UGS in dispersions and films

The viscosity of SA dispersions with various contents of UGS and GS
added was determined to preliminarily study the molecular interaction
between SA and GS or UGS. The SA dispersion was transparent liquid,
while a white opaque liquid was obtained for the GS-SA and UGS-SA
dispersions. The viscosity of the 1.5% SA dispersion was 292.7 +
2.7mPas (n = 3)ata13.6 s~ ! shear rate, whereas the 1% GS dispersion
had a low viscosity 0of 3.01 & 0.74 mPa s (n = 3). The viscosity of the 1 %
UGS dispersion could not be determined because of its very low
viscosity. The effects of UGS and GS on the viscosity of the SA dispersion
are shown in Fig. 2. Incorporation of GS into the SA dispersion gave an
obviously higher viscosity than that of the SA dispersion alone, which
was related to the amount of GS added. UGS added at 0.25 and 0.5%
did not affect the viscosity of the SA dispersion, but the addition of 1 %
UGS led to a slight increase of the SA dispersion viscosity. These results
suggested that blending of higher contents of GS and UGS with the SA
dispersions resulted in viscosity synergism in the composite
dispersions.

The molecular interactions between SA and GS or UGS in the solid
state were investigated in the prepared UGS-SA and GS-SA films. DSC
and FTIR spectroscopy were used for this investigation. The GS and SA
films were transparent, whereas the UGS films could not be formed
into a continuous sheet; a powder from the cracking of this film was ob-
tained. The GS-SA and UGS-SA films were transparent and opaque in na-
ture, respectively. The FTIR spectra of the SA, UGS-SA and GS-SA films
are presented in Fig. 3.The FTIR spectra of the SA films presented an
O—H stretching peak at 3439 cm™!, COO™~ asymmetric stretching
peak at 1615 cm ™!, COO~ symmetric stretching peak at 1416 cm ™!
and C—O0—C stretching peak at 1028 cm™! [40]. The native arrowroot
starch showed absorption peaks at 3432 cm™~! (O—H stretching) and
1647 cm~! (O—H bending) due to water residues in the amorphous re-
gion of the starch and at 1371-1459 cm~' (C—H bending) and
1017-1160 cm ™! (C—0 and C—O—C stretching of the glucose struc-
ture) [41]. The UGS films had a similar FTIR pattern to that of the native
starch, except that a sharper peak of O—H stretching of the UGS films
was observed. This sharper peak was likely due to water residues in
the starch granules. Gelatinization caused changes in the FTIR spectra,
including a shift of the O—H bending peak to a lower wavenumber, dis-
appearance of the C—H bending peak at 1372-1451 cm ', and decrease
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Viscosity at 13.6 s~! shear rate (mPas)
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Starch added (Yow/v)

Fig. 2. Viscosity of 1.5% w/v SA dispersion incorporating various concentrations of UGS and
GS. Each point is the mean + S.D.,n = 3.
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of the peak intensities of the C—0 and C—O—C stretching peaks. These
results suggested that disentanglement of the starch molecules and de-
crease of the crystallinity of the starch occurred after gelatinization by
heat treatment. The 1%UGS-SA films showed the same FTIR pattern to
those of the SA films, but an obvious shift of the COO™ stretching peak
at 1615 cm~! to a higher wavenumber and a small shift of the O0—H
stretching peak to a lower wavenumber occurred. These changes
could also be observed upon addition of 0.25 and 0.5% UGS into the SA
films (data not shown). Moreover, it is interesting that the FTIR pattern
of the 1%GS-SA films was similar to that of the 1%UGS-SA films, suggest-
ing that UGS interacted with SA in the same manner as GS, indicating
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that hydrogen bonding between carboxyl groups of SA molecules and
hydroxyl groups of the granule surface of UGS and GS molecules
occurred.

DSC thermograms of the native arrowroot starch, SA and composite
films are presented in Fig. 4. The native starch showed an exothermic
degradation peak at 351 °C. The UGS films produced a new endothermic
peak at 291 °C, followed by an exothermic peak at 359 °C. Similarly, an
endothermic peak at 282 °C was also observed for the GS films, and a
degradation peak appeared at 353 °C. The endothermic peak of the
UGS film at 291 °C and of the GS film at 282 °C may have been caused
by phase transition after heat induction and before film degradation.
The SA films showed exothermic degradation peaks at 258 and 366 °C
[40]. The 0.25% UGS-SA and 0.5% UGS-SA films presented the first deg-
radation peak of SA at 259-260 °C and the second exothermic peak at
approximately 368 °C. Addition of 1 % UGS into the films led to a strong
degradation peak at 285 °C and a second degradation peak at 411 °C.
This phenomenon suggested that the first degradation at 260 °C of SA
may induce degradation of UGS embedded in the films, leading to a
change of the thermal behavior at higher temperatures. On the other
hand, incorporation of GS at various contents produced a similar DSC
pattern to that of the SA films, but a higher temperature of the second
degradation peak was observed with the increasing GS content. These
findings showed that phase separation of the UGS granules embedded
in the SA film matrix could occur with a higher content of UGS, whereas
GS could be completely blended into the SA matrix at the molecular
level to obtain homogenous GS-SA films.

From all of these results, the model of the molecular interaction be-
tween SA and UGS or GS is illustrated in Fig. 5. The particle size analysis
of the UGS and GS dispersions was involved for describing possible mo-
lecular interaction between SA and arrowroot starch. The size-
frequency of the dispersed phase of the 1% UGS and 1% GS dispersions
is shown in Fig. 6. The size of UGS granules was found to be 16.21 +
0.04 um (n = 3), whereas the 1% GS dispersion showed obviously bigger
size of the dispersed phase (42.69 + 0.49 um, n = 3). This result sug-
gested that the structure transformation of the UGS granules could be
induced by thermal treatment. The granules could be hydrated, swollen
and rupture during heating [32], resulting in decreasing of crystalline
regions of the starch granules, and disentanglement of the starch mole-
cules, amylose and amylopectin, which small aggregates of the starch
molecules could be formed (Fig. 5). Numerous hydroxyl groups of the
starch molecules could interact with the carboxyl groups of SA via
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Fig. 4. DSC thermogram of SA film, native arrowroot starch, UGS film, GS film, UGS-SA film, and GS-SA film.
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intermolecular hydrogen bonding [29]. The branched chain of amylo-
pectin created numerous contact points, leading to viscosity synergism
and a more complex matrix network in the GS-SA composite disper-
sions. Moreover, the carboxyl groups of the SA molecules slightly
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Fig. 6. Size-frequency distribution of 1% UGS and 1 % GS dispersions.

interacted with the hydroxyl groups on the surface of the UGS granules.
Therefore, these findings showed that the molecular interaction be-
tween SA and GS or UGS in the dispersions via hydrogen bonding before
calcium ion cross-linking could possibly influence the characteristics of
the CA beads containing DS.

3.2. Particle size and DEE of the beads

The average particle sizes of the beads are listed in Table 1. The par-
ticle size of the CA beads was 1.17 mm. Addition of GS seemed to in-
crease the size of the CA beads because the higher viscosity of the
dispersion may have led to less shrinkage during cross-linking. The par-
ticle and surface morphologies of the beads were observed by SEM, as
shown in Fig. 7 (Row 1 and 2). All of the beads had a spherical shape
with a collapsed center. The CA beads had a rough surface, and some
DS crystals were deposited on the bead surface. The surface of the
UGS-CA beads showed numerous starch granules that had a different
morphology compared to that of the GS-CA beads.

The DS content of the beads ranged from 19.16-24.36% w/w
(Table 1). The DEE value of the CA beads was 54.25%. Incorporation of
UGS and GS caused an obviously higher DEE than that of the CA beads.
Additionally, the GS-CA beads provided a significantly greater DEE
than the UGS-CA beads. These results suggested that addition of UGS
and GS led to a denser matrix barrier, retarding water leakage from
the wet beads during the preparation process [42] and leading to de-
crease of drug loss from the beads. However, GS molecules composed
of linear amylose and branched amylopectin, interacted with SA before
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Table 1
Characteristics of CA, UGS-CA, and GS-CA beads containing DS.
Components Particle size® (mm) Drug content” (% w/w) DEE® (%) Purified water pH 6.8 phosphate buffer
Ky (% min %) Lag time® (min) Ko® (% min~—")
1.5% SA 1.17 £ 0.18 21.70 £+ 0.54 54.25 + 0.67 1.05 4+ 0.03 4.65 + 1.09 0.77 £+ 0.04
1.5% SA
+0.25% UGS 1.02 + 0.17 22.83 £+ 0.57 62.80 4 0.79 0.75 4+ 0.03 26.79 + 0.40 0.80 £ 0.02
+0.5% UGS 1.07 £ 0.19 22.27 4+ 0.04 66.81 4 0.21 1.38 + 0.02 24.73 £+ 2.80 0.87 £ 0.03
+1% UGS 1.17 £ 0.15 19.16 £ 0.52 67.05 4+ 091 1.13 + 0.06 2333 £ 091 0.79 £+ 0.03
+0.25% GS 1.16 £ 0.18 2431 £ 0.51 66.84 + 0.70 1.87 4+ 0.03 7.46 £+ 0.28 0.88 £ 0.01
+0.5% GS 1.22 £ 0.18 24.36 + 0.60 73.07 + 0.90 2.64 4+ 0.03 2.03 £+ 045 0.99 £+ 0.01
+1% GS 1.24 £ 0.16 22.03 £+ 0.22 77.11 £ 0.39 2.49 £+ 0.05 3.52 4+ 0.53 0.78 £ 0.02
¢ n =500.
bpn=3
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Fig. 7. Particle and surface morphology of CA, 1%UGS-CA, and 1%GS-CA beads containing DS before and after drug release testing in purified water and 0.1 M HCl.
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cross-linking to create a stronger matrix network than that produced
from granules of UGS, resulting in a higher efficiency at preventing
drug molecule leakage from the wet beads. Thus, a higher DEE was
found for the GS-CA beads in this study.

3.3. Water uptake of the beads

The water uptake of the beads in purified water, 0.1 M HCl and
pH 6.8 phosphate buffer is shown in Fig. 8. In purified water (Fig. 8a),
the water uptake of the CA beads seemed to decrease with the addition
of 0.25 and 0.5% UGS, whereas 1% UGS increased the water uptake at 1 h
of the test. By contrast, the water uptake of the CA beads obviously in-
creased with the increasing GS content, and the longer the testing
time, the greater the water uptake. The water uptake of the CA beads
in 0.1 M HCl was lower than those in purified water (Fig. 8b), but the
similar water uptake effects of UGS or GS on the CA beads were ob-
tained. In contrast, the water uptake of the beads in pH 6.8 phosphate
buffer was significantly higher than that in purified water and acidic
medium (Fig. 8c). The test in pH 6.8 phosphate buffer was performed
for 15 and 30 min, but the wet beads could not be handled at 60 min
due to the very high swelling and disintegration of the beads. The
water uptake of the CA beads decreased with the increasing UGS con-
tent at 15 and 30 min. On the other hand, GS caused an increase of the
water uptake of the beads at 15 min, but a decrease of the water uptake
was found in 30 min of the test.

Alginate in the form of calcium salt is water-insoluble, and the CA
beads existed as a stable polymer matrix in purified water; thus, limita-
tion of water absorption by the CA beads was observed. In acidic me-
dium, the calcium ions in the CA beads were totally exchanged with
hydrogen ions, resulting in the matrix formation of water-insoluble
alginic acid that was a unionized from of the carboxyl groups of SA [4].
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However, the alginic acid matrix still had water absorption properties,
but lower than the CA beads in purified water. It may be explained
that the CA beads possibly contained small amount of SA that did not
react with the calcium ions during the cross-linking process [43], lead-
ing to higher water uptake of the CA beads in purified water. The addi-
tion of UGS and GS affected water absorption capacity of the CA beads.
UGS has lower water absorption properties and retarded the water up-
take of the CA beads. On the other hand, addition of GS promoted water
absorption by the CA beads in purified water and acidic medium be-
cause of the higher water absorption properties of GS, a hydrophilic
polymer. This result was in agreement with those of previous reports
using sodium starch glycolate [18], xanthan gum [19], and starch [29]
when tested using purified water. Moreover, increased water uptake
also occurred when GS was dissolved and eroded from the beads in
both media.

In contrast with pH 6.8 phosphate buffer, calcium ions cross-linked
with alginate were rapidly exchanged in sodium ion-rich medium [6].
The partial formation of SA strongly promoted water uptake into the
beads. Insoluble UGS particles embedded in the bead matrix interacted
with SA to retard the water uptake of the CA beads. However, the mol-
ecules of GS interacted with SA to strengthen and stabilize the wet
beads, resulting in a decrease of the water uptake at 30 min when
using 1% GS.

3.4. Drug release of the beads

DS release from the UGS- and GS-CA beads in purified water is
shown in Fig. 9a and b, respectively. The relationship between the %
drug release and square root of time provided good linearity with a de-
termination coefficient (R?) greater than 0.99, suggesting that the drug
release mechanism was matrix diffusion controlled. The drug release
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Fig. 8. Water uptake of DS-loaded CA beads adding different amount of UGS and GS in purified water (a), 0.1 M HCl (b) and pH 6.8 phosphate buffer (c). Each value is the mean 4 S.D., n = 3.
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Fig. 9. Drug release profiles of CA beads adding different contents of UGS (a) and GS (b) in purified water. Each value is the mean 4 S.D., n = 3.

rate (Ky) of the 0.25%UGS-CA beads was lower than that of the CA
beads, whereas the increased UGS content caused a slightly higher Ky
value compared to that of the CA beads (Table 1). The Ky result
contradicted the drug release profile (Fig. 9a), in that the UGS-CA
beads had a lower % drug release than the CA beads. This difference
could be due to differences in the % initial drug release of the beads. It
was observed that the initial drug release of the CA beads at 15 min
was 9.58%, which was obviously higher than that of the UGS-CA
beads. The % drug release at 15 min of the 0.25%UGS-, 0.5%UGS-, and
1%UGS-CA beads was found to be 3.35, 5.86, and 3.96%, respectively.
Moreover, the total drug release of the UGS-CA beads at 420 min tended
to be lower compared to that of the CA beads. By contrast, the GS-CA
beads gave obviously higher Ky values than the UGS-CA and CA beads
(Table 1). SEM photographs showed erosion of the surface of the CA
beads after release testing in purified water (Fig. 7, Row 3). Erosion of
the beads could have occurred due to residual alginate release from
the beads [43], which was caused by a small amount of calcium ion re-
leased into the purified water [6]. The surface morphology of the UGS-
CA beads after drug release was similar to that before drug release.
Therefore, the lower initial drug release and total drug release could
be described by the restriction of water uptake of the beads with the ad-
dition of UGS (Fig. 8a). On the other hand, many pores were observed on
the surface of the GS-CA beads after drug release testing likely because
of the dissolution of GS from the bead surface, suggesting that GS
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acted as a pore-forming agent in this case and that the formation of
pore channels could accelerate drug release from the beads.

The drug release profile of the UGS- and GS-CA beads in pH 6.8 phos-
phate buffer produced a sigmoidal curve with complete release (Fig. 10a
and b, respectively). The release data showed good fitting with the zero-
order model, with an R? value higher than 0.99. This result suggested
that drug release could be controlled by a swelling mechanism. The
lag time and drug release rate (Ko) computed using Eq. (3) are listed
in Table 1. The UGS-CA beads presented obviously longer lag times
than the CA beads, whereas shorter lag times were observed for the
GS-CA beads using 0.5 and 1% GS. Additionally, the UGS- and GS-CA
beads seemed to present increased K values compared to those of the
CA beads. Drug release from the CA beads in pH 6.8 phosphate buffer
was depressed by formation of a gel layer at the initial stage, but was
gradually enhanced by increasing the water content and erosion of the
swollen gel phase in the later stage [7]. This phenomenon was due to
the ion exchange process between calcium ions in the beads and so-
dium ions in the medium. In the initial stage, incorporation of UGS re-
tarded water uptake of the CA beads (Fig. 8c) and led to a longer lag
time of drug release. On the other hand, GS led to shorter lag times of
drug release, which was attributed to the increased water absorption
capacity of GS. However, addition of UGS and GS to the beads did not
clearly influence the drug release rate because of the very high swelling
and disintegration of the CA beads in this medium.
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Fig. 10. Drug release profiles of CA beads adding different contents of UGS (a) and GS (b) in pH 6.8 phosphate buffer. Each value is the mean + S.D.,n = 3.
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Fig. 11. DS release profiles of CA, 1%UGS-CA, and 1%GS-CA beads in simulated GI condition.
Each point is the mean 4 S.D., n = 6.

In simulated GI condition, the DS release profile of the CA, 1%UGS-
CA, and 1%GS-CA beads is shown in Fig. 11. The drug release in 0.1 M
HCl for 2 h gave very low amount of DS that was found to be 1.84 +
0.21, 1.29 4 0.10, and 1.43 & 0.06% (n = 6) for the CA, 1%UGS-CA,
and 1%GS-CA beads, respectively. This was due to a very low water sol-
ubility of DS in acidic medium, and the CA beads could be changed to
water-insoluble alginic acid matrices [24]. However, the CA beads
showed the fastest DS release, and the 1%UGS-CA beads gave lower
amount of DS released than the 1%GS-CA beads. This result suggested
that incorporation of GS and UGS could retard DS release in acidic me-
dium. Additionally, the dissolution of GS from the surface of the 1%GS-
CA beads brought about faster drug release when compared to the 1%
UGS-CA beads, which could be confirmed by SEM pictures of the
beads after release in 0.1 M HCl for 2 h (Fig. 7, Row 4). After drug release
in acidic medium, the CA and 1%UGS-CA beads provided a fast DS re-
lease in pH 6.8 phosphate buffer, whereas the 1%GS-CA beads displayed
more sustained-release of DS (Fig. 11). The swollen CA beads could be
visualized when the medium was changed to pH 6.8 phosphate buffer,
suggesting the alginic matrix beads formed in the acidic medium
could be converted to SA. In addition, DS could be ionized and dissolved
in the neutral medium, leading to fast release of DS from the CA beads.
However, UGS incorporated did not strengthen the swollen beads,
whereas the swollen beads could be reinforced via molecular interac-
tion between GS and SA. Thus, slower release of DS from the 1%GS-CA
beads was obtained.

4. Conclusions

This study shows that SA interacted with arrowroot (Tacca
leontopetaloides L. Kuntze) starch in the form of granules and gels via
hydrogen bonding, leading to viscosity synergism in the composite dis-
persions before cross-linking using calcium ions. The UGS-CA and GS-
CA beads loaded with DS presented different surface morphologies,
and the GS-CA beads had significantly a higher DEE than the UGS-CA
beads. Incorporation of UGS tended to retard water absorption by the
CA beads, resulting in lower initial drug release and total drug release
from the beads in purified water and a longer lag time of drug release
from the beads in pH 6.8 phosphate buffer. On the other hand, GS en-
hanced water uptake and accelerated drug release from the beads in pu-
rified water. The GS-CA beads gave shorter lag time and higher drug
release than the CA beads in the neutral medium. In simulated GI condi-
tion, the beads showed very low amount of DS release in acidic medium.
However, the 1%GS-CA beads displayed more sustained-release of DS

than the CA and 1%UGS-CA beads in pH 6.8 phosphate buffer. These
findings indicate that arrowroot starch in the forms of UGS and GS can
improve DEE of DS, and the GS-CA beads has strong potential as drug
delivery systems for sustaining DS release in simulated GI condition.
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Investigation of sodium caseinate-clay nanocomposite films
for tablet coatings
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Abstract

The objective of this study was to investigate the effect of montmorillonite clay,
magnesium aluminum silicate (MAS), on the properties of sodium caseinate (SC) films.
Moreover, the SC-MAS dispersions were evaluated for film coating of sustained-release
tablets. The results showed that exfoliated or intercalated nanocomposites of the SC-MAS
films could be formed due to the molecular interaction of both components via hydrogen
bonding. The puncture strength and elongation of the dry SC films reduced when increasing
MAS ratios. However, MAS could strengthen the wet films and reduce drug permeability and
diffusivity across the films in an acidic medium. The SC-MAS dispersions could be used as a
coating material with few defects in the coated tablets. The drug release of the coated tablets
in acidic media could be modulated by varying not only MAS ratios added but also coating
levels of the films. Furthermore, the SC-MAS coated tablets possessed sustained-release
behavior for the drug under simulated gastro-intestinal conditions. This finding indicates that
the SC-MAS nanocomposite films can be employed as a tablet coating material to sustain
drug release.
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Modification of sodium caseinate films using halloysite
and montmorillonite for tablet coating
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INTRODUCTION

Caseins are biomacromolecules from milk with molecular
weights in the range of 19 and 25 kDa. The isoelectric point of
caseins is approximately 4.6 to 4.8. Caseins in an acidic form
(casein salf) have a low aqueous solubility, but sodium
caseinate (SC), the sodium salt of casein, is freely soluble in
water, except when the pH is close to the isoelectric point [1].
SC possesses water-holding and film-forming properties. A
continuous film of SC can be formed by adding plasticizer,
such as glycerin [2]. Some physical properties of the SC films
can be modulated by incorporating oil and wax [3]. Moreover,
the SC films have been applied in tablet coating for modifying
drug release [4].

Montmorillonite (MMT), a silicate layer structure of clay, has
been widely used as a pharmaceutical excipient. It is used to
modify physical properties of the SC films and the SC-MMT
films are employed in a film coating of modified-release
tablets [5]. Unfortunately, effect of clay with a tubular
structure, such as halloysite (HS). on the SC film properties is
unknown yet. Therefore, the objectives of this study were to
investigate and compare the effect of HS and MMT on
mechanical properties and drug permeability of the SC films.
Additionally, the comparison of drug release from tablets
coated with SC-HS and SC-MMT films was examined.

EXPERIMENTAL METHODS

Preparation of films

SC and SC-clay films were prepared by using a casting/solvent
evaporation method. SC (5 g) was dispersed in 80 mL of
distilled water, and glycerin (30 % w/w based on SC content)
used as a plasticizer was added into the SC dispersion. HS or
MMT (0, 0.5, or 1 g) was dispersed in hot water (10 mL), and
the clay dispersion was mixed with the SC dispersion o obtain
the clay amounts of 0, 10%, or 20 % by weight of SC,
respectively. All dispersions were adjusted to the final volume
(100 mL) using distilled water. The dispersions were cast onto
a plastic mold and dried at 60 °C for 24 h.

Determination of mechanical properties
Mechanical properties of the films were investigated using a
texture analyzer equipped with a 500 N load cell. The films in

dry and wet (exposed to 0.1 M HCI for 5 min) states were
fixed using a film holder between two mounting plates. A 5-
mm-diameter spherical stainless steel puncfuring probe was
fixed at the load cell and moved downwards at 0.1 mm s,
The applied force and displacement were recorded. The
puncture strength and % elongation at the break were
calculated.

Drug permeability studies

Acetaminophen (ACT) permeability across the films was
investigated by using a side-by-side diffusion cell. Donor and
receptor compartments were 4 mg mL" of drug solution and
0.1 M HCI in the volume of 3 mL at 37 °C, respectively.
Samples were collected, and concentration of ACT was
analyzed by a UV-visible spectrophotometer at a wavelength
of 265 nm. The relationship between drug permeated and time
was plotted, and permeability value was calculated using the
equation of Fick’s first law.

Preparation and drug release testing of coated tablets
Core tablets containing ACT were prepared using a direct
compression method. The SC, SC-10%HS, or SC-10%MMT
dispersions were used as a coating material. The core tablets
obtained werc coated using a side-vented pan coating machine.
The core tablets were coated with the films at the mean weight
gains of 3.3 % w/w. Drug release from the coated tablets was
studied using the USP dissolution apparatus I (basket) with
900 mL of 0.1 M HCI at 37.0°C. The baskets were rotated at a
rate of 30 revolutions min~'. The concentration of ACT
released was analyzed by UV-visible spectrophotometer at
wavelength of 263 nm.

RESULTS AND DISCUSSION

The thickness of the films obtained was over the range of
133.0-169.4 um. The puncture strength and %elongation of the
dry films decreased with increasing HS or MMT. Furthermore,
the SC-MMT films displayed greater puncture strength than
the SC-HS films. For the wet films exposed to 0.1 M HCI,
incorporation of HS or MMT into the SC films resulted in an
increase of puncture strength, but %elongation decreased
when increasing amount of HS or MMT (Figure 1).
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Figure 1. Mechanical properties of the films in wet state.

Drug permeation profiles of the films are presented in Figure
2. Incorporation of HS or MMT into the SC films showed
lower amount of drug diffused across the films in acidic
condition, leading to lower drug permeability of the films
added HS and MMT. However, the permeability coefficient
values of the SC-MMT films were lower than those of the
SC-HS films,
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Figure 2. Drug permeation profiles of the films in 0.1 M
HCl.
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Figure 3. Drug release profiles of film coated tablets.

The SC, SC-10%HS and SC-10%MMT dispersions could
be used as a tablet coating materials. The SC films could
retard the drug release from the tablets when compared to
the core tablets (Figure 3) because SC could be changed to
an insoluble casein salt in acidic condition, resulting in an
insoluble films formed for sustaining drug release. The SC-
HS coated tablets showed faster drug release than the SC-
MMT coated tablets, and the lowest drug release was found
in the SC-MMT coated tablets.

CONCLUSION

The characteristics of the SC film can be modified by
incorporating HS and MMT. The 8C-MMT films present
higher puncture strength and lower drug permeability than
the SC-HS films in wet state using acidic condition, This
results in slower drug release from the SC-MMT coated
tablets when compared to the SC-HS coated tablets. The
finding suggests that the SC-HS and SC-MMT films can be
used as a tablet film coating for modifying drug release.
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Caselns are biomacromolecules from milk with molecular weights
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INTRODUCTION

Sodium caseinate (SC) is a sodium salt of casein protein
from milk. It presents film-forming properties when adding
a plasticizer and the SC films are used as a film packaging
for food [1] and film coating for tablets [2]. Recently,
addition of magnesium aluminum silicate (MAS), a
pharmaceutical clay, can modify physical properties and
drug permeability of the SC films. Moreover, SC-MAS
films are used for film coating of modified-release tablets
[3]. Thus, it is interesting to use the SC-MAS film for drug
delivery system. The aim of this study was to prepare the
gC-MAS films loaded with fluconazole (FCZ) by a spray
method. FCZ is a slightly soluble drug and used for
treatment of oral candidiasis [4]. The films were
characterized including film thickness, crystallinity, drug
content, drug release, and mucoadhesive properties.
Furthermore, anticandidal activity of the drug released from
the films was examined.

METHODOLOGY

Preparation of FCZ-loaded SC-MAS film

SC (5% w/v) was dispersed in distilled water at room
temperature. Various amounis of MAS (0%, 5%, 10%, or
20% based on SC content) were dispersed in hot water, and
then MAS dispersions were mixed with SC dispersion.
After that, FCZ powder (20% w/v based on SC content)
was dispersed into the SC-MAS dispersions and the
dispersions were stirred at room temperature for overnight.
Then, the mixture dispersions were sprayed on a plastic
sheet that had been attached on the wall of tablet coating
pan to get drug-loaded SC-MAS films. The films were kept
in the refrigerator prior to measurement.

Determination of film thickness and crystallinity

The film thicknesses were measured by a microprocessor
coating thickness gauge. The crystallinity of the films was
determined by using a powder x-ray diffractometry
(PXRD).

Drug content and drug release tests
The films were cut into a disc and weighted accurately, and
then the films were added into 50 mL of acetonitrile:water

(3:7) mixed solvents in a volumetric flask. Next, the flasks
were sonicated until the films dissolved. The FCZ content
was measured by HPLC at the wavelength of 210 nm. The
FCZ content in the films was calculated. The FCZ release
was investigated by using a side-by-side diffusion cell. The
films were cut into a disc, weighted accurately, and gripped
with the cell. The release medium was pH 5.8 stimulated
saliva fluid (SSF). The FCZ released was analyzed HPLC at
the wavelength of 210 nm.

Mucoadhesive property test

Mucoadhesive properties of the films were studied by using
a texture analyzer, and porcine esophageal mucosa was
used as a membrane, Before testing, the porcine esophageal
mucosa was soaked into the pH 7.4 phosphate buffer, and
then the mucosa was fixed on a platform. The films were
cut into a disc and atiached to the cylinder probe. The
maximum force that used to remove the films from mucosa
was recorded.

Anticandidal activity test

The antifungal activity of the FCZ released from the films
was studied by an agar diffusion assay. The sabouraud
dextrose agar was dispersed in sterile petri dish. The 200
uL of Candida albican ATCC 10231 was spread on surface
sabouraud dextrose agar, and then the petri dishes were
bored 4 cavities. The drug release samples at 15 min were
added into the cavity. After that, the petri dishes were
incubated at 37°C for 24 hr. The diameter of inhibition zone
was measured.

RESULTS AND DISCUSSION

The films obtained were yellow thin films. The thickness
and FCZ content of the films were in the range of 90-130
pm, and 11.06-13.43 %w/w, respectively.

The PXRD patterns of the FCZ-loaded SC-MAS film did
not show the basal spacing peak of MAS at 7.0° 28 (Figure
1), indicating a formation of nanocomposite material [3].
The PXRD peaks of FCZ in the films showed a different
pattern with pure FCZ. These results suggested that the
recrystallization of FCZ caused a different polymorphism
during film formation [3].
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films.

Incorporation of MAS into the films resulted in slower drug
release (Figure 2). This may be due to the denser structure
of SC-MAS film [3] and adsorption of FCZ onto the MAS
silicate layer,

The FCZ-loaded SC film presented a mucoadhesive
property that is shown in Figure 3. Addition of MAS into
the films did not affect the detachment force in this study.
Moreover, the FCZ released from the films still had
anticandidal activities that the inhibition zones were in the
range of 14.35 to 15.45 mm.

CONCLUSION

The FCZ-loaded SC-MAS films present a sustained-release
pattern of FCZ and a mucoadhesive property The
polymorphism of FCZ in the films can be changed after
recrystallization during film preparation. However, FCZ
released from the films still possess anticandidal activity.
So, the FCZ-loaded SC-MAS films display a potential use
as a local drug delivery system in oral candidiasis.
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~ The aim of this studv,r was to prepare the SC-MAS films loaded with
ﬂuconazole [FCZ] by a spray method. FCZ is a slightly soluble drug and
used for treatment of oral candidiasis [4]. The films were characterized
including film thickness, crystallinity, drug content, drug release,
mucoadhesive properties, and antifungal activity. So, the FCZ-loaded
SC-MAS films may be used as a local delivery system in oral candidiasis.

METHODOLOGY

+ Preparation of FCZ-loaded SC-MAS film

5C (5% w/v) was dispersed in distilled water. Various amounts of

MAS (0%, 5%, 10%, or 20% based on SC content) were dispersed in hot
water, and then MAS dispersions were mixed with SC dispersion. After
that, FCZ powder {20% w/v based on SC content} was dispersed into
the 5C-MAS dispersions and the dispersions were stirred at room
temperature for overnight. Then, the mixture dispersions were
sprayed on a plastic sheet that had been attached on the wall of tablet
coating pan to get drug-loaded SC-MAS films.
++ Characterization of the films

# Thickness : A microprocessor coating thickness gauge

# Crystallinity: A powder x-ray diffractometer (PXRD)

Drug content:
T, @

i

5y Sonicated g% Analyzed by HPLC

acetonitrile: water
*7

In vitro release :
wp Using a Side-by-side diffusion cell %5 Analyzed by HPLC

Medium: Stimulated Saliva Fluid (S5F) pH 5.8

=-Mucoadheswe propertres of the films were studied by using a
ure ana]vzer, and po ine suphageai mucosa was used as a
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Figure 1. PXRD of FCZ-loaded SC-MAS films
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Figure 2. F(Z release profiles of FCZ-loaded SC-MAS films

The PXRD patterns of the FCZ-loaded SC-MAS film did not show the
basal spacing peak of MAS, indicating a formation of nanocomposite
(Figure 1). The films with FCZ showed a different pattern. These results
suggest that the recrystallization of FCZ caused a different polymorphism
during film formation [5]. Incorporation of MAS into the films resulted in
slower drug release (Figure 2). This may be due to the denser structure of

$C-MAS film [3] and adsorption of FCZ onto the MAS silicate Iayer
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